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In this study, we introduce a layer-by-layer (LbL) assembly method to prepare a reverse osmosis (RO) desalination mem-
brane that consists of a hybrid combination of [polyelectrolyte (PE)/montmorillonite (MTM)], layers. First, adopting
poly(allylamine hydrochloride) (PAH) for a PE layer, an RO test showed that the permeate flux of water through (PAH/
MTM), multilayer-coated membranes decreased from ~25.5 to ~8.3L-m~2.-h~" with the increased bilayer number
from n=9 to n=18. At the same time, the corresponding ion rejection with respect to NaCl is increased from ~30 to
~81%. Despite the increased ion rejection performance, (PAH/MTM), membranes exhibit a poor chlorine resistance,
as frequently observed in commercial polyamide-based RO membranes. In our previous study, it was noted that the RO
membranes, prepared just from the PE multilayers (i.e., [PAH/poly(acrylic acid) (PAA)], layers), showed a marked chlorine
tolerance, but concomitantly very low permeate flux (~4-5L-m~2-h~"). Considering the significant drawback in each
case (poor chlorine tolerance for (PAH/MTM), layers and low permeate flux for (PAH/PAA), layers), we proposed to com-
bine the layer constituents primarily by inserting PAH/PAA layers between two adjacent PAH/MTM layers. Indeed, the
flux is maintained at ~7.5%+0.5L-m~2-h~", comparable to commercial membranes, while the salt rejection ability is as
high as ~75=+2.5% and the stability against the chlorine attack is well preserved with ~74+5.0% ion rejection after the

NaOCl treatment.

Introduction

Nowadays, one of the most critical problems that man-
kind faces is a global water shortage. The present fresh water
resources are expected to be significantly deficient to meet
the future needs for sustainable life. Such inevitable water
shortage has led many researchers to develop membrane
technologies suitable for producing clean water, for example,
via desalting seawater (Shannon et al., 2008; Elimelech and
Phillip, 2011). In particular, a reverse osmosis (RO) desali-
nation membrane, which is often composed of polyamide
(PA) thin film as a top selective layer, a microporous poly-
sulfone (PSf) support layer, and a nonwoven polyester fabric
layer at the bottom, has attracted considerable attention due
to its high salt rejection ability (Matsuura, 2001; Khawaji et
al., 2008; Lau et al., 2012). Recently, many researchers have
focused on developing a novel type for an effective top layer
and controlling its micro-structures as desired in order to
attain high membrane performance (i.e., permeate flux, salt
rejection, and durable stability) (Ulbricht et al., 2002; Zhou
et al., 2007; Colquhoun et al., 2010; La et al., 2010; Park et
al., 2010). Considering the fact that the performance of an
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RO desalination membrane is strongly dependent on the
physiochemical properties of the top selective layer, appro-
priate tuning of its surface charge density, porosity, surface
roughness, layer structure, and chlorine resistance is of ut-
most importance towards achieving good performance.
While controlling the properties of the top selective layer,
the optimal balance of the resulting membrane performance
representatives (i.e., permeate flux, salt rejection, and chlo-
rine resistance) through the top selective layer should be
carefully considered to fabricate RO membranes in order to
be suitable for practical desalination processes. In particular,
PA-based membranes have been widely used to serve as the
top selective layer in the commercial RO membrane con-
figuration because of their good salt rejection capability and
superior thermal and mechanical properties (Kawai et al,
2004). An increase in the thickness of the PA layer is often
beneficial in enhancing the salt rejection, but concomitantly
induces an undesirable reduction of the permeate flux. On
the contrary, a decrease in the film thickness contributes
to increasing the permeate flux, but results in reduced salt
rejection. Even if the trade-off between the permeate flux
and salt rejection can be well balanced, high chlorine resis-
tance should be secured for practical applications. However,
commercially available PA membranes are vulnerable to
chlorine, which is generally used as a disinfectant for the
prevention of biofouling or as a membrane cleaning agent.
Since chlorine attacks the aromatic PA structure, membrane
performance can be seriously deteriorated (Tessaro et al.,
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2005; Buch et al., 2008; Khawaji et al., 2008). Therefore,
strong demand for alternative RO membranes that also
show high performance has been addressed for reliable use
in the desalination process, possibly even in the presence of
other impurities such as the chlorine. To this end, various
materials such as nanoporous polymers, liquid crystals, gra-
phenes, carbon nanotubes, or celluloses have been employed
to constitute the single top selective layer instead of the PA
layer (Ulbricht et al., 2002; Zhou et al., 2007; Park et al.,
2010). Despite the substantial effort of many researchers, to
the best of our knowledge, no approaches have successfully
allowed for effective control of the permeate flux and salt re-
jection, while maintaining the high chlorine resistance.

Along with other film fabrication methods such as
blending (Ouyang et al., 2004), sol-gel process (Hu et al.,
2012), or the self-assembly of block copolymers (Kim et
al., 2007), layer-by-layer (LbL) assembly has a high poten-
tial to prepare composite films with tailored physicochemi-
cal properties. One of the advantages in this approach is
that LbL assembly enables the simple, but robust prepa-
ration of multi-structured films with an advanced level
of control over thickness, composition, and functionality.
This was possible through complementary interactions be-
tween materials constituting the layers (i.e., electrostatic,
hydrogen-bonding or covalent interaction) (Decher, 1997;
Podsiadlo et al., 2007). In particular, it was reported that
electrostatic LbL-assembled multilayer films obtained by the
repetition of depositing oppositely charged polyelectrolytes
(PEs) could serve as good ion selective films (Park et al,
2004). However, studies related to the chemical stability of
the resulting films under harsh environmental conditions
including chlorine attack was not fully conducted in that
work. In our previous study (Park et al., 2010), it was noted
that the RO membranes comprised of [poly(allylamine hy-
drochloride]/[poly(acrylic acid)], i.e., PAH/PAA layers al-
lowed for increased chlorine tolerance with ion rejection
of ~80% with respect to NaCl, but very low permeate flux
(~4-5L-m~%h7).

In this study, we also adopted the LbL-assembly as an ef-
fective tool for fabricating RO desalination membranes but
now with inorganic nanosheets (negatively charged mont-
morillonite (MTM)) instead of PAA. The use of MTM
nanosheets was attempted to provide a facile pathway for
water transport through the interface between PAH/MTM
layers. Indeed, the increased flux (up to ~9L-m 2-h7!)
was observed through the PAH/MTM layers compared to
that of PAH/PAA counterparts with comparable ion rejec-
tion (~80%) with respect to NaCl. Despite the increased
flux, PAH/MTM layers did not preserve the ion rejection
after the NaOCI treatment. Therefore, we further employed
thermally crosslinked PAH/PAA layers by inserting them
between the neighboring PAH/MTM layers in order to
secure chemical stability especially against chlorine attack.
The resulting (PAH/PAA/PAH/MTM), layers showed higher
permeate flux (~7.520.5L-m~%h™") by ~60% compared
with that (~4.7+0.7L-m 2-h™!) of the PAH/PAA coun-
terparts with comparable ion rejection (~80%). More
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importantly, the permeate flux and ion rejection of (PAH/
PAA/PAH/MTM), layers were well preserved at ~7.8*+
0.5L-m~2h~! and 74%5.0%, respectively, after the NaOCl
treatment, indicating the contribution of crosslinked PAH/
PAA layers to the improved chemical stability.

1. Experimental

1.1 Materials

Poly(allylamine hydrochloride) (PAH, M,,=~120,000-
200,000g-mol™'), and poly(acrylic acid) (PAA, M,=
~100,000 g-mol ') were purchased from Sigma-Aldrich Co.
LLC and used as received. Na*-MTM (Kunimine Indus-
tries Co., Ltd.) nanosheets with a cation exchange capacity
of 1.15meq-g~! were used to constitute a continuous layer
without further chemical modification. A PSf film (UE50,
100,000 g-mol !, TriSep Corp.) was used as a substrate for
supporting a membrane, fabricated by the combination of
PAH/MTM and/or PAH/PAA layers.

1.2 LbL assembly for RO membranes

The concentration of both PAH and PAA aqueous solu-
tions was 1g-L™!, while the concentration of MTM sus-
pension in deionized (DI) water was 5g-L~!. The pHs of
the PAH solution, PAA solution, and MTM suspension
were adjusted to be 7.5, 3.5, and 7.5, respectively. First, the
negatively charged PSf substrates (~5.2cm in diameter)
were prepared by soaking in a 0.5M H,SO, solution at 90°C
for 30 min. These substrates were then dipped in the cationic
PAH solution for 10min, and further washed twice in DI
water for 1 min. After the deposition of a PAH layer on the
PSf substrate, the anionic PAA or MTM was successively
deposited onto the PAH layer (dried by nitrogen flow) using
the same dipping and washing procedures as described
above. The two consecutive depositions of PAH/PAA or
PAH/MTM layers resulted in a composite layer, and for con-
venience, the composite layer is referred to as a bilayer. The
deposition of a bilayer was repeated until a desired number
(n times) of PAH/PAA or PAH/MTM layers and the result-
ing layers were denoted as (PAH/PAA), and (PAH/MTM),
layers. In addition, a pair of (PAH/PAA) layers was inserted
between the two adjacent (PAH/MTM) layers, constituting
(PAH/PAA/PAH/MTM) layers. This deposition step was
repeated n times in order to fabricate (PAH/PAA/PAH/
MTM), layers. The LbL-assembled layers containing (PAH/
PAA) layers were thermally annealed at 180°C for 1h in a
vacuum oven. All prepared films were stored in DI water
prior to the RO test described below.

1.3 Characterization of LbL-assembled layers

The film thickness and surface morphology of a LbL-
assembled membrane were investigated by field-emission
scanning electron microscopy (FE-SEM) (S-4300, Hita-
chi, Ltd.). A quartz crystal microgravimetry (QCM) device
(QCM200, SRS, Inc.) was used to monitor the mass change
after each deposition step during the membrane fabrication.
In particular, the change (AF in Hz) of the frequency relative
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to the fundamental resonance frequency of the QCM elec-
trode (~5MHz) was recorded, and it was further converted
into the mass change using the Sauerbrey equation.

2F?
AF=————— . Am (1)

AyJPabq
Here, F, (~5MHz) is the fundamental resonance frequency
of the QCM electrode, A is the electrode area, and p,,
(~2.65g-cm™?) and y, (~2.95X10"g-cm™*.s7?) are the
density of the quartz and shear modulus, respectively. With
the given values, this equation is further simplified as fol-
lows.

AF = —56.6 X Am, 2)

It thereby indicates the linear relationship between the fre-
quency change (AF in Hz) and mass change per the elec-
trode area (Am, in pg-cm™2).

Vibrational spectra were measured by FT-IR spectros-
copy (Fourier Transform Infrared Spectroscopy, Nicolet
IS10, Thermo Fisher Scientific, Inc.) in the transmission
mode. The sample chamber was purged with N, gas for
2h to eliminate water and CO, prior to conducting the
FT-IR measurement. FT-IR spectra for the (PAH/PAA/
PAH/MTM), multilayer deposited onto an amorphous Si
substrate were obtained from 300 scans. The acquired raw
data was plotted after baseline correction and the spectrum
was smoothed using spectrum analysis software (OMNIC,
Thermo Fisher Scientific, Inc.).

1.4 Membrane performance and chlorine resistance tests

An RO membrane obtained by the above-mentioned lay-
er-by-layer assembly was mounted in a custom-made per-
meation cell. The effective permeation area was ~13.9 cm?
The ionic salt (NaCl) concentration and the volumetric feed
rate were maintained at ~2,000 ppm and ~0.46L-h", re-
spectively, while the feed side was pressurized to be ~15.5
bar. An outlet at the bottom of the permeation cell was used
to collect the permeate solution that passed through the
RO membrane. The ion concentration on the permeate side
was measured using the ionic conductivity meter (PC650,
Eutech Instruments) and the permeate flux was measured by
considering the collected permeate amount for a given time.
Specifically, the permeate flux (N) and ion rejection (IR)
were calculated using the following equations.

\4
N =
A

m*°

and IR[%]= [I—CPJXIOO 3)
Cr
Here, A, is the membrane area [m?], V is the permeated
amount [L], t is the time [h], and C; and C;, are the concen-
trations of salts (NaCl) in the feed and permeation sides,
respectively. A schematic for the RO test is illustrated in
Figure 1.

For the chlorine resistance test, a membrane, prepared
by the LbL-assembly, was immersed in a 6,000 ppm NaOCl
aqueous solution (pH of 11) for ~1h, and was further dried
at room temperature overnight. Subsequently, the RO test
described above was also applied to the chlorine-treated
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Fig. 2 (a) Schematic illustration for the preparation of LbL-assembled
(PAH/MTM), multilayers onto PSf substrates; (b) QCM data
of (PAH/MTM), multilayers as a function of a deposition
number; (c) The tilted SEM image of (PAH/MTM), multilayer
film deposited onto a PSf substrate

membrane.

2. Results and Discussion

A schematic for an RO desalination membrane prepared
by depositing PAH and MTM nanocomposite layers onto a
PSf substrate via the electrostatic LbL-assembly is depicted
in Figure 2(a). In particular, a positively charged PAH layer
was first formed on the negatively charged PSf substrate
and further served as a basis for forming the next negatively
charged MTM layer. PAH was alternately LbL-assembled
with MTM sheets via electrostatic interactions between cat-
ionic amine groups (-NH}) of PAH and anionic surface
groups (=Si-07) of MTM (Celis et al., 2000; Podsiadlo et
al., 2007).

These electrostatic layers were alternately deposited onto
the PSf substrate to a desired number (n) of the (PAH/
MTM), multilayers. The growth of composite layers via the
alternating depositions of the PAH and MTM layers was
quantitatively monitored by tracing the frequency change
in QCM. Figure 2(b) shows the frequency changes (AF in
Hz) and the corresponding mass changes (Am, in pg-cm™2)
per membrane area as a function of the number of deposi-
tion steps. These results indicate that each layer, formed
from the PAH solution or MTM suspension, contributed to
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increasing the mass of the composite film. Specifically, the
one-time depositions by the PAH solution and the MTM
suspension resulted in the change of frequencies, —AF of
~19 and ~74Hz, respectively, which were equivalent to
the mass change per membrane area, Am, of ~0.34 and
~1.28 pg-cm~?, respectively. In addition, the cross-sectional
SEM image of Figure 2(c) indicates that 18 repetitions of the
deposition of the PAH/MTM layer, i.e., (PAH/MTM),s mul-
tilayer resulted in ~250nm, suggesting that a ~10-15nm
thick layer was formed due to the bilayer deposition.

Additionally, the vibrational spectroscopic characteriza-
tions of pristine and thermally annealed PAH/MTM films
were investigated using FT-IR spectroscopy in an attempt to
assess the thermal stability of PAH/MTM films (see Figure
A1l). The FT-IR characterization revealed that the electro-
static bonding (or interaction) formed at the interfaces of
PAH and MTM layers was not chemically influenced by
thermal annealing at 180°C, indicating the high thermal sta-
bility of PAH/MTM interfaces.

When these nanocomposite films are used as desalination
RO membranes, the ability to control their film thickness es-
pecially via the appropriate choice of the bilayer number al-
lows tuning of the corresponding desalination performance
as reflected by the permeate flux and salt rejection. In order
to see the effect of the bilayer number (i.e., film thickness)
on performance, the desalination performance of (PAH/
MTM), layers was investigated with increasing the bilayer
number (n) from 9 to 18 (Figure 3). With the increase in
the bilayer number, the permeate flux of the composite
films were monotonically decreased from ~25.5 (for n=09)
through ~15.2 and ~10.5 (for n=12 and for n=15, re-
spectively) to ~8.3L-m™2-h™! (n=18), while the salt rejec-
tion rather kept increasing from ~30 (for n=9) through
~56 and ~79 (for n=12 and for n=15, respectively) to
~81% (for n=18). The conventional trade-off relationship
between the permeate flux and ionic rejection (Geise et al.,
2011) was observed for these (PAH/MTM), layers as well.
This phenomenon indicates that the increase in the film
thickness of a multilayer, comprised of a pair of PAH/MTM
layers, was beneficial in enhancing the salt rejection at the
expense of the inevitable decrease in the permeate flux,
seemingly due to the longer diffusion pathway along the film
thickness.

However, the marked desalination performance of these
(PAH/MTM),, films was significantly reduced after the chlo-
rine treatment with the NaOCI solution. For example, the
permeate flux through (PAH/MTM) 4 layers was increased
from ~9.020.7 to ~20*=1.1L-m 2-h™! and the ion rejec-
tion was decreased from ~79%+2.3 to ~54+6.2% (Figure
4(a)). It was reported that the chlorine in the feed can cause
the ring-chlorination reaction through an intramolecular
rearrangement of a chlorine atom into the aromatic ring,
and thus the degradation of a membrane (Misdan et al,
2012). Considering the fact that the PAH/MTM layers in
this study do not contain an aromatic ring structure, the
effect of NaOCI treatment on the desalination performance
of PAH/MTM layers could be presumably attributed to the
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Fig. 4 (a) Plot of permeate flux and ion rejection for (PAH/MTM) 4
multilayers before and after the NaOCI treatment for 1h;
(b) Normalized mass change of (PAH/MTM),; multilayers
as a function of the immersion time in the NaOCI solution;
(c) FT-IR spectra of (PAH/PAA/PAH/MTM), multilayers (i)
before and (ii) after thermal annealing at 180°C, and (iii and
iv) after an additional immersion of sample (ii) in (iii) the
NaCl solution (pH 8.1) and (iv) the NaOCl solution (pH 11)

high pH value (~11) and/or the concentration (6,000 ppm)
of the NaOClI solution. Generally, it is well known that the
film structural stability of LbL layers, composed of cationic
amine-based PEs and oppositely charged counterparts, is
sensitive to the solution pH and ionic salt concentration
(Mendelsohn et al., 2000). It was previously reported that
the pK, of the amine-functionalized polymers is 9.0 and
the amino groups are almost neutralized at pH 11 (Choi
and Rubner, 2005). Therefore, PAH/MTM multilayers as-
sembled at pH 7.5 can be destabilized by inducing the
dissociation of electrostatic bonds due to the conversion
from protonated amine to uncharged amine groups in a
NaOCI solution of pH 11. Additionally, the presence of
concentrated ionic species plausibly weakens the electro-
static interaction between the contacting oppositely charged
layers. For example, it was reported that anionic PAA/
cationic poly(diallyldimethylammonium) multilayers are
rapidly removed at salt concentrations greater than 0.6 M
NaCl (Dubas et al., 2001). Nevertheless, it was reported
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that a charged polyelectrolyte (PE) layer embedded within
electrostatic LbL multilayers, equivalent to PAH/MTM films
in this study, has a relatively higher degree of ionization than
the spin-casted film composed of single PE species due to
the charge inducing effect by oppositely charged PE layer
(Choi and Rubner, 2005). Therefore, PAH and/or MTM lay-
ers were not likely to be totally delaminated in the NaOCl
solution used in this study. Instead, the chlorine treat-
ment at both high pH and ionic concentration would lead
to partial swelling and destabilization of the (PAH/MTM)
layers, thereby allowing for the facile diffusion of salts and
concomitant lowered salt rejection. These postulations were
supported by the partial loss in the mass of a (PAH/MTM) 5
layer after its immersion in the NaOCI solution (Figure
4(b)).

Taking into account the barrier property of inorgan-
ic MTM sheets with respect to salts, cationic PEs have
been employed along with the MTM sheets in an attempt
to fabricate composite films with a periodic organic/in-
organic structure analogous to a nacre-like structure
(Podsiadlo et al., 2007, 2008). Podsiadlo et al. (2008) re-
ported that the structure of composite films, composed
of poly(ethyleneimine) (PEI), PAA, and MTM, could not
avoid the fast diffusion/reptation of PEs through the space
among MTM sheets during the “in-and-out” diffusion of
polymer. These results imply that the MTM layers within
composite films had much difficulty in forming a dense
structure incorporated with the PEI layer and, therefore, in
serving as an effective barrier layer. A similar scenario can
be employed to explain the poor membrane performance of
the chlorine-treated (PAA/MTM), composite membranes in
this study.

To improve the chlorine resistance of PAH/MTM layers
while maintaining the high desalination performance, a
thermally crosslinkable (PAH/PAA) bilayer was periodi-
cally inserted between two adjacent (PAH/MTM) layers.
By using this scheme and repeating the deposition steps 9
times, we synthesized a (PAH/PAA/PAH/MTM), composite
layer having a film thickness comparable to that (~250 nm)
of (PAH/MTM),; multilayers. As reported in a number of
precedent work (Mendelsohn et al., 2000; Zhai et al., 2004),
the LbL assembly of the PAH and PAA solutions with the
pHs of 7.5 and 3.5, respectively, induces a chain conforma-
tion with abundant loops and tails. In a PAA solution at pH
3.5, weakly ionized PAA chains (pK, of PAA: ~4.5) with a
number of loop and coil structures are deposited onto al-
most a fully charged PAH layer (pK, of PAH: ~9.0) (Choi
and Rubner, 2005). On the contrary, when the PAH chains
are deposited on a PAA layer at pH 7.5, the weakly ionized
carboxylic acid groups of the pre-formed PAA layer are con-
verted into a highly ionized state (i.e., COO™). Therefore, a
large amount of PAH chains containing positively charged
amine groups are required to neutralize the ionized surface
of the PAA layer and realize charge reversal via charge over-
compensation. As a result, the depositions of PAH at pH
7.5 and PAA at pH 3.5 for constituting (PAH/PAA/PAH/
MTM), multilayers apparently contained a high degree of
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unbound carboxylic acid and amine groups as well as a
number of internal charge pairing groups. In view of the RO
membrane, these phenomena are very important to deter-
mine the final film structure because internal charge pairing
groups can be chemically crosslinked via the amide bonding
during thermal treatment and, furthermore, a large amount
of unbound carboxylic acid and amine groups can provide
seawater desalination membranes with efficient ion rejec-
tion. That is, the introduction of thermally crosslinked PAH/
PAA layers into PAH/MTM films, allowing a strong, dense
structural property in the final composite films, can sig-
nificantly improve the membrane stability especially against
degradation due to the chlorine attack.

To verify this hypothesis, residual carboxylic acid and
amine groups in the (PAH/PAA/PAH/MTM), layers were
identified using FT-IR spectroscopy. As shown in Figure
4(c), the FT-IR spectra of the multilayers before the thermal
treatment revealed the presence of —-COO~ (carboxylate
peak at 1,570 and 1,390cm™!), -COOH (free acid peak at
1,700cm '), -NH? (symmetric and antisymmetric NH7 de-
formation between 1,625 and 1,400cm '), and -NH, (N-H
scissor bending at 1,630 and 1,550cm™!). When the mul-
tilayers were thermally annealed at 180°C, the absorbance
peak intensity at 1,700 and 1,630cm ™! was increased due
to the partial formation of amide group indicating the
cross-linkage between the carboxyl acid and amine groups
(the absorbance peak of amide groups at 1,700cm™! was
overlapped with that of ~-COOH group) ((ii) in Figure 4(c)).
After immersing these films in the aqueous media at pH
8.1 (similar to that of the seawater solution), the absorption
peaks of -COO~ groups at 1,560 and 1,390 cm ™! were more
evident compared to that of thermally annealed multilayers
((iii) in Figure 4(c)). These phenomena were still observed
after applying chlorine treatment to the crosslinked (PAH/
PAA/PAH/MTM), multilayers ((iv) in Figure 4(c)). Howev-
er, we did not detect the degradation of the amide bonding
formed between PAH and PAA within multilayers. These
results show the possibility that the crosslinked (PAH/PAA/
PAH/MTM), films can maintain the highly charged state in
seawater of pH 8.1 and, furthermore, can be effectively used
as a desalination membrane with a high level of chemical
stability.

Based on these results, we measured the desalination
performance of a crosslinked (PAH/PAA/PAH/MTM), mul-
tilayer (a schematic fabrication process is shown in Figure
5(a)) before and after chlorine treatment (Figure 5(b)). In-
terestingly, the desalination performance of the crosslinked
membrane remained almost unchanged, implying a high re-
sistance against chlorine attack. Furthermore, the permeate
flux (~7.820.2L-m2-h™!) and ion rejection (~74%5.0%)
through the crosslinked membrane after chlorine treatment
were quite comparable to those (~9.00.7L-m 2-h™! and
~79+2.3%) obtained through (PAH/MTM),; multilayers
before chlorine treatment. Although a ~250nm thick mul-
tilayer, mainly comprised of PAH and PAA layers, exhibited
a similar ion rejection of ~78*+3.6% with a high degree of
chlorine stability, the permeate flux (~4.4%0.8L-m 2-h™")
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thermally annealed (PAH/PAA/PAH/MTM), multilayers be-
fore and after the NaOCl treatment

of PAH/PAA-based films after chlorine treatment was lower
than that (~7.80.2L-m™2-h"!) of PAH/PAA/PAH/MTM-
based counterparts. This suggests that the film structure of
PAH/PAA multilayers was denser than that of PAH/PAA/
PAH/MTM multilayers. At this point, we would like to point
out that although pure PAH/MTM layers were vulnerable
to chlorine attack, the MTM sheets in the (PAH/PAA/PAH/
MTM), multilayer were stabilized by the thermally cross-
linked PAH/PAA/PAH layers, which showed a good chlo-
rine resistance themselves.

As mentioned earlier, it has been demonstrated by Podsi-
adlo et al. (2008) that PE layers embedded within (PEI/
MTM/PEI/PAA), multilayers are seriously interdigitated be-
tween oppositely charged PE chains through the openings
between MTM sheets. Considering this previous report,
MTM sheets within the annealed PAH/PAA/PAH/MTM
multilayers are surrounded by thermally crosslinked PAH/
PAA/PAH layers, and resultantly these films can be stabi-
lized without any delamination phenomenon during NaOCl
treatment. In order to demonstrate this possibility, we fur-
ther measured the QCM data of thermally crosslinked PAH/
PAA/PAH/MTM multilayers by varying the immersion
time in NaOCI solution. As shown in Figure A2, we did
not observe any loss of adsorbed materials, supporting the
structural stability of the annealed PAH/PAA/PAH/MTM
multilayers. Thus, (PAH/PAA/PAH/MTM), multilayers can
maintain high ionic rejection performance. Considering
that most membranes show a trade-off relationship between
the permeate flux and salt rejection (Geise et al., 2011), the
combination of inorganic nanosheet layers and thermally
crosslinked PE layers without the aromatic ring structure is
effective for the preparation of RO membranes, and thus for
the flexible adjustment of performance via the appropriate
choice of the film constituent (related to the film structure)
and the deposition number (related to the film thickness).

Conclusion

In conclusion, we have prepared an RO desalination
membrane based on the electrostatic LbL-assembly of inor-
ganic MTM nanosheets/PE multilayers. The salt rejection in
(PAH/MTM), multilayered membrane increased from ~30
to ~81%; whereas, the permeate flux decreased from ~25.5
to ~8.3L-m™*-h™! with the increased bilayer number from
n=9 to n=18. However, (PAH/MTM), multilayers did not
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preserve the ionic rejection capacity after chlorine treat-
ment, indicating the poor chemical stability plausibly in
high pH and/or concentration conditions.

As complementary to the PAH/MTM layers, the periodic
insertion of the thermally crosslinked PAH/PAA bilayer
between the two adjacent PAH/MTM bilayers contributed
to improving the chemical stability of the final composite
membranes against the chlorine attack (the permeate flux
up to ~7.8%£0.2L-m~2h"", and the salt rejection up to 74+
5.0% after the chlorine treatment). Although much more
effort in developing a novel membrane technology is still
required to achieve high desalination performance, we be-
lieve that our approach can provide useful guidance to the
rational design of an appropriate film structure, especially
the selective top layer.
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Fig. A1 FT-IR spectra of pristine and thermally annealed PAH/MTM
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Fig. A2 Normalized frequency (or mass) change of thermally an-
nealed (PAH/PAA/PAH/MTM), multilayers as a function of
the immersion time in the NaOCI solution
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