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abstract
In this work, we fabricated the nanocomposite reverse osmosis (RO) membranes based on the 
layer-by-layer (LbL) assembly of functionalized multi-walled carbon nanotubes (MWCNTs) and 
polyelectrolytes (PEs). The CNTs were incorporated to enhance the mechanical strength and the 
chlorine resistance of multilayered RO membranes. To fabricate the MWCNT-based nanocompos-
ite multilayers, poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) were used as 
positively and negatively charged PEs, respectively, and the surface of MWCNTs was modified with 
carboxylic group. During the LbL assembly process, 1 wt % of carboxylated MWCNTs relative to 
PAA were used and (MWCNT-PAA/PAH)n multilayers membranes with 10, 15, and 20 bilayers were 
prepared. The existence of MWCNTs in multilayers was confirmed by thermogravimetric analysis 
(TGA), and we observed the improvement in thermal stability of multilayers after incorporation of 
MWCNTs. The salt rejection and permeate flux of these membranes were measured by a homemade 
RO test cell. To examine the chemical resistance to chlorine, (MWCNT-PAA/PAH)n multilayers were 
immersed in 3,000 ppm sodium hypochloride (NaOCl) solutions for 4 h. Consequently, it was found 
that the salt rejection of (MWCNT-PAA/PAH)n membranes decreases by 16.2%, 15.2% and 9.9% for 
10, 15 and 20 bilayers, respectively, while the conventional polyamide membrane exhibited 21.8% 
decreases in the salt rejection.

Keywords:	 Desalination; Multi-walled carbon nanotube; Polyelectrolytes; Nanocomposite multi-
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1. Introduction

Recently, a drought continues in many areas in the 
world due to the global problem such as the global warm-
ing or El Nino’s effect or the uncontrolled deforestation, 
causing the water-shortage problems in many countries. 
To solve this problem, many efforts are now devoted 

to secure the water source from various strategies, i.e., 
constructing a dam, recycling used water, developing the 
underground water, desalination of seawater, etc. Among 
these efforts, the desalination process is one of the most 
promising methods for alternative sources of water in 
the next generation. Currently, desalination of seawater 
can be performed via two processes: distillation and 
separation by reverse osmosis (RO) membranes. Since 
the conventional distillation requires a lot of energy to 
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distill the seawater, RO membranes have now attracted 
much attention as an alternative method for the desalina-
tion process [1–4].

RO membranes have been developed from 1960s, 
and cellulose acetate and polyamide were mainly used 
as materials for the selective layer in RO membranes [5]. 
Cellulose acetate is a hydrophilic material and hence it 
is advantageous for preventing the biofouling problems. 
However, this material does not have mechanical strength 
and chemical resistance, and hence RO membranes made 
from cellulose acetate cannot be used for a long-term op-
eration. Alternatively, polyamide-based RO membranes 
are widely used these days, as they have better mechani-
cal strength and durability. In this case, the selective layer 
of polyamide is prepared by interfacial polymerization 
between the amine monomers (e.g., 1,3-benzenediamine) 
and aromatic acyl chloride monomers (e.g., trimesoyl 
chloride) to form a thin layer of densely crosslinked amide 
network. Consequently, commercialized RO membranes 
from polyamide show salt rejection of >99% and they 
were employed for the most of desalination RO processes. 
However, it has been pointed out that polyamide-based 
RO membranes have limitations in low permeate flux, 
biofouling, and weak chemical resistance to chlorines, 
etc. To solve these problems, several strategies have been 
proposed such as coating the surface of RO membranes 
with chemicals having high chemical resistance or modi-
fying polyamide with various functional groups.

Recently, nanocomposite membranes have been sug-
gested as promising candidates for RO membranes in the 
next generation [5–9]. In this case, the mechanical strength 
and chemical resistance can be enhanced by an incorpo-
ration of a small amount of inorganic nanoparticles into 
the selective layers. Among several possible components 
in nanocomposites, carbon nanotubes (CNTs) have 
been considered as an excellent candidate due to their 
remarkable mechanical strength, optical, and electrical 
properties. Therefore, CNTs are extensively employed in 
many areas with various applications, i.e., energy storage 
media [10–13], additives for improvement of mechanical 
strength [14–16], chemical sensors [17–19], and in biologi-
cal applications [20–22]. As a representative example of 
nanocomposite membranes, CNTs have been dispersed 
within the polymer matrix to fabricate the multilayered 
nanocomposite membranes demonstrating the improved 
properties for various applications while the flexibility of 
nanocomposites is retained [23–30].

Previously, we introduced a novel method to fabricate 
desalination RO membranes from layer-by-layer (LbL) 
assembled polyelectrolytes (PEs) multilayers, using 
poly(allylamine hydrochloride) (PAH) and poly(acrylic 
acid) (PAA) as positively and negatively charged PEs, 
respectively [31]. By controlling the pH-condition during 
the deposition step followed by thermal crosslinking, we 
found the optimal structures for desalination membranes, 
i.e., membranes should contain a large amount of freely 

charged groups with densely-packed structures via cross-
linking. In this work, we extend the LbL assembled RO 
membrane to fabricate nanocomposite RO membranes 
using multi-walled carbon nanotubes (MWCNTs) as 
additives. By using MWCNTs as inorganic components, 
the desalination performance and chemical resistance of 
these membranes were examined.

2. Materials and methods 

2.1. Materials

Poly(acrylic acid) (PAA) (Polysciences, Mw =  
100,000 g/mol) was used as anionic polyelectrolytes 
(PE). On the other hand, poly(allylamine hydrochlo-
ride) (PAH) (Aldrich, Mn = 56,000 g/mol) (Aldrich, Mw 
= 200,000–350,000 g/mol) was used as a cationic PE. An 
asymmetric porous polysulfone membrane (Trisep, 
UE50, Mw = 100,000 g/mol) was used as a substrate 
to construct the LbL multilayers. Multi-walled carbon 
nanotubes (MWCNTs) were purchased from Iljin CNT, 
and the average diameter and length were 9–12 nm and 
10–15 mm, respectively.

2.2. Preparation of carboxylated MWCNTs and polyelectrolyte 
solution

To use MWCNTs in the LbL assembly, the surface of 
MWCNTs was carboxylated as described elsewhere [32]. 
First, MWCNTs were dispersed in a mixture of 1 M H2SO4 
and 1 M HNO3 (3:1 by volume), and heated to 70°C for 
overnight with reflux. The MWCNTs were then separated 
by centrifugation for 10 min at 10,000 rpm, followed by 
sonicating with deionized water. This step was repeated 
for at least three times. The resulting carboxylated MW-
CNTs were dried for 12 h under vacuum.

To anionic PAA aqueous solution (1.0 mg/mL), 1 wt % 
of carboxylated MWCNTs were mixed and sonicated for 
3 h. As cationic PAH solution, the concentration was also 
adjusted to 1.0 mg/mL. The pH of MWCNT/PAA and 
PAH solutions were controlled by 0.1 M HCl and NaOH.

2.3. MWCNT/polyelectrolyte(MWCNT/PE) membranes 
formation

For deposition of LbL assembled MWCNT/PE multi-
layers onto the polysulfone (PSf) substrates, negatively 
charged PSf substrates were prepared by a treatment with 
0.5 M H2SO4 solution at 80°C for 30 min. Then, the LbL 
assembled MWCNT/PE multilayers were fabricated onto 
the PSf substrates, by alternating deposition of oppositely 
charged PAH and MWCNT/PAA solutions. As shown in 
Fig. 1, The substrates were first dipped in the cationic PAH 
solution for 10 min, washed twice in deionized water for 1 
min each, and air-dried with a gentle stream of nitrogen. 
The anionic MWCNT/PAA were then deposited onto the 
cationic PE-coated substrates by adsorption for 10 min, 
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washed in deionized water and air-dried. This process 
was repeated until the desired number of bilayers had 
been deposited. To impose the chemical crosslinking 
between PAH and MWCNTs/PAA layers, the (MWCNT-
PAA/PAH)n multilayer membranes were heated to 180°C 
for 1 h under vacuum.

2.4. Characterization of membranes

The existence of carboxylic acid group in MWCNTs 
was analyzed by Fourier Transform Infrared (FT-IR) 
spectroscopy. FT-IR spectra were taken using a FTIR-200 
spectrometer (JASCO Corporation) with CaF2 window. 
The film thicknesses of the (MWCNT-PAA/PAH)n mul-
tilayers on silicon substrates were measured using by el-
lipsometry (Gaertner Scientific Corp., L2W15S830) using 
632.8 nm He-Ne laser light. The surface morphology of 
the (MWCNT-PAA/PAH)n multilayers was examined by 
Field Emission-Scanning Electron Microscopy (FE-SEM, 
Hitachi, S-4300). Thermogravimetric analysis (TGA-Q50, 
TA Instrument LTD.) was used to investigate the existence 
of MWCNTs in (MWCNT-PAA/PAH)n multilayers and 
also their thermal stability. In this case, powders from 
the selective layers, (MWCNT-PAA/PAH)n multilayers, 
were obtained by scrubbing the membranes with doctor 
blade. TGA was fitted to a N2 purge gas from ambient 
temperature to 1000°C at a heating rate of 10°C/min.

2.5. Operation condition

RO performance of (MWCNT-PAA/PAH)n multilay-
ers was investigated using a homemade RO test system 
described previously [31]. The RO membranes were 
placed in a pressure chamber (effective area for the 
membrane cell = 13.85 cm2; pressure = 15.5 bar). The ionic 
salt (NaCl) concentration and flux in the feed water were 

Fig. 1. Schematic illustration of the fabrication of nanocomposite (MWCNT-PAA/PAH)n multilayers via layer-by-layer assembly 
on polysulfone substrate.

 

fixed to 2000 ppm and 333 L/m2·h, respectively, at room 
temperature. At the bottom the cell was equipped with an 
outlet for the permeate solution. The ion concentration of 
the permeate was measured using the ionic conductivity 
meter (EUTECH, PC650). The salt rejection and permeate 
flux of RO membranes were calculated using the follow-
ing equations:

permeate conductance
Salt rejection (%) 1 100

feed conductance
 

= − × 
 

	(1)

( )
( ) ( )2

permeate L
Permeate flux

membrane m ×time h
= 	 (2)

To test the chemical resistance to chlorine, the RO 
membranes after the first test were dipped into 3,000 ppm 
sodium hypochloride (NaOCl) solution for 4 h. The mem-
branes were then washed with deionized water and tested 
again. Consequently, the salt rejection and permeate flux 
before and after treating with NaOCl were compared. 
Also, the chemical resistance of (MWCNT-PAA/PAH)n 
multilayers was compared with conventional polyamide-
based membrane, which is prepared by interfacial po-
lymerization between 1,3-benzenediamine and trimesoyl 
chloride according to the standard protocol established.

3. Results and discussion

In original MWCNT powders, the individual MW-
CNTs are highly entangled and physically agglomerated. 
To use them for various applications in a controlled man-
ner, the surface of MWCNTs was chemically treated to 
disperse in various media. To use the MWCNTs in LbL 
assembly, we treated the MWCNTs with a mixture of 
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H2SO4 and HNO3 to impose the negative charge on the 
surface with carboxylic acid group. It was observed that 
the resulting carboxylated MWCNTs are well dispersed 
in water and they are stable for several weeks without 
any agglomeration. Fig. 2 shows the FT-IR spectra of 
MWCNTs before and after modification with carboxylic 
acid groups. There are no particular peaks before modifi-
cation, as only aromatic carbons are present in MWCNTs. 
After treatment with a mixture of H2SO4 and HNO3, it is 
apparent that several peaks appear due to a carboxylation 
of MWCNTs. From Fig. 2, the FT-IR spectra confirms 
the presence of carbonyl group (–C=O in –COOH at 
1703 cm–1), carboxylate group (–COO- at 1568 cm–1), and 
broad peak from –OH group in carboxylic acid group at 
2500–3500 cm–1.

For deposition of LbL assembled MWCNT/PE mul-
tilayers, 1 wt % of carboxylated MWCNTs were mixed 
with anionic PAA solutions. Fig. 3a shows the films 
thickness of MWCNT/PE multilayers with increasing the 
number of bilayers deposited on the silicon substrates. 
As previously established, MWCNT/PE multilayers were 
deposited under a condition of pH 7.5 for PAH and pH 
3.5 for MWCNTs/PAA, to produce the thickest individual 
layers [31]. In this case, the film thickness increases from 
2 nm for 1 bilayer to 280 nm for 10 bilayers, showing an 
exponential growth, which is typical of LbL deposition 
of PEs in multilayers. Under the same pH conditions, 
the MWCNT/PE multilayers were fabricated on PSf 
substrates that are typically used as supporting mem-
branes for commercial RO membranes. After treating the 
surface of PSf substrates with H2SO4 solution to impose a 
negative charge, the MWCNT/PE multilayers, (MWCNT-
PAA/PAH)n, with 10, 15, and 20 bilayers were prepared. 
The (MWCNT-PAA/PAH)n multilayer membranes were 
then heated to 180°C for 1 h under vacuum to induce the 
amide crosslinking between MWCNT-PAA/PAH layers, 

Fig. 2. FT-IR spectra of (a) carboxylated and (b) original 
MWCNTs.

 

Fig. 3. (a) Film thickness of LbL assembled (MWCNT-PAA/
PAH)n multilayers on silicon substrate, measured by ellipsom-
etry. Cross-sectional SEM images of (MWCNT-PAA/PAH)n 
multilayers prepared on polysulfone substrates. (b), (c), and (d) 
correspond to the bilayer number of 10, 15, and 20, respectively.

  (b)

(c)

(d)
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as described previously [31]. Figs. 3b–3d correspond to 
the cross-sectional SEM images of crosslinked (MWCNT-
PAA/PAH)n multilayer membranes with 10, 15, and 20 
bilayers. The thickness of (MWCNT-PAA/PAH)n mul-
tilayers are 200 nm, 250 nm, and 310 nm, respectively. 
Note that the film thickness significantly decreases upon 
thermal treatment due to the formation of densely cross-
linked structures.

The existence of MWCNTs and the thermal property 
of (MWCNT-PAA/PAH)n multilayers were investigated 
by TGA as shown in Fig. 4. For pure MWCNTs, they 
are thermally stable up to 750°C and then a small frac-
tion (<20%) is decomposed. In contrast, (PAH/PAA)
n membranes show a sharp decrease in a temperature 
range between 420°C and 510°C. This is due to a thermal 
decomposition of (PAH/PAA)n multilayers. Also, the 
membranes shows a continuous decreases up to 420°C 
with a small bump around 200°C, which can be attributed 
to the decomposition of residual solvents in multilayers 
or lower molecular portions of PSf in supporting layers. 
This behavior is similar in the case of (MWCNT-PAA/PAH)
n multilayers. However, there is a remarkable change in 
the thermal decomposition in the region of 420–510°C. In 
(MWCNT-PAA/PAH)n multilayers, it can be clearly seen 
that the thermal decomposition is significantly retarded 
and it continues until the temperature reaches ~750°C. 
This result strongly supports that the MWCNTs were 
well embedded in multilayers and the thermal stabil-
ity of (MWCNT-PAA/PAH)n multilayers is much more 
improved by an addition of small amount of MWCNTs. 
The enhanced thermal stability of the nanocomposite 
multilayers could be predicted based on many previous 
examples of nanocomposites containing CNTs [33–35]. 
We believe that the thermal stability of (MWCNT-PAA/
PAH)n multilayers shown in Fig. 4 is due to the strong 
electrostatic interaction and covalent bonding between 

Fig. 4. TGA traces of (a) original MWCNTs, (b) (MWCNT-PAA/
PAH)n multilayers, and (c) (PAA/PAH)n multilayers. The scan 
rate was 10°C/min.

 

carboxylated MWCNTs and PEs (i.e., PAA and PAH) 
matrix.

The salt rejection and the permeate flux of (MWCNT-
PAA/PAH)n multilayers were measured using a home-
made RO test system. For all experiments, the ionic salt 
(NaCl) concentration and flux in the feed water were fixed 
to 2,000 ppm and 333 L/m2·h, respectively. To find the 
optimal conditions for nanocomposite (MWCNT-PAA/ 
PAH)n multilayers, the amount of MWCNTs and the 
number of bilayers were varied. Before measurements, 
(MWCNT-PAA/PAH)n multilayers were thermally cross-
linked to induce the densely packed structures. When 
5 wt % of MWCNTs were incorporated in (MWCNT-PAA/
PAH)10 multilayers, it was found that there exist some 
defects in the membrane, which is from the agglomeration 
of MWCNTs. In this case, the salt rejection and the perme-
ate flux were 58% and 3.5 L/m2·h, respectively (data not 
shown). The low salt rejection for (MWCNT-PAA/PAH)10 
multilayers can be attributed to the defects of aggregated 
MWCNTs, which allows NaCl salts to pass though the 
membranes. When 1 wt % of MWCNTs were incorporated 
in (MWCNT-PAA/PAH)10 multilayers, the membranes 
exhibit almost defect-free structures without any agglom-
eration of MWCNTs. Fig. 5 shows the salt rejections and 
the permeate fluxes for (MWCNT-PAA/PAH)n multilayers 
containing 1 wt % of MWCNTs with the 10, 15, and 20 
bilayers as a function of operating time. After operat-
ing for ~60 min, the salt rejection and the permeate flux 
were stabilized, and it was observed that all membranes 
exhibit the similar performance regardless of the number 
of bilayers. In this case, the salt rejections and the fluxes 
of (MWCNT-PAA/PAH)n multilayers containing 1 wt % 
of MWCNTs were 90.4% and 2.6 L/m2·h for n = 10, 89.6% 
and 3.6 L/m2·h for n = 15, and 91.2% and 2.1 L/m2·h for n 
= 20, respectively. When the multilayers with 5 bilayers, 
(MWCNT-PAA/PAH)5, were prepared, the salt rejection 
was only ~50–60%, implying that the films are too thin 
to function as the RO membranes. Therefore, it can be 
concluded that 10 bilayers would be the optimal structure 
with the minimum number of bilayers in (MWCNT-PAA/
PAH)n multilayers, in terms of RO performance.

To test the chemical resistance to chlorine, the nano-
composite (MWCNT-PAA/PAH)n multilayers were im-
mersed in 3,000 ppm sodium hypochloride (NaOCl) solu-
tion for 4 h, and then the salt rejections were compared. 
To quantitatively compare the chemical resistance of 
(MWCNT-PAA/PAH)n multilayers, we also prepared the 
polyamide RO membrane by interfacial polymerization 
between 1,3-benzenediamine and trimesoyl chloride. For 
the conventional polyamide RO membranes, it has been 
well known that they are weak to the chlorines. When the 
amide bonds are exposed to the chlorine, the N–H bond is 
readily chlorinated and oxidized to the quinoid structure 
by hydrolysis reaction with water. This reaction can occur 
in chainwise manner to degrade the amide network in the 
RO membranes. Therefore, the chlorination in polyamide 
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Fig. 5. Plot of salt rejection and permeate flux as a function of 
operation time for (a) (MWCNT-PAA/PAH)10, (b) (MWCNT-
PAA/PAH)15, and (c) (MWCNT-PAA/PAH)20 multilayers.

 

 

membranes results in serious defects and hence the salt 
rejection will significantly decrease. In our system, we 
expect that an incorporation of inorganic MWCNT can 
enhance the chemical resistance as well as the thermal sta-
bility, due to the electrostatic interaction and the covalent 
bonding between MWCNTs and polymer matrix. Fig. 6 
shows the salt rejection of RO membranes before and after 
treating with NaOCl solution. For the polyamide mem-

Fig. 6. Plot of salt rejection for polyamide membrane, (MW-
CNT-PAA/PAH)10, (MWCNT-PAA/PAH)15, (MWCNT-PAA/
PAH)20 multilayers before and after treatment with 3,000 ppm 
NaOCl solutions.

 

brane, it was observed that the salt rejection decreases by 
21.8% (from 98.3% to 76.5%) upon chlorination. However, 
(MWCNT-PAA/PAH)n multilayers exhibit a decrease in 
the salt rejection by 16.2% (from 90.4% to 74.2%), 15.2% 
(from 89.6% to 74.4%), and 9.9% (from 91.2% to 82.4%), 
for n = 10, 15, and 20, respectively. The chlorine resistance 
should be closely related to the relative amount of de-
crease in the salt rejection after the chlorination, because 
the decrease in the salt rejection would mainly result from 
the defects in the membrane structures. In this regard, it 
can be concluded that (MWCNT-PAA/PAH)n multilayers 
show the better chlorine resistance than the polyamide 
membranes. Also, an increase in the number of bilayers 
leads to the less decrease in the salt rejection after chlo-
rination, i.e., the better chlorine resistance. Therefore, the 
optimal structure in our system is (MWCNT-PAA/PAH)20 
multilayers, as they show the similar RO performance as 
10 and 15 bilayers, but have the better chlorine resistance.

4. Conclusions

In this work, we fabricated the nanocomposite mul-
tilayered RO membranes from layer-by-layer assembly 
of carboxylated MWCNTs and polyelectolytes (PAA and 
PAH). The structure of (MWCNT-PAA/PAH)n multilay-
ers was characterized by ellipsometry and FE-SEM. The 
existence of MWCNTs in multilayers was confirmed by 
TGA and it was found that an incorporation of 1 wt % 
MWCNTs significantly improves the thermal stability 
of nanocomposite (MWCNT-PAA/PAH)n multilayers, 
due to the strong electrostatic interaction and covalent 
bonding between carboxylated MWCNTs and PEs. The 
chlorine resistance of these nanocomposite membranes 
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was examined by treating with 3,000 ppm NaOCl solu-
tions. In this case, they exhibited the improved resistance 
to chlorine comparing to the conventional polyamide 
RO membranes, as evidenced by the less decrease in the 
salt rejection after NaOCl treatments. For nanocompos-
ite (MWCNT-PAA/PAH)n multilayers, the salt rejection 
decreases by 16.2%, 15.2%, and 9.9% for 10, 15, and 20 
bilayers, respectively, whereas 21.8% of decrease in the 
salt rejection was observed in the conventional polyamide 
membranes. We anticipate that further improvement of 
these nanocomposite RO membranes can be achieved 
by employing different functional groups on the surface 
of MWCNTs, or optimizing the amount of MWCNTs 
incorporated, etc. Our approach for the well-defined 
nanocomposite RO membrane via LbL assembly can 
provide a firm basis for designing the highly efficient RO 
membranes with good chemical resistance that overcome 
the disadvantage of currently used RO membranes.
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