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a b s t r a c t

Polyelectrolyte multilayering is a good technique used to fabricate nanofiltration (NF) membranes.
However, the stability and fouling resistance of the polyelectrolyte membranes should be improved for
industrial application. In this study, graphene oxide (GO) nanosheets were assembled with polycation
to form a multilayer on a polyacrylonitrile substrate via a layer-by-layer self-assembly strategy. The
migration and rearrangement of the polyelectrolyte chain were restricted because of the confinement
effect of a neighboring GO nanosheet layer. Therefore, the anti-swelling property of the polycation/GO
multilayer membrane was enhanced, which resulted in a more stable performance. The fouling resistance
of the multilayer membrane was also improved because of the anti-fouling capability of the GO
nanosheets. The polycation/GO multilayer membrane was used to remove dye from water. During the
separation of methyl blue molecule from water at 5 bar, the flux and retention rate of the obtained
multilayer membrane could reach 6.42 kg m�2 h�1 bar�1 and 99.2%, respectively. Compared with a pure
polyelectrolyte multilayer membrane, the separation performance, stability, and fouling resistance of the
polycation/GO membranes were significantly enhanced. The polycation/GO multilayer membrane can
be potentially used to fabricate NF membranes because it is cost efficient and GO nanosheets can be
produced in a large scale.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nanofiltration (NF), with a separation characteristic between
reverse osmosis (RO) and ultrafiltration (UF), shows great promise
in many fields, particularly for wastewater treatment, pharmaceu-
tical biotechnology, and food engineering because it can efficiently
reject divalent and multivalent ions and organics with a molecular
weight above 300 and high permeation flux under low operation
pressure [1,2]. For industrial applications, the NF membrane
should achieve desired retention and permeability while simulta-
neously offering excellent mechanical strength and operation sta-
bility. To achieve this requirement, the thin film composite (TFC)
membrane, which deposits a dense and thin selective separation
layer on a porous support, is widely investigated in the field of
NF [3]. Several coating methods, such as interfacial polymerization,
dip-coating, and layer-by-layer (LbL) assembly were utilized to
construct this unique structure [4–6]. Among these methods, the
LbL assembly technique has been extensively researched because
of its ability to regulate film nanostructure and composition
[7–13].

The classical assembly materials for LbL were polycations and
polyanions, which could be alternatively deposited on a substrate
through electrostatic interaction. For example, Ng et al. fabricated
a polyelectrolyte multilayer membrane with good NF performance
by statically depositing poly(sodium 4-styrenesulfonate) (PSS) and
poly(diallyldimethyl ammonium chloride) (PDDA) [13]. In our pre-
vious studies, the LbL self-assembly method was also used in fab-
ricating polyelectrolyte NF membranes [14–17]. The membranes
were used to remove dye or natural organic matter (NOM), desali-
nate dye, and separate monovalent and divalent ions. Nevertheless,
the stability of the polyelectrolyte multilayer membrane was
found to be unsatisfactory, and that the membrane can be easily
fouled by organic molecules. To improve stability and anti-
fouling properties, the structure and material of the multilayer
membrane should be regulated.

The polyelectrolyte chains may migrate and rearrange during
the NF process under relatively complicated conditions because
the polyelectrolyte multilayer was deposited on the substrate
through electrostatic interaction. Therefore, the structure of the
polyelectrolyte multilayer could be changed to decrease its separa-
tion performance [17]. To make the polyelectrolyte complex mem-
brane more stable, graphene oxide (GO) nanosheets can be used to
participate in LbL self-assembly. GO nanomaterial has excellent
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compatibility with polymer-based membrane, which enhances its
performance [18–21]. Moreover, the GO nanomaterial is consid-
ered the most suitable inorganic material for LbL self-assembly
technique because of its distinct laminar structure with reactive
oxygen functional groups [22–25]. A ‘‘brick-and-mortar” structure
could be formed by alternately depositing GO nanosheets and
polyelectrolytes on the substrate. The migration of polyelectrolyte
chains was restricted between the narrow GO nanosheet layers.
Therefore, the multilayer membrane could be more stable.

GO nanosheets are negatively charged with rich oxygen-
containing functional groups, such as ACOOH [26,27]. The assem-
bly of GO nanosheets with multilayers could improve the negative
charge density of the membrane, which is beneficial for the
removal of charged solutes. Furthermore, the high negative charge
density of GO membrane could lead to excellent fouling resistance
because most foulants, such as polysaccharide and NOMs, are also
negatively charged.

Therefore, a polycation/GO multilayer membrane was prepared
via LbL self-assembly methods on polyacrylonitrile (PAN) ultrafil-
tration membrane in this study. As shown in Scheme 1, polycation
molecules and GO nanosheets were alternately deposited on the
hydrolyzed PAN surface driven by electrostatic attraction. The
‘‘brick-and-mortar” structure was thus formed from polycation
and GO nanosheets. The fabrication of the polycation/GO multi-
layer membrane was confirmed by an electrokinetic analyzer,
UV–vis spectrometer, scanning electron microscope, atomic force
microscope, and profilometer. The polycation/GO membrane was
used to remove dye from water. In addition, a pure polyelectrolyte
membrane with the same optimized assembly conditions was fab-
ricated for comparison. The stabilities under different operation
conditions and the anti-fouling properties with three typical fou-
lants of these membranes were analyzed via a cross-flow system.

2. Experimental

2.1. Chemicals and materials

Chemicals and materials were all used as received without fur-
ther purification. Graphene oxide (GO) was purchased from Nan-
jing XFNANO Materials Tech Co., Ltd (China). Poly(diallyldimethyl
ammoniumchloride) (PDDA, Mw 100,000–200,000) poly(acrylic
acid) (PAA, Mw 450,000), polyethyleneimine (PEI, Mw 60,000),
and poly(allylamine hydrochloride) (PAH, Mw 120,000–200,000)
were provided by Aldrich. Methyl blue, Congo red, sodium chlo-
ride, magnesium sulfate and sodium alginates were obtained from

the Beijing Chemical Factory. Bovine Serum Albumin (BSA) was
purchased from Beijing Aoboxing Bio-Tech Co., Ltd. The flat-sheet
polyacrylonitrile (PAN) UF membrane with a nominal molecular
weight cut off of 30,000–40,000 used as the supports was supplied
by Sepro Membranes. The quartz substrate was purchased from
Beijing Kinglass Quartz Co., Ltd.

2.2. Membrane preparation

100 mg GO powder was dispersed in 200 mL deionized water
and sonicated for 4 h to form a uniformly dispersed solution. Prior
to assembly, the PAN UF substrate was hydrolyzed by immersing
them in the 2 mol/L NaOH aqueous solutions at 65 �C for 45 min
[28]. The hydrolyzed substrate was soon rinsed with deionized
water until the pH value of the rinsed water reached about 7.0.
Then the hydrolyzed substrate was soaked in 0.5 mg/mL PDDA
solution for 20 min at 40 �C. After that, the substrate was rinsed
with deionized water for three times and subsequently soaked in
0.5 mg/mL GO solution for 20 min at 40 �C. With another rinsing
step, a composite PDDA/GO layer was formed. The soaking and
rinsing steps were cycled to create the desire number of layers of
PDDA and GO on the hydrolyzed PAN substrate. In the following,
the obtained membrane which consists of n layers of PDDA/GO
was represented as (PDDA/GO)n. Finally, the obtained (PDDA/
GO)n membrane was dried and stored in 40 �C for further use.
PAH/GO and PEI/GO membranes were also prepared under the
same conditions. The overall membrane fabrication procedure is
illustrated in Scheme 1. For comparison, a pure polyelectrolyte
membrane was fabricated with the same preparation conditions.
Considering that the carboxyl on GO nanosheets played the key
role during the electrostatic driven assembly process, the PAA
which has the same active group was chosen to make the compar-
ison more convincing. The PAH/GO and PEI/GO membranes were
also fabricated for investigating the effect of different polycations
on membrane performance. All solutions in this study were used
without buffer solvent. The pHs and Zeta potentials of the solutions
were measured and showed in Table 1.

2.3. Characterization

The zeta potential of the 0.5 g/L polycation solutions was mea-
sured by Zetasizer (Nano ZS90, Malvern, UK). And the zeta poten-
tial of the membranes was measured by the electrokinetic analyzer
with a clamping cell at 300 mbar. 1.0 mmol/L KCl solution was
used as the electrolyte solution for zeta potential measurement.

Scheme 1. Schematic illustration of fabrication of polycation/GO NF membrane on PAN substrate via LbL self-assembly.
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