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erformance of antibacterial layer-
by-layer polyelectrolyte nanofiltration membranes
based on metal–ligand coordination interactions

Hongyan Zhen,ab Tingting Wang,b Rui Jia,b Baowei Su*ab and Congjie Gaoab

The coordination interaction between transition metal Cu2+ ions and polyelectrolyte (PE) ligands is studied

to prepare (PEI/PSS(Cu)1/2)n layer-by-layer (LBL) self-assembly (SA) nanofiltration (NF) membranes with

unique antibacterial properties. The coordination interaction mechanism has been clearly illustrated by

X-ray photoelectron spectroscopy (XPS) analysis of the chemical composition of the active skin layer,

and the result reveals that about one third of the Cu2+ ions are involved in the interaction. The prepared

(PEI/PSS(Cu)1/2)5 LBL membrane has relatively smooth surface morphology and good separation

performance, with a permeation flux of 65 L m�2 h�1 and rejection of about 84% for SO4
2� at 1.0 MPa. It

has an excellent antibacterial rate up to 94.2%. The performance of the LBL membranes could be

improved, after cross-linking by glutaraldehyde (GA). This kind of LBL NF membrane shows potential

application in the separation of monovalent and divalent anions.
Introduction

Nanoltration (NF) membranes have been widely used in water
treatment applications owing to their unique charge and sepa-
ration properties. There are many methods to prepare NF
membranes, such as phase inversion, interfacial polymeriza-
tion, chemical cross-linking, layer by layer (LBL) self-assembly
(SA), and so on. LBL technology is distinguished by its
simplicity, versatility, and efficiency, which allows easy control
over the thickness and surface properties.1,2 By alternating
adsorption of oppositely charged polyelectrolytes (PEs), the LBL
method has gained increasing attention in the eld of
membrane preparation.

Till now, most research on LBL membrane preparation has
been focused on the electrostatic interaction between PEs with
opposite charges, which was rstly proposed by G. Decher and
coworkers in 1991.3 Since then, research on electrostatic SA has
been widely carried out, not only in the preparation of PE
multilayer membranes such as NF membranes,4 pervaporation
(PV) membranes,5 and ion exchange membranes,6 etc., but also
in the application of biological molecular SA and in the prepa-
ration of inorganic membrane materials with special perfor-
mance. Wang et al. used electrostatic interaction as the driving
force to prepare a PDADMAC/PSS multilayer NF membrane
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based on a polysulfone substrate, and found that the prepared
membrane had good separation performance.7

Alternating adsorption of polyanions and polycations results
in stepwise growth of polymer membranes and leads to unique
properties due to the electrostatic interaction between oppo-
sitely charged molecules. The nanostructure of the LBL
membrane can be tuned by the composition and the charac-
teristics of the individual PE constituents. Studies have
demonstrated two main steps during the adsorption and
deposition of PEs.8 Firstly, PEs undergo fast immobilization
through a few sites of their chain segment onto the substrate
surface; secondly, the entire PE chain combines with the
substrate matrix slowly but closely by adjusting the conforma-
tion of the PE segments. Owing to the slow second step, the PE
deposition time was mostly selected as 10–20 min to achieve
a complete deposition.

In addition to electrostatic interaction, metal–ligand coor-
dination interaction, charge transfer interaction, hydrogen
bonding, covalent function, and the synergistic interaction of
the above effects can also be used as the driving force. Themetal
coordination interaction force is much stronger than the elec-
trostatic force, and thus the former is expected to bemore stable
in water than the latter. The rst investigation of using the
coordination effect as a lm-forming driving force was reported
by Mallouk,9 who prepared an alternating deposition multilayer
lm with Zr4+ and alkyl compounds containing phosphate
groups through the coordination effect between metal ions and
phosphate. Xiong and Zhang et al. applied the coordination
effect between poly(4-vinyl pyridine) (P4VP) and Cd2+ via the
LBL method and prepared a PSS(Cd)1/2/P4VP multilayer
membrane on PEI modied substrates of quartz, CaF2 and
This journal is © The Royal Society of Chemistry 2015
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silicon; then they put the SA membranes into a H2S atmosphere
for 30 min and obtained polymer-bound CdS hybrid polymer/
semiconductor nanoparticles, and demonstrated by infrared
spectroscopy that the driving force of this process was the
coordination interaction between the pyridine group and
cadmium ions.10 South et al. prepared hydrogen-storage SA
multilayer lms via the coordination effect between PVP and
compounds containing Pd(II), and they successfully controlled
the nature of the multilayer lm by variation of the deposition
conditions, solution additives and the polymer molecular
weight.11 Greenstein et al. reported an accelerated SA procedure
using volatilization under natural conditions to ensure exces-
sive ligands on the substrate surface to combine withmetal ions
by coordination effect, and the whole process could be
controlled within only one minute, hence the membrane
preparation time could be greatly shortened.12 Zhang et al.
prepared (PSS(Co)1/2/P4VP)2/PEI/PAN multilayer lms on planar
and 3D PAN substrate surfaces, respectively, using as driving
force the coordination interaction between Co2+ and P4VP
pyridine groups.13 The prepared PSS(Co)1/2/P4VP multilayer had
not only high dehydration performance for solvent–water
mixtures, but also high rejection for divalent ions, which proved
that it could be used as an NF membrane.

Compared with other driving forces, coordination interac-
tion can introduce transition metal ions into the membrane
matrix. A lot of metal–ligand complexes can be used for SA,14,15

since transition metals account for nearly half of the periodic
table of the elements. In addition, some transition metals have
special properties, for example, both silver and copper have
bactericidal performance, thus functional lms can be prepared
by coordination.16,17

In recent years, more andmore research on the preparation of
functional membranes with antimicrobial properties using silver
or copper ions has been carried out.18–20 Fang et al. prepared
([PSS/PDADMAC]3[PAS/PAH-Ag]3PSS) multilayer NF membranes
using LBL technology and coordination interaction, and the
prepared NF membrane showed excellent antibacterial proper-
ties and the rejection for negative divalent ions reached 93%.21

Zhang et al. prepared a copper-plating carbon nanotube (CNT)
lm by ion beam assisted deposition (IBAD) and found that the
prepared CNT lm possessed excellent antibacterial properties.22

To improve the performance of NF membranes regarding
higher requirements under more challenging separation
systems, a type of novel LBL NF membrane with high ux,
excellent stability and antibacterial properties was prepared in
this work, using the LBL method with the coordination effect as
the driving force. As PEI is a typical water-soluble polyamine
macromolecule with many amino functional groups, it was
selected as a type of polycationic electrolyte and an ideal poly-
mer ligand for coordination with transition metal copper ions.
The coordinationmechanism was analyzed through peak tting
of the XPS spectrum. Then, the effects of pH and electrolyte
concentration in the PE solutions on the formation of the LBL
membranes, as well as on the membrane morphology and
performance, were extensively investigated. Finally, the sepa-
ration performance and the antibacterial performance of the
LBL NF membranes were investigated in detail.
This journal is © The Royal Society of Chemistry 2015
Experimental
Materials

Polyacrylonitrile (PAN, MWCO ¼ 50 000 dalton (Da)) and poly-
ether sulfone (PES, MWCO ¼ 20 000 Da) ultraltration (UF)
membranes were purchased from Sepro Co., Xiamen, China.
Polyethylenimine (PEI, MW ¼ 60 000 Da, 50 wt% in water) and
polystyrene sulfonic acid sodium (PSS, MW ¼ 70 000 Da, 30
wt% in water) were purchased from Sigma-Aldrich Co., USA.
Nutrient broth (CM106) was obtained from Beijing Land Bridge
Technology Co., Ltd. Nutrient agar, glutaraldehyde (GA), NaOH,
NaCl, Na2SO4, MgCl2, MgSO4 and CuCl2 were all analytical
reagents (AR) and purchased from Sinopharm Chemical
Reagent Co., Ltd.

Preparation of LBL membranes

A PEI solution containing NaCl, and a PSS solution containing
CuCl2 were prepared, respectively. PAN, hydrolyzed PAN (H-
PAN) and PES UF membranes were used as substrates, respec-
tively. The H-PAN substrate was obtained by immersing the PAN
substrate in aqueous NaOH solution to hydrolyze the –CN group
on the PAN substrate surface into –COONa, and followed by
immersing the substrate in deionized (DI) water to convert the
–COONa into –COOH groups.

Prior to SA, the substrate was soaked in DI water for two
hours to remove any impurities on its surface. Then it was taken
out and immersed in one kind of PE solution, followed by
rinsing with DI water. Aerward, it was immersed in the other
kind of PE solution, followed by a second rinsing step with DI
water. The immersion time in each solution was kept at 15 min,
and the rinsing time with DI water between each immersion was
5 min. The described procedure was repeated until the desired
bilayer number was achieved.

Factors inuencing LBL membrane performance, such as
species of substrate membrane, deposition sequence of PEs,
concentration of transition metal ions, number of bilayers, as
well as pH of the PEI solution, were investigated.

The inuence of transition metal Cu2+ concentration on the
membrane ltration performance was conducted by preparing
(PEI/PSS(Cu)1/2)5 membranes using 0.4% PSS solution with
different concentrations of Cu2+ (0, 0.2, 0.4, 0.6, 0.8 M), referred
to as PSS/Cu-0, PSS/Cu-0.1, PSS/Cu-0.2, PSS/Cu-0.4, PSS/Cu-0.6,
PSS/Cu-0.8, respectively.

The inuence of pH on the membrane performance was
examined out using ve different pH values (4, 6, 8, 10, 12) of
the PEI solution.

The inuence of bilayer number on the performance of LBL
membranes was investigated with ve different bilayers (1, 2, 3,
4, 5) prepared using an anionic PE solution of 0.4 M CuCl2 and
0.4% PSS, and a cationic PE solution of 0.5 M NaCl and 0.3%
PEI.

Characterization

The membrane morphology. The cross-sectional and surface
morphologies of the prepared LBL NF membranes were inves-
tigated using a scanning electron microscope (SEM, S-4800,
RSC Adv., 2015, 5, 86784–86794 | 86785
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Hitachi Co., Japan). The cross-section was obtained aer
breaking the membranes in liquid nitrogen. Prior to the char-
acterization, the SEM samples were sputter-coated with 5 nm of
gold on the membrane surface. A magnication ratio of 50 000
and an accelerating voltage of 7.0 kV were used for the obser-
vation of the membrane surface, while for the cross-section
observation, the magnication ratio was set as 100 000.
Energy Dispersive X-ray Detection (EDX) was also carried out on
the SEM (S-4800, Hitachi Co., Japan).

The two-dimensional (2D) and three-dimensional (3D)
surface topographies of the prepared LBL NF membranes were
visualized by atomic force microscopy (AFM, Nano-3D, Nikon
Co., Japan). Quantitative analysis of the membrane surface
roughness was conducted based on AFM scans of at least three
different areas, and root mean square roughness (RMS) was
calculated.

Surface hydrophilicity.Membrane surface hydrophilicity was
analyzed by measuring the contact angle of the membrane
surface using a Contact Angle Goniometer (DSA100, Kruss,
Germany) at room temperature and (30 � 2)% relative humidity
with the static sessile drop method. During the measurement,
a drop of DI water was deposited onto the sample surface using
a micropipette, and the contact angle was measured automati-
cally by a video camera using drop shape analysis soware. The
contact angle of each sample was measured at least 5 times,
depending on the available membrane surface. Average and
standard deviations of the contact angle were calculated. All
membrane samples were dried in a vacuum oven at 50 �C for 24
hours prior to measuring their contact angles.

X-Ray photoelectron spectroscopy (XPS) analysis. The coor-
dination effect and the chemical environment of certain atoms
were analyzed by XPS spectra according to ref. 13, 23 and 24.
XPS measurement was carried out on a PHI-5000 VersaProbe
(Japan) and AES PHI-670Xi Scanning Auger Nanoprobe (Japan).
All binding energies were referenced to the neutral C1s peak at
284.8 eV to compensate for the surface charging effects. The
chemical shis of the binding energy of different elements were
analyzed, and then the valence state of atoms and distribution
state of electrons were determined. Peak areas were obtained
from tting overlapping peaks aer resolving with background
subtraction.

Antibacterial activity. The dilution plate coating method was
used to examine the antibacterial properties of the prepared
membrane. Escherichia coli was selected as indicator bacterium,
and nutrient agar plates from a solution of agar were prepared.
A drop of bacterial suspension solution aer being cultured
with the substrate or self-assembly membrane was coated on
a nutrient agar plate uniformly. The plates were incubated
further at 37 �C for 24 h, and then the numbers of resultant
colonies were counted. The bacteriostatic rate (RB) was calcu-
lated according to the following eqn (1):

RB ¼ B� C

B
� 100% (1)

where B and C are the colony numbers on the incubated
nutrient agar plate relating to the substrate and the LBL
membrane, respectively. Replicates were performed and
86786 | RSC Adv., 2015, 5, 86784–86794
average values of the bacteriostatic rates of the substrate and
LBL membranes were used for discussion.

Filtration. The separation performance of the prepared LBL
membranes was measured via water permeability and salt
rejection for single salt solution of 2000 mg L�1 Na2SO4 or NaCl,
respectively. A home-made cross-ow pressure ltration appa-
ratus was used in the NF experiments. The membrane sample
was housed in a stainless steel sink with an effective area of 28.3
cm2. In order to avoid concentration polarization, the feed ow
rate was set at 40 L h�1 to maintain the average membrane
channel velocity at about 0.1 m s�1. All tests were performed at
1.0 MPa and 25 �C. The rejection, R, and the permeate ux, JV,
were calculated using eqn (2) and (3):

R ¼ CF � CP

CF

� 100% (2)

JV ¼ V

At
(3)

where CP and CF are the solute concentrations in the permeate
and the feed, respectively; V is the volume of the permeate
during time interval t; and A is the effective membrane area.

Replicates were performed and average values for salt
rejections of each procedure were used for discussion.

Membrane stability. Because of the hydrophilicity, a PE
membrane in aqueous solution will swell, which can affect its
performance. The stability of the prepared LBL (PEI/PSS(Cu)1/2)5
membrane aer immersion in DI water for 10 days was tested
via their rejection.

Glutaraldehyde post-processing. Considering that the PEI
molecule contains many amino functional groups, they can
form crosslinking in the presence of a crosslinking agent such
as GA. The prepared LBL NF membrane was further immersed
in 1.0% GA aqueous solution for 60 min to create crosslinking
of the uncoordinated amino groups.
Results and discussion
Mechanism analysis of the coordinative self-assembly process

Fig. 1 shows the XPS spectrum of the prepared LBL multilayer
membrane and partial enlargement spectrum of N and Cu
elements. The results indicated the existence of Cu element in
the skin layer of the prepared LBL NF membrane, which was
also proved by the EDX spectra (Fig. 2).

According to Fig. 1, in the N1s spectrum, the binding energy
at 399.9 eV can be assigned to the nitrogen atom in the NH(NH2)
groups,25 and there was a chemical shi up to 401.7 eV. In
addition, Cu(II)2p3/2 showed a chemical shi from 934.5 eV to
932.7 eV.

The chemical shi in the XPS can be explained by the charge
transfer and electrostatic effects.26 Each electron has one or
several certain binding energy levels which are due to the strong
coulombic force of the atomic nucleus. In addition, the outer
electrons have a shielding effect on the inner electrons. When
the outer electron cloud density reduces, its shielding effect on
the inner electrons weakens, which leads to an increase in the
binding energy of the inner electrons. Conversely, an increase in
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 The XPS spectrum of the prepared LBL (PEI/PSS(Cu)1/2)5
membrane (a) and partial enlargement of the XPS spectrum of N (b)
and Cu (c).

Fig. 2 EDX spectroscopy of the prepared LBL (PEI/PSS(Cu)1/2)5
membrane.

This journal is © The Royal Society of Chemistry 2015
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the outer electron cloud density leads to a decrease in the inner
electron binding energy.

PEI has a lot of amino N atoms on its linear macromolecular
chain (the proportion of primary, secondary, tertiary amine is
nearly 1 : 2 : 1), all the amines are located on the main chain
and the branched chain can chelate with transition metal ions
(Cu2+, Ni2+, Co2+, Cd2+ etc.).25,27–29 During the coordination
interaction between the nitrogen groups of PEI and the Cu atom
of PSS(Cu)1/2, the electrons of the imine sites are drawn towards
the copper ions, i.e. a pair of unpaired electrons on the N atom
of the imine transfers to the empty orbitals of the Cu(II), causing
a decrease in the N electron cloud density and an increase in the
Cu(II) electron cloud density. Therefore, the binding energy of
N1s increases and that of Cu(II) decreases. As shown in Fig. 1,
during the SA process, the binding energy of a certain amount
of N1s is shied from 399.9 eV to 401.7 eV, and the binding
energy of a certain amount of Cu(II) ions is shied from 934.5 eV
to 932.7 eV, which proves the occurrence of coordination
interaction between the transition metal Cu2+ ion of PSS(Cu1/2)
and the N atom of PEI.30

In addition, according to the peak tting data from Fig. 1(b),
the peak areas of the binding energy at 399.9 eV and 401.7 eV for
N1s were 1379.2 and 232.5, respectively, and the ratio of the
areas was about 6 : 1. That is to say, about 14.25% of the N
atoms had participated in the coordination reaction. Similarly,
for Cu2p3, as shown in Fig. 1(c), the peak areas of the binding
energy at 934.5 eV and 932.7 eV were 956.6 and 471.3, respec-
tively, and the ratio of the areas was about 2 : 1. This means that
about one third of the Cu(II) ions were involved in the coordi-
nation reaction. It can be seen from Table 1 that the relative
atomic percentage of N1s and Cu2p3 in the preparedmembrane
were 11.6% and 1.6%, respectively. Thus the relative atomic
percentages of N atoms and Cu(II) ions in the coordination
complex were calculated to be 1.6% and 0.5% according to the
molecular weight of each atoms, and the ratio was approxi-
mately 3 : 1. This is closely approaching the four-coordinate
ratio, as it is well-known that Cu2+ forms stable complexes
having a four-coordinate planar structure.29,31
Factors inuencing LBL membrane performance

Substrate membrane and deposition sequence. The
substrate membranes and the deposition sequences in the
experiment are shown in Table 2. The variation in the rejection
and the permeation ux of the SA membranes prepared with
different substrates and deposition sequences with the increase
of bilayer number were investigated, and the results are shown
in Fig. 3.

It can be seen from Fig. 3 that the rejection of #1 PAN
membranes remained essentially unchanged aer depositing
ve bilayers, while that of #2 H-PAN membranes increased with
the bilayer number. For #3 and #4 PES membranes, due to the
uncharged property of the PES, the deposition of the rst layer
relied on the hydrophobic effect. When rst depositing PSS, i.e.
#3 membranes, the rejection was signicantly higher than that
of #4 membrane; however, the ux of #3 membrane was
signicantly lower than that of #4 membrane, which illustrated
RSC Adv., 2015, 5, 86784–86794 | 86787
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Table 1 The relative atomic percentages and binding energy levels of elements based on XPS analysis

Element C1s N1s O1s S2p Cu2p3 Cu LMM

Relative atomic percent (at%) 66.79 11.59 15.33 4.69 1.60 0.00
Binding energy (eV) 284.8 399.9, 401.7 531.3 167.7 932.7, 934.5 570.7, 572.4

Table 2 The substrate membranes and the deposition sequences in
the experiment

Membrane no. Substrate MWCO (Dalton)
Deposition
sequence

#1 PAN 50 000 PEI/PSS
#2 H-PAN 50 000 PEI/PSS
#3 PES 20 000 PSS/PEI
#4 PES 20 000 PEI/PSS

Fig. 3 The effect of number of bilayers (n ¼ 1–5) on rejection (a) and
flux (b) of the prepared LBL (PEI/PSS(Cu)1/2)nmembranes with different
substrates and deposition sequences.

Fig. 4 The effect of transition metal concentration on rejection and
flux of the prepared LBL (PEI/PSS(Cu)1/2)5 membrane for Na2SO4

solution.

Fig. 5 The effect of number of bilayers (n ¼ 1–5) on rejection (a) and
flux (b) of the prepared LBL (PEI/PSS(Cu)1/2)n for Na2SO4 and NaCl
solutions.
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that the deposition sequence of the rst layer has a crucial
inuence on the membrane performance. The reason might be
that when rst depositing PSS, hydrophobic forces between the
86788 | RSC Adv., 2015, 5, 86784–86794 This journal is © The Royal Society of Chemistry 2015
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Fig. 6 The effect of pH on rejection and flux of the prepared LBL (PEI/
PSS(Cu)1/2)3 membrane for Na2SO4 (a) and NaCl (b) solutions.

Fig. 7 SEM images of H-PAN substrate and the prepared LBL (PEI/
PSS(Cu)1/2)5 membrane (surface: substrate (a) and (PEI/PSS(Cu)1/2)5 (b);
cross-section: substrate (c) and (PEI/PSS(Cu)1/2)5 (d)).
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PES substrate membrane and PSS had an important effect on
the later deposits.

As #2 membrane had essentially the same ux but relatively
higher rejection compared with that of #3 membrane, we chose
the H-PAN membrane as the substrate in the subsequent
This journal is © The Royal Society of Chemistry 2015
experiment, and as it was negatively charged, PEI was deposited
rst.

Concentration of transition metal. The effect of transition
metal concentration on the separation performance of the
prepared membrane is shown in Fig. 4.

PSS and PEI could combine with each other via electrostatic
forces when there were no Cu2+ ions in the PSS solution;
therefore, the prepared LBL membrane had some certain
rejection. However, the counter-ion concentration in the PSS
solution was low in this situation, and as the PSS segments were
negatively charged, they were mutually repulsive, causing the
extension of the polymer chains. Hence arrangement of the PSS
molecules adsorbed on the substrate was not compact, and the
following alternate deposition layer of PEs was not dense either,
which resulted in a low rejection.

When adding Cu2+, the membrane rejection to divalent ions
showed a signicant increasing trend as the concentration of
Cu2+ increased up to 0.2 M, which clearly demonstrated the
coordination effect of Cu2+. However, when the concentration of
Cu2+ increased above 0.2 M, the rejection then decreased
slightly. This can be attributed to the aggregation effect of PEs at
high concentration of Cu2+ ions, which caused the excessive
deposition of a PSS mono-molecular layer and resulted in
charge mismatch, eventually affecting the LBL process and the
performance of the formed multilayer. Therefore, the optimal
concentration of Cu2+ was 0.2–0.4 M.

The effect of number of bilayers on salt rejection. As shown
in Fig. 5, the rejection for Na2SO4 appeared to show a tendency
to increase and the ux presented a tendency to decrease as the
bilayer number increased from 1 to 5. Aer deposition of ve
bilayers, the rejection for Na2SO4 was about 84% and the
permeation ux was about 65 L m�2 h�1; while the rejection for
NaCl was 23% and the permeation ux was about 80 L m�2 h�1.

pH of PEI solution. Fig. 6 gives the variation of rejection and
permeate ux of the 3 bilayers LBL membrane prepared by
varying pH of the PEI solutions.

It can be seen that the pH of the PEI solution inuences the
performance of the prepared LBL membranes. PEI is a weak
polyelectrolyte, and compared with strong electrolytes, the
charge density of weak electrolytes is strongly affected by the
solution pH, and the degree of ionization of weak electrolytes in
aqueous solution changes with the variation of pH. The charge
density of PEs can affect their solution behavior and further
affect the performance of the prepared membrane.32 We can see
from Fig. 6 that the rejection of both monovalent ions and
divalent ions showed an increasing trend as the pH increased
from 4 to 6, during which PEI ionization intensity increased. At
pH 6, the PEI was strongly charged,32 so that the prepared three-
bilayer membrane had the highest rejection due to the stable
adsorption of PE molecules. However, when the pH increased
even higher, from 6 to 12, the charge density of PEI gradually
decreased. Meanwhile, PSS was more soluble in an alkaline
environment. Thus adsorption and desorption occurred
simultaneously, which led to high permeability of the SA
membrane.
RSC Adv., 2015, 5, 86784–86794 | 86789
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Fig. 8 AFM images of H-PAN substrate (2D images (a), (c) and 3D image (e)) and the prepared LBL (PEI/PSS(Cu)1/2)5 membrane (2D images (b), (d)
and 3D image (f)).

86790 | RSC Adv., 2015, 5, 86784–86794 This journal is © The Royal Society of Chemistry 2015
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Fig. 9 The effect of number of bilayers (n ¼ 1–5) on the contact angle
of the LBL (PEI/PSS(Cu)1/2)n membrane (n ¼ 0 referred to the H-PAN
substrate).

Fig. 11 The effect of number of bilayers (n ¼ 1–5) on the antibacterial
ratio of the LBL (PEI/PSS(Cu)1/2)n membranes (n ¼ 0 refers to the H-
PAN substrate).

Table 3 The rejection and flux of the prepared LBL membrane for
different kinds of salt solution (P: 1.0 MPa; T: 25 �C)

Na2SO4 NaCl MgSO4 MgCl2

R/% 84 23 65 19
JV/L m�2 h�1 65 80 75 78
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Membrane morphology

Surface and cross-section morphology. The surface and
cross-section morphologies of the H-PAN substrate and the LBL
(PEI/PSS(Cu)1/2)5 membrane are shown in Fig. 7. As can be seen
from Fig. 7(a), many large pores, with size of about 10–20 nm,
were found on the surface of the H-PAN substrate and they were
relatively uniformly distributed. Aer static assembly of ve
bilayers, as shown in Fig. 7(b), the surface of (PEI/PSS(Cu)1/2)5
became dense and the pores on the substrate surface had been
covered completely, and no pores were visible. This in turn
demonstrated that PEI and PSS(Cu)1/2 were alternately assem-
bled on the substrate surface successfully. Fig. 7(c) and (d) show
the cross-sectional SEM images; compared with the H-PAN
substrate, the thickness of the (PEI/PSS(Cu)1/2)5 membrane
increased slightly.
Fig. 10 Photos of antibacterial activity for the PAN substrate (a) and the

This journal is © The Royal Society of Chemistry 2015
Roughness. The 2D and 3D surface morphologies of the H-
PAN substrate and the LBL (PEI/PSS(Cu)1/2)5 membrane are
shown in Fig. 8. It can be seen that the surface of the H-PAN
substrate was relatively smooth, while that of the prepared
LBL membrane aer assembly showed an obviously increasing
roughness. The RMS values of the H-PAN substrate, the
prepared LBL (PEI/PSS(Cu)1/2)5 membrane, and commercial DL
LBL (PEI/PSS(Cu)1/2)n (n ¼ 1–5) membranes (b–f).

RSC Adv., 2015, 5, 86784–86794 | 86791
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Fig. 12 Variation of rejection and flux of the prepared LBL (PEI/
PSS(Cu)1/2)5 membrane for Na2SO4 and NaCl solutions with immersion
time.

Table 4 The rejection and flux of the prepared LBL membrane for
Na2SO4 solution before and after GA crosslinking

Types of membrane R/% JV/L m�2 h�1

(PEI/PSS(Cu)1/2)5 84 65
(PEI/PSS(Cu)1/2)5/GA 90 53

Fig. 13 The change in the membrane surface morphology before (a)
and after (b) GA crosslinking.
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membrane were about 3.59 nm, 9.68 nm, and 10.9 nm,33

respectively. The surface roughness of the prepared LBL
multilayer membrane is relatively close to that of the commer-
cial DL membrane which has quite excellent anti-fouling
performance. As membrane fouling is more easily formed on
rough membranes than on smooth membranes,34 the prepared
LBL (PEI/PSS(Cu)1/2)5 membrane might have excellent anti-
fouling performance.
Surface hydrophilicity

The variation of contact angle with bilayer number is shown in
Fig. 9.

It can be seen that the contact angle of the H-PAN substrate
membrane was 46.3� (corresponding to the point of n ¼ 0), and
that of the unmodied PAN membrane was 60.7� (not shown in
Fig. 9), which indicated that alkali modication could improve
86792 | RSC Adv., 2015, 5, 86784–86794
the hydrophilicity of the substrate. Subsequently, the SA process
effectively changed the hydrophilicity of the membrane surface,
and the contact angle varied alternately with the alternating
deposition of the cationic and anionic PEs. When the outermost
skin layer was the same kind of PE, the contact angle showed
a decreasing tendency with the increase of the layer number of
the same PE, which meant that the hydrophilicity became
better. When the outermost layer was PSS, the contact angle of
the LBL membrane was maintained at 15–20�; this is mainly
due to the excellent hydrophilicity of PSS as a very strong
hydrophilic surfactant. Therefore, the prepared LBL membrane
had excellent hydrophilicity with the outermost deposition of
PSS(Cu)1/2 electrolyte solution.
Antibacterial ability

The antibacterial activity of the UF substrate and the LBL (PEI/
PSS(Cu)1/2)n (n ¼ 1–5) membranes is shown in Fig. 10. It can be
seen from Fig. 10(a) that there were a large number of bacterial
colonies on the nutritional agar medium surface of the
This journal is © The Royal Society of Chemistry 2015
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substrate. With the increase in the bilayer number, the colonies
reduced signicantly, as can be seen from Fig. 10(b)–(f), espe-
cially for the ve-bilayer membrane (Fig. 10(f)) which had only
a few sporadic colonies. This demonstrated that the prepared
LBL membrane had good antibacterial ability.

The antibacterial efficiency was calculated and shown in
Fig. 11. The larger the bilayer number, the better the antibac-
terial ability. For the ve layers of LBL (PEI/PSS(Cu)1/2)5
membrane, the antibacterial rate could reach 94.2%, which is
excellent compared with other reports.35–37

The antibacterial mechanism of Cu2+ ions is attributed to the
fact that Cu2+ ions can combine with the plasma membrane by
electrostatic attraction, then penetrate through the plasma
membrane and combine strongly with intracellular amino acids
and proteases, resulting in the degeneration of this intracellular
matter and ultimately the denaturation of proteins.38,39 Other
studies in the literature had similar explanations.40–42

Filtration

To investigate the ltration performance of the prepared (PEI/
PSS(Cu)1/2)5 LBL membranes, Na2SO4, NaCl, MgSO4 and MgCl2
each with a concentration of 2000 mg L�1 in a single solution
were used. The rejection and ux are shown in Table 3.

As can be seen, the rejection by the (PEI/PSS(Cu)1/2)5
membrane of 2–2 valent salt MgSO4 was higher than that of 1–1
valent salt NaCl. This is due to the fact that higher ionic valence
results in stronger electrostatic repulsion between ions and
membrane surfaces with like charge, hence the membrane will
have a higher rejection of higher valent ions having like charge.
Similarly, the membrane will have a lower rejection of higher
valent ions having opposite charge. Therefore, the attraction
interaction between ions and those membrane surfaces with
opposite charge can be gured out. As shown in Table 3, the
rejection of MgCl2 was very low, and that of Na2SO4 was high,
which demonstrated that the surface of the prepared LBL
membrane was negatively charged.

Swelling

Hydrophilic PEs could swell aer being immersed in aqueous
solution, which could affect the performance of the membrane.
So we investigated the stability of the (PEI/PSS(Cu)1/2)5
membrane via testing the rejection of the same group of LBL
membrane samples for Na2SO4 and NaCl solutions before and
aer immersion in DI water for 10 days. The results are shown
in Fig. 12.

From Fig. 12 we can see that the rejection and the perme-
ation ux had only slight uctuations during the testing days.
This indicated that the soak time in DI water did not affect the
separation performance of the prepared (PEI/PSS(Cu)1/2)5
membrane and it had good stability and could be preserved for
a long time in water.

Glutaraldehyde post-processing

The uncoordinated amino groups of the prepared LBL NF
membranes were subjected to GA crosslinking and the result of
the separation performance is shown in Table 4.
This journal is © The Royal Society of Chemistry 2015
As can be seen, the rejection showed an increasing trend,
from 84% to 90% aer GA post-processing, while the perme-
ation ux showed a decreasing trend, from 65 to 53 L m�2 h�1,
which demonstrated the occurrence of crosslinking.

The effect of crosslinking on the membrane morphology was
also investigated. The SEM images of the LBL membrane before
and aer GA crosslinking are shown in Fig. 13. It can be seen
that the membrane surface became rougher and denser aer
GA crosslinking.
Conclusions

An H-PAN/PEI/PSS composite NF multilayer membrane was
prepared successfully based on a combination of the LBL
method and metal–ligand coordination interaction, with an
inorganic salt (NaCl) introduced into the polycationic electro-
lyte PEI solution to control the charge density, and transition
metal Cu2+ ions introduced into the PSS solution as coordina-
tion agent. The optimal preparation conditions were deter-
mined, and the performance of the prepared LBL membrane
was investigated. The conclusions are as follows:

(1) Transition metal Cu2+ ions can be used as metal–ligand
coordination agent to prepare LBL functional NF membranes.

(2) The prepared functional LBL NF membrane has excellent
antibacterial rate, which could reach over 94% for a ve-bilayer
LBL NF membrane.

(3) With optimal preparation conditions, the rejection of the
ve-bilayer NF membrane for Na2SO4 is about 84% and the
permeation ux is about 65 L m�2 h�1; the rejection for NaCl is
about 23% and the permeation ux is about 80 L m�2 h�1,
which means this is a promising membrane for the separation
of monovalent and divalent anions.

(4) The prepared functional LBL NF membrane with
PSS(Cu)1/2 as outmost skin layer shows very good hydrophilicity,
with a contact angle maintaining at 15–20�.

(5) Glutaraldehyde crosslinking could further improve the
rejection of the prepared LBL NF membrane, while slightly
decreasing the permeation ux.
Acknowledgements

We gratefully acknowledge nancial support from National
Natural Science Foundation of China (No. 20976170, 21476218).
This is MCTL Contribution No. 100.
Notes and references

1 G. Decher, Science, 1997, 277, 1232–1237.
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