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Removal of natural organic matter (NOM) from drinking water by membrane technology is attracting increasing attention. However, the 

fouling of the membrane by NOM is one of the biggest obstacles restricting its widespread application. Therefore an anti-NOM fouling 

polyelectrolyte complex (PEC) membrane was obtained by creating a negatively charged multilayer on a polyacrylonitrile (PAN) 

supporting membrane using a layer-by-layer assembly method. To improve the stability of the PEC membrane, the electrostatically 10 

assembled (poly(ethyleneimine)/poly(sodium 4-styrenesulfonate))n/PAN membranes were crosslinked by glutaraldehyde. It was found 

that the zeta potential of the membrane surface decreased after chemical crosslinking, which further improved the electrostatic repulsion 

to NOM and thus improved the anti-NOM fouling property. Results of a 30-day nanofiltration operation showed the crosslinked 

membrane had good stability and gave a higher rejection of NOM; the permeance of the crosslinked membrane was double that of the 

uncrosslinked membrane. 15 

Introduction 

Natural organic matter (NOM) in water, arising from the 

dissolution of dead and living organic matter in the hydrologic 

cycle, is an inevitable component in aquatic ecosystems. NOM is 

negatively charged and can be divided into three categories: 20 

humic acid (HA), fulvic acid (FA) and humin, with molecular 

weights ranging from <1 kDa to >500 kDa.1-3 NOM can affect the 

odor, taste, and color of raw water. Moreover, in the process of 

water treatment, NOM can react with disinfectants to generate 

carcinogenic disinfection by-products (DBPs) such as 25 

trihalomethane and haloacetic acid.4-8 Thus, the effective removal 

of NOM is crucial for domestic water use. Recently, membrane 

technologies, such as microfiltration (MF),9, 10 ultrafiltration 

(UF)11-16 and nanofiltration (NF)14, 16-19 have been studied for 

removing NOM from raw water, because of the stringent 30 

regulations on drinking water quality.13 In view of the small size 

of NOM, they can not be effectively removed by MF and UF 

technology.14, 15 NF has been considered to be an effective way to 

remove NOM, due to its smaller pore size and the finely tuned 

charge on membrane surface.16 However, the fouling of 35 

membrane caused by NOM can not be ignored. HA has been 

regarded as the most prominent NOM component. Fouling by HA 

adsorption on NF membrane surfaces often results in a low 

filtration flux. Therefore, decreasing the adsorption of HA on 

membrane surface has attracted much attention. Because NOM is 40 

negatively charged, the electrostatic repulsion negatively charged 

membranes have been considered as an effective way to reduce 

fouling. Song et al found that compared with the essentially 

neutral regenerated cellulose (RC) NF membrane, negatively 

charged RC NF membrane improved the rejection of HA and 45 

decreased the flux decline, due to the increase of electrostatic 

interaction between the charged HA and the charged membrane.14 

Lee et al. also found that negatively charged NF membranes 

provide better NOM removal and higher pure water permeability 

than uncharged membranes.18 Zhao et al. prepared poly(N-50 

isopropylacrylamide) brushes grafted with ZrO2 composite NF 

membrane for HA removal. They found that high rejection and 

good anti-fouling performance were obtained when the 

electrostatic repulsion between HA and the membrane surface 

was strong.20 So, fabricating a negatively charged membrane has 55 

proved an effective way to avoid membrane fouling of NOM and 

provide a high NOM removal rate.  

Charged NF membranes have been fabricated by a few different 

methods, such as chemical crosslinking,21 grafting,22-24 phase 

inversion,25 and layer-by-layer (LbL) assembling techniques.26-31 60 

Of these methods, the LbL technique is the simplest for the 

formation of ultrathin films of NF membranes with controlled 

thickness and interfacial properties.26, 32-35 However, most studies 

have focused on the formation of charged multilayer films, 

considering aspects such as the composition of the polyelectrolyte 65 

solution, pH, and concentration.36, 37 The long term performance 

of these polyelectrolyte membranes has often been neglected, 

which is critical for industrial application. It is well-known that 

real water treatment processes are usually relatively complicated. 

There is a possibility that the presence of salt, acid, alkali and 70 

oxidant in the feed solution would affect the stability of 

electrostatically assembled polyelectrolyte multilayer 

membranes.38-40 Strengthening the binding force between the 

polyelectrolytes thus plays an important role in improving the 

stability of the polyelectrolyte membrane.  75 

Therefore, a new strategy is proposed herein to prepare an anti-

NOM fouling and highly stable nanofiltration membrane for 

water purification. As shown in Scheme 1, a negatively charged 

multilayer was assembled onto a polyacrylonitrile (PAN) 

ultrafiltration supporting membrane by alternate deposition of 80 
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poly(ethyleneimine) (PEI) and poly(sodium 4-styrenesulfonate) 

(PSS). To ensure the formation of the whole negatively charged 

multilayer, in addition to the deposition of the outermost layer 

with a negatively charged PSS, the concentration of the PEI 

solution was held much lower than that of the PSS solution 5 

during the LbL assembly. The whole as-prepared 

(PSS/PEI)n/PAN complex membrane was then crosslinked by 

glutaraldehyde (GA). The chemical compositions, charge 

properties and wettability of the multilayer membranes were 

intensively characterized using Fourier transform infrared (FTIR), 10 

X-ray diffraction (XRD), zeta potential, and contact angle 

analyzers. Micrographs of the complex membranes were recorded 

using scanning electron microscopy (SEM) and atomic force 

microscopy (AFM). The effects of the pH value of the PEI 

solution, the PSS concentration and assembly layer on 15 

nanofiltration performance were also investigated. Finally, the 

long-term NF performance and the anti-NOM fouling capacity of 

the membranes during the filtration of HA were investigated. 

Scheme 1. Schematic illustration of the preparation of (PSS/PEI)5.0/PAN 

multilayer membrane, covalent crosslinked (PSS/PEI)5.0/PAN multilayer 20 

membrane and the NF operation. 

Experimental 

Chemicals and materials 

A PAN UF membrane with molecular weight cutoffs of 100 kDa 

(PAN-50) was purchased from Sepro Membranes (Oceanside, 25 

CA, USA). Unless otherwise specified, all reagents and 

chemicals were analytical grade. HA, PEI (Mw=750,000) and 

PSS (Mw=1 000,000) were obtained from Aldrich (St. Louis, MO, 

USA). GA, hydrochloric acid (HCl), potassium chloride (KCl) 

and sodium hydroxide (NaOH) were provided by Beijing 30 

Chemical Factory (Beijing, China). All the chemicals were used 

as received without further purification. Deionized water was 

used for membrane rinsing and preparation of polyelectrolyte 

solutions. 

Preparation of covalent crosslinked multilayer membrane 35 

The (PSS/PEI)n/PAN membrane and crosslinked 

(PSS/PEI)n/PAN membrane were prepared as illustrated in 

Scheme 1. Firstly, in order to obtain a charged substrate, PAN 

was hydrolyzed with 2.0 mol/L NaOH and rinsed with deionized 

water. The negative charged PAN substrate was then immersed in 40 

1.0 mg/mL of PEI polycation solution for 20 min, and rinsed with 

deionized water three times. The pH value of the PEI solution 

was adjusted by addition of HCl or NaOH within 1–11. 

Subsequently, to assemble PSS，the PEI/PAN membrane was 

immersed in 1.0–5.0 mg/mL of PSS polyanion solution for 20 45 

min, and rinsed with deionized water again. This procedure was 

repeated until the required (PSS/PEI)n/PAN polyelectrolyte 

multilayer obtained. The (PSS/PEI)n/PAN membrane was then 

crosslinked by immersing it in 0.02 mg/mL GA aqueous solution 

at 30°C for 24 h. Lastly, the crosslinked membrane was rinsed 50 

with deionized water and dried in an oven at 30 °C, to produce 

the covalent crosslinked (PSS/PEI)n/PAN membrane. 

NF performance of the membranes 

As per our previous study,27 NF performance was studied with a 

home-made cross-flow NF system, which is shown in Scheme 2. 55 

The exposed active membrane area for filtration in the cell was 

22.9 cm2. HA aqueous solution (10 mg/L) was used as the typical 

model of natural water with NOM, pressurized with a diaphragm 

pump and maintained at 0.6 MPa. In the long-term NF operation 

tests, membranes were tested every few days, each time lasting 60 

about 2 hours, and then the membranes were dipped in 10 mg/L 

HA aqueous solution. HA concentration was measured using an 

ultraviolet-visible spectrophotometer (T6, Shanghai, China) at the 

maximal absorption wavelength of 254 nm. The rejection ratio, R, 

was calculated using Eq. (1), where Cf and Cp are concentrations 65 

of solutes in the feed and permeate, respectively. The 

permeability, J, was calculated by Eq. (2), where V is the volume 

of the permeate liquid, which was flowing across the membrane 

of area A (m2) in the time period T (h) and operative pressure P 

(MPa). 70 

R= (Cf -Cp)/ Cf×100%                                (1) 

J=V(L)×A(m2)-1×T(h)-1×P(MPa)-1              (2) 

Scheme 2. Setup for nanofiltration experiments. 

 

Characterization 75 

Zeta potentials of the membranes were determined using a 

SurPASS electrokinetic analyzer (Anton Paar GmbH, Graz, 

Austria). During the process of measuring the zeta potential, the 

KCl solution concentration was maintained at 0.83 mmol/L, 

while the operation pressure was 0.03 MPa. The zeta potentials of 80 

HA solution and PEI solution were obtained by a laser scattering 

size analyzer (NICOMP TM 380ZLS, USA). The pH values of the 

solutions were measured with a pH meter (Leici PHS-3C, 

Shanghai, China). Attenuated total reflectance FTIR spectra 

(TENSOR 27, Bruker, Germany) was used to characterize the 85 

chemical composition changes of the multilayer assembled on the 

PAN substrate. Wide-angle XRD experiments were conducted on 

a D8 ADVANCE X-ray diffractometer (Bruker/AXS, Germany). 

The membrane surface morphologies were observed via SEM 

(Hitachi SU-8020, Japan), with the microscope attached to an 90 

energy dispersive spectrometer (EDS). All membrane samples 

were dried under vacuum and fractured in liquid nitrogen. 

Surface topography was also observed by AFM in tapping mode 

Page 2 of 8RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

(Pico ScanTM 2500, USA). Water contact angle measurement 

was performed using a contact angle analyzer (DSA100, 

Germany). 

Results and discussion 

Charge property, chemical compositions and wettability of 5 

the multilayer membranes 

Adjusting the surface charge is considered one of the main 

strategies for improving the anti-fouling properties of membranes. 

To monitor the electrical properties of the membranes, the surface 

zeta potentials were measured using an electrokinetic analyzer. 10 

Such measurements were also used to track the stepwise growth 

of sequential polyelectrolyte layers during the LbL assembly 

process.42 The variations of the surface zeta potentials with 

different layers during the assembly process are shown in Fig. 

1(a). It can be noted that the hydrolyzed PAN substrate had a 15 

negative charge of –61.0 mV. When deposited by the PEI 

solution, the zeta potential of the membrane surface increased to 

–19.0 mV, and then decreased to –64.0 mV due to the assembly 

of PSS; the zeta potentials of the membrane surface changed 

between –84.0 mV and –19.0 mV with further alternating 20 

assembly. Zeta potentials usually alternate between positive and 

negative after each polycation or polyanion adsorption, as has 

been demonstrated by many researchers.27, 31, 38 However, in 

contrast to typical LbL assembly, the zeta potential in this study 

was always negative with the deposited multilayer. In a typical 25 

weak polyelectrolyte, the protonation degree of PEI varies with 

the pH value of the solution.43 In this work, the PEI solution was 
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Fig. 1 (a) Zeta potentials of the membrane surfaces varied with a number of 

layers (Assembly conditions: PEI concentration 1.0 mg/mL, PSS concentration 

2.0 mg/mL, PEI pH =1, PSS pH =7, required layers; crosslinking condition: 55 

0.02 mg/mL of GA solution for 24 h.); (b) schematic crosslink reaction of 

polyelectrolytes with GA. 

Fig. 2 ATR-FTIR spectra of (a) hydrolyzed PAN substrate, (b) 

(PSS/PEI)0.5/PAN membrane, (c) (PSS/PEI)1.0/PAN membrane, (d) 

(PSS/PEI)5.0/PAN membrane, (e) crosslinked (PSS/PEI)5.0/PAN membrane. 60 

(Assembly conditions: PEI concentration 1.0 mg/mL, PSS concentration 2.0 

mg/mL, PEI pH =1, PSS pH =7, required layers; crosslinking condition: 0.02 

mg/mL of GA solution for 24 h.) 

 

adjustedto a low pH, while the PEI concentration was controlled 65 

as 1.0 mg/mL, which was much less than the PSS concentration 

(2.0 mg/mL). In this case, the polycation PEI mainly played a 

bridging agent role to ensure the successful assembly of the next 

PSS layer. Therefore, the deposition of PEI did not reverse the 

charge of the sub-layer, which ensured the whole multilayer was 70 

negatively charged during the LbL assembly. This strategy 

indicated the formation of a high negatively charged membrane 

can be tuned by the pH and concentration of polyelectrolytes. 

Furthermore, after being crosslinked by GA, the zeta potential of 

the membrane showed an apparent decrease from –80.0 mV to –75 

88.4 mV in Fig. 1(a). The decreased zeta potential of the  

membrane was due to the reaction of –NH2、–NH– with –CH=O. 

Fig. 1(b) shows the reaction of –NH2 with GA.21 

Attenuated total reflection-FTIR spectra were performed to verify 

the formation of the crosslinked PEC membrane. The FTIR 80 

spectra of the hydrolyzed PAN substrate, after assembly of 

(PSS/PEI)n, as well as after crosslinking are shown in Fig. 2. The 

absorption at 3329 cm-1 was assigned to carboxyl –OH, which 

confirmed that some of the nitrile groups of PAN were 

hydrolyzed by NaOH solution (Fig. 2(a)).44 After deposition of 85 

the polycationic PEI (Fig. 2(b)), the intensity of the absorption 

peak of C-N at 1165 cm-1 increased, which can be ascribed to the 

interaction between the amine of PEI and the carbonyl of 

hydrolyzed membrane. New signals, which appeared at 1124, 

1034 and 1007 cm-1, were due to sulfonate moieties in the 90 

deposited PSS polyanions (Fig. 2(c) and (d)).30 Moreover, the 

new peak of C=N at 1600 cm-1and the increased peak of C=O at 

1661 cm-1 in Fig. 2(e) resulted from the crosslinking reaction of 

PEI with GA (Fig. 1(b)). It has been widely demonstrated 

previously that the structural organization of LbL-assembled 95 

multilayer such that they are interwoven.26, 45-54 Therefore, the 

PEI migrated into the PSS layers. Obviously, the positively 

charged PEI and negatively charged PSS was electrostatically 

crosslinked. In this case, the nature of the crosslinking actually 

consists of both covalent and electrostatical crosslinking. Since 100 

the interwoven PEI/PSS multilayer may actually contain a 

continuous phase rather than discrete layers, the GA post-
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treatment might lead to a very stable crosslinking structure. 

Wide-angle XRD was used to further examine the structural 

changes of the membranes before and after crosslinking (Fig. 3). 

Fig. 3(a) showed a wide and short peak of the crosslinked 

(PSS/PEI)5.0/PAN membrane compared with that of the 5 

uncrosslinked one (Fig. 3(c)), indicating that the degree of 

crystallinity of the polyelectrolytes on membrane surface 

decreased after GA crosslinking. This might be attributed to the 

formation of more amorphous structure after crosslinking of 

polyelectrolytes. Then the formation of the interwoven structure 10 

restricted the activity of the polyelectrolyte chains. XRD of the 

crosslinked membrane and uncrosslinked membrane placed for 

15 days in air was used to investigate the subsequent crystallinity 

variations (Fig. 3(b) and (d)). The crystallinity of the 

uncrosslinked membrane continuously increased while exposed 15 

to air. While the crystallinity of the crosslinked membrane 

remained unchanged. 
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 25 

 

 

 

 

 30 

 

Fig. 3 XRD patterns of (a) crosslinked (PSS/PEI)5.0/PAN membrane, (b) 

crosslinked (PSS/PEI)5.0/PAN membrane after 15 days, (c) uncrosslinked 

(PSS/PEI)5.0/PAN membrane, (d) uncrosslinked (PSS/PEI)5.0/PAN membrane 

after 15 days. (Assembly conditions: PEI concentration 1.0 mg/mL, PSS 35 

concentration 2.0 mg/mL, PEI pH =1, PSS pH =7, five layers; crosslinking 

condition: 0.02 mg/mL of GA solution for 24 h.) 
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Fig. 4 Contact angles of (a) PAN substrate (48.6±0.08°), (b) (PSS/PEI)3.0/PAN 

membrane (45.5±0.06°), (c) (PSS/PEI)5.0/PAN membrane (71.5±0.12°), (d) 

crosslinked (PSS/PEI)5.0/PAN membrane (41.8±0.22°) (Assembly conditions: 55 

PEI concentration 1.0 mg/mL, PSS concentration 2.0 mg/mL, PEI pH =1, PSS 

pH =7, required layers; crosslinking condition: 0.02 mg/mL of GA solution for 

24 h.) 
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Fig. 5 SEM images of (a) PAN substrate, (b) (PSS/PEI)3.0/PAN membrane, (c) 

(PSS/PEI)5.0/PAN membrane, (d) crosslinked (PSS/PEI)5.0/PAN membrane. 75 

(Assembly conditions: PEI concentration 1.0 mg/mL, PSS concentration 2.0 

mg/mL, PEI pH =1, PSS pH =7, required layers; crosslinking condition: 0.02 

mg/mL of GA solution for 24 h.) 

 

Fig. 4 shows that the assembly of polyelectrolytes also changed 80 

the wettability of the membrane surface. The contact angle of 

PAN substrate was 48.6° (Fig. 4(a)), and it was almost unchanged 

after the deposition of 3.0 layers PSS/PEI (Fig. 4(b)). Then it 

showed an apparent increase to 71.5° when the number of 

assembly layers increased to 5.0 (Fig. 4(c)). Moreover, after 85 

being crosslinked, the contact angle decreased to 41.8° (Fig. 4(d)), 

due to the sharply decreased roughness (Fig. 6(d)), which might 

be preferred to prevent membrane fouling.55-62 

Morphology and the thickness of the PEC membrane 

The changes in the surface morphology revealed by SEM are 90 

shown in Fig. 5. From the high magnification images (100 k×), a 

large number of pores can be clearly observed on the PAN 

substrate (Fig. 5(a)). In contrast, after assembly with 3.0 layers 

PSS/PEI, most of the surface pores had been covered (Fig. 5(b)), 

and all the defects of PAN substrate had been covered when the 95 

layers of PSS/PEI increased to 5.0 (Fig. 5(c)). It was also clearly 

observed from Fig. 5(d) that the crosslinked polyelectrolytes 

endowed the membrane with remarkably high density and 

compactness.  

AFM was also used to characterize the changes of the surface 100 

morphologies, as shown in Fig. 6. The square roughness (sqr) 

values were obtained based on a 100 µm×100 µm scan area. 

Significant changes were observed on the membrane surface. The 

surface of the PAN substrate showed a sqr value of 397.0 nm (Fig. 

6(a)). After deposition of 3.0 layers PSS/PEI, the membrane 105 

surface was relatively flat with a sqr value of 26.5 nm (Fig. 6(b)). 

Then the surface turned much rougher with a sqr value of 876.0 

nm after assembly with 5.0 layers PSS/PEI (Fig. 6(c)). However, 

the roughness decreased from 876.0 nm to 40.4 nm after 

crosslinking, as shown in Fig. 6(d). This might be attributed to 110 

the surface enrichment of crosslinked polyelectrolytes. Usually, 

lower roughness is better for the anti-NOM fouling properties of 

the membrane.58, 61, 62 

In addition, the cross-section of the membrane was observed by 

SEM-EDS to analyze the thickness of the multilayer assembled.  115 

 

Page 4 of 8RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

 

 

 

 

 5 

 

 

 

 

 10 

 

 

 

 

 15 

 

 

Fig. 6 AFM images of (a) PAN substrate membrane (Sq=397.0 nm), (b) 

(PSS/PEI)3.0/PAN membrane (Sq=26.5 nm), (c) (PSS/PEI)5.0/PAN membrane 

(Sq=876.0 nm), (d) crosslinked (PSS/PEI)5.0/PAN membrane (Sq=40.4 nm). 20 

(Assembly conditions: PEI concentration 1.0 mg/mL, PSS concentration2.0 

mg/mL, PEI pH =1, PSS pH =7, required layers; crosslinking condition: 0.02 

mg/mL of GA solution for 24 h.) 

Fig. 7 SEM image and EDS analyses of the cross-section of (PSS/PEI)5.0/PAN 

membrane. (Assembly conditions: PEI concentration 1.0 mg/mL, PSS 25 

concentration 2.0 mg/mL, PEI pH =1, PSS pH =7, five layers.) 

 

From the cross-sectional SEM (Fig. 7(a)), it is difficult to obtain 

the exact thickness of the multilayer because there was no distinct 

boundary between the assembled multilayer and the substrate. 30 

Therefore, the changes of the elemental composition through the 

cross-section were further analyzed using EDS (Fig. 7(b) and (c)). 

Since the PAN substrate did not contain S while the PSS did, all 

S element must come from PSS. Therefore, variation of S 

element along the cross-section of the composite membrane could 35 

be used to determine the thickness of the separation layer. Before 

120 nm (from the top layer) the concentrations of C, N, S, O 

elements were at almost constant values. From 120 nm to 170 nm 

(from the top layer), it was noted that the concentrations of S and 

O elements sharply decreased, while the concentrations of C and 40 

N elements increased after 120 nm. After 170 nm, nearly none of 

S element was found while the concentrations of C, N, O 

elements again almost stayed at constant values. From this 

analysis, the thickness of the (PSS/PEI)5.0 layer was determined 

to be about 120 nm. Meanwhile, the depth of the polyelectrolytes 45 

intrusion into PAN substrate was about 50 nm. 

Effects of pH value of PEI solution, PSS concentration and 

assembly layer 

The effects of the pH value of PEI solution on NF performance of 
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Fig. 8 (a) Effects of PEI pH on NF performance (Assembly conditions: PEI 

concentration 1.0 mg/mL, PSS concentration 2.0 mg/mL, PSS pH =7, five 90 

layers; operating conditions: 0.6 MPa, 10 mg/L HA solution.); (b) effects of 

PSS concentration on NF performance (Assembly conditions: PEI 

concentration 1.0 mg/mL, PEI pH =1, PSS pH =7, five layers; operating 

conditions: 0.6 MPa, 10 mg/L HA solution.); (c) effects of assembly layer on 

NF performance (Assembly conditions: PEI concentration 1.0 mg/mL, PSS 95 

concentration 2.0 mg/mL, PEI pH =1, PSS pH =7, required layers; operating 

conditions: 0.6 MPa, 10 mg/L HA solution.). 

 

the membrane were studied, as shown in Fig. 8(a). Both the 

rejection and permeance decreased with increasing pH of PEI. 100 

The membrane prepared at low pH of PEI provided an effective 

separation for HA might due to the high protonation degree of 

amino group.63 It was clear that the appropriate pH of PEI 

solution was 1. 

The effects of the polyelectrolyte concentrations on NF 105 

performance of the membrane were investigated by keeping the 

PEI concentration at 1.0 mg/mL and pH of 1. As shown in Fig. 
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Fig. 9 Stability of uncrosslinked membrane and crosslinked membrane 

(Assembly conditions: PEI concentration 1.0 mg/mL, PSS concentration 2.0 

mg/mL, PEI pH =1, PSS pH =7, five layers; crosslinking condition: 0.02 

mg/mL of GA solution for 24 h; operating conditions: 0.6 MPa, 10 mg/L HA 

solution.). 5 

Fig. 10 Stability of uncrosslinked and crosslinked membrane. (a) water 

permeance of uncrosslinked (PSS/PEI)5.0/PAN membrane. (b) water 

permeance of crosslinked (PSS/PEI)5.0/PAN membrane. (c) HA permeance of 

uncrosslinked (PSS/PEI)5.0/PAN membrane. (d) HA permeance of crosslinked 

(PSS/PEI)5.0/PAN membrane. (Assembly conditions: PEI concentration 1.0 10 

mg/mL, PSS concentration 2.0 mg/mL, PEI pH =1, PSS pH =7, five layers; 

crosslinking condition: 0.02 mg/mL of GA solution for 24 h; operating 

conditions: 0.6 MPa, 10 mg/L HA solution.). 

 

8(b), the rejection increased and HA permeance decreased with 15 

the increase of PSS concentration. The rejection increased from 

94.1% to 97.4% and HA permeance decreased from 241.9 

L/(m2·h·MPa) to 66.8 L/(m2·h·MPa) when the PSS 

concentrations varied from 1.0 mg/mL to 5.0 mg/mL. A high 

concentration of PSS could decrease the zeta potential of 20 

membrane surface and promote the formation of a more compact 

separation layer. This could increase the electrostatic repulsion 

with HA to produce a better rejection and make the permeance 

decline. Considering both rejection and permeance, in subsequent 

experiments, 1.0 mg/mL and 2.0 mg/mL were selected as the 25 

appropriate PEI and PSS concentrations for the assembly process, 

respectively. 

The NF performance of the membranes with different assembly 

layers was investigated in Fig. 8(c). With assembly layers 

increased from 1.0 to 6.0, the rejection of the membranes 30 

increased from 90.9% to 97.2%. Meanwhile, the HA permeance 

decreased from 1091.7 L/(m2·h·MPa) to 118.0 L/(m2·h·MPa).  
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Fig. 11 Photographs of (a1) uncrosslinked (PSS/PEI)5.0/PAN membrane and 

(a2) crosslinked (PSS/PEI)5.0/PAN membrane, tested for 30 days. SEM images 

of (b1) uncrosslinked (PSS/PEI)5.0/PAN membrane and (b2) crosslinked 

(PSS/PEI)5.0/PAN membrane, tested for 1 day; (c1) uncrosslinked 

(PSS/PEI)5.0/PAN membrane and (c2) crosslinked (PSS/PEI)5.0/PAN 70 

membrane, tested for 10 days; (d1) uncrosslinked (PSS/PEI)5.0/PAN membrane 

and (d2) crosslinked (PSS/PEI)5.0/PAN membrane, tested for 30 days. 

(Assembly conditions: PEI concentration 1.0 mg/mL, PSS concentration 2.0 

mg/mL, PEI pH =1, PSS pH =7, five layers; crosslinking condition: 0.02 

mg/mL of GA solution for 24 h; operating conditions: 0.6 MPa, 10 mg/L HA 75 

solution.). 

 

This is due to a more compact separation layer being formed 

along with the increase of assembled layers. Considering the 

compromise of the rejection and permeance, the appropriate 80 

assembly layer was selected as 5.0. 

Long-term stability and anti-NOM fouling capacity  

Our subsequent experiments were intended to examine the 

stability and anti-NOM capacity of the assembled membranes. 

The NF performances of the uncrosslinked and the crosslinked 85 

(PSS/PEI)5.0/PAN membranes for separation of HA were 

analyzed for 30 days. As shown in Figs. 9 and 10, the rejection of 

the crosslinked membrane remained at 98.0±0.3% (Fig. 9(a)), 

which was higher than the uncrosslinked membrane (96.5±0.4%)  

(Fig. 9(b)). The initial water permeance of the uncrosslinked 90 
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membrane was 210.0 L/(m2·h·MPa) (Fig. 10(a)), and the new 

crosslinked membrane decreased to 184.5 L/(m2·h·MPa) (Fig. 

10(b)) because of the formation of a denser separation layer. We 

can see that the water permeance of the uncrosslinked membrane 

decreased sharply to 110.4 L/(m2·h·MPa), an approximately 50% 5 

decrease, after just dipping in the HA solution for one day, 

whereas the water permeance of the crosslinked membrane 

decreased to 144.0 L/(m2·h·MPa). After 30 days use, the water 

permeance of the crosslinked membrane was 138.8 L/(m2·h·MPa), 

double that of the uncrosslinked membrane (66.3 L/(m2·h·MPa)). 10 

This indicated that the crosslinked membrane was more stable 

than the uncrosslinked one. The same phenomenon occurred for 

the HA permeance of uncrosslinked and crosslinked membranes 

(Fig. 10(c) and (d)). The permeance decline of the uncrosslinked 

membrane might be attributed to the continuous increase of the 15 

polyelectrolytes crystallinity (Fig. 3(c) and (d)) and the presence 

of more foulants on the membrane surface (Fig.11 (a1)). 

Although crosslinking post-treatment led to some permeance loss 

of the membrane at first, it also endowed the membrane with less 

permeance decline and higher rejection. These results proved that 20 

crosslinking post-treatment could give the polyelectrolyte 

membranes higher rejection and good stability performance. 

Meanwhile, as shown in Figs. 11(a1) and (a2), for uncrosslinked 

membrane, the color of membrane surface changed from white to 

brown black due to the heavy NOM fouling. As a comparison, 25 

the crosslinked membrane exhibited better anti-NOM fouling 

properties than the uncross-linked membrane at the macro level. 

Observations of the membrane top surface by SEM after NF 

operation for 1 day, 10 days and 30 days were conducted to 

further inspect fouling on the membrane surfaces. As shown in 30 

Fig. 11(b1), (c1) and (d1), the foulants on the surface of the 

uncrosslinked membrane became more and more obvious as the 

operation time progressed. Meanwhile, less pollutant was found 

on the crosslinked membrane surface at the same operation times 

(Fig. 11(b2), (c2), and (d2)). This might be ascribed to the 35 

presence of more negative charges on the surface of the 

crosslinked membrane (Fig.1a), and the stronger electrostatic 

repulsion of the membrane with HA leading to less deposition on 

the membrane surface.60, 62 Also a low roughness and more 

hydrophilic surface of crosslinked membrane plays an important 40 

role. Thus the crosslinked membrane showed better anti-NOM 

fouling property than the uncrosslinked one.   

Conclusions 

In this study, a negatively charged, anti-NOM fouling and high 

stable membrane was developed by combining LbL-assembly 45 

and crosslink post-treatment. FTIR and XRD pattern confirmed 

the successful deposition of polyelectrolytes and an interwoven 

crosslinking structure. Zeta potential and contactangle analyses 

demonstrated that a much more negatively charged and 

hydrophilic surface was formed after chemical crosslinking. SEM 50 

and EDS analyses confirmed that the polyelectrolytes entered into 

the substrate pores and that the multilayer thickness is about 120 

nm. NF experimental results demonstrated that the performance 

of membrane was strongly dependent on the polyelectrolytes pH, 

concentration and assembly layer. A set of appropriate conditions 55 

was selected as follows: PEI concentration 1.0 mg/mL, PSS 

concentration 2.0 mg/mL, PEI pH =1, PSS pH =7, five layers. 

With this set of given conditions, the (PSS/PEI)5.0/PAN 

membrane obtained had a rejection of 97.1% and a water 

permeance of 210.0 L/(m2·h·MPa) for the NF operation of 10 60 

mg/L HA solution. The long-term experiments conducted over 30 

days suggested that the crosslinked membrane showed an 

excellent stability and anti-NOM fouling capacity. The HA 

rejection could remain at 98.0±0.3% and the water permeance 

was maintained at 138.8 L/(m2·h·MPa) after 30 days of NF 65 

operation, which were much higher than the 96.5±0.4% and 66.3 

L/(m2·h·MPa) values of the uncrosslinked membrane. In view of 

the versatile species of the charged polymer and customizable 

chemical functionalities, it is believed that this technology may 

contribute to the design and assembly of various charged 70 

membranes aimed at different foulants and thus extend the use of 

these membranes to different water and wastewater purifications. 
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