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Highlights: 

 Hydrogel intermediate layer was used for nanofiltration membrane preparation. 

 The hydrogel layer retarded the diffusion of amine monomers during IP. 

 The relation among hydrogel viscosity, amine diffusion and PA thickness was built. 

 The optimal NF membrane achieved high water permeability and salt rejection. 
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 Abstract 

Controllable interfacial polymerization (IP) is eminently desirable for the preparation 

of high-performance nanofiltration (NF) membranes to address the worldwide water 

scarcity. Herein, we report a facile and versatile approach to prepare novel polyamide 

(PA) NF membranes via a hydrogel-assisted IP process. The piperazine (PIP) diffusion 

was precisely controlled by tailoring the viscosity of the introduced chitosan/ polyvinyl 

alcohol (CS/PVA) hydrogel via adjusting the hydrogel composition and crosslinking 

degree. Due to the synergistic effect of the decreased thickness and improved surface 

hydrophilicity of the PA layer formed atop hydrogel, the hydrogel-regulated thin film 

composite (TFC-hg) membrane exhibited a high water permeance of 15.5 L m-2 h-1 bar-

1, which was 2.5 times of that of the control membrane. Meanwhile, the TFC-hg 

membrane achieved a Na2SO4 rejection of 99.1% due to the highly cross-linked PA 

separation film. This work offers a simple and highly effective strategy for constructing 

high-performance TFC NF membranes towards efficient water treatment.  

Keywords: nanofiltration, interfacial polymerization, hydrogel, monomer diffusion, 

viscosity  
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1. Introduction  

Nanofiltration (NF) membranes, typically in the forms of polyamide (PA) thin film 

composite (TFC), have great potential for sustainable fresh water supply via 

desalination and wastewater reclamation [1, 2]. Typical PA TFC membranes are 

fabricated via interfacial polymerization (IP) between amine and trimesyol chloride 

monomer atop the porous substrate [3-5]. Extensive efforts, including the evolvement 

of aqueous/organic phase [6-8], the innovation of substrate [9-11] and the regulation of 

interfacial monomer distribution [12, 13], have been devoted to tailor the surface and 

bulk properties of PA layers and to improve their separation performance. Although 

tremendous advancements have been achieved, the intrinsic trade-off between 

permeability and selectivity remains a critical challenge [8, 14, 15]. 

Hydrogel, a three-dimensional polymeric network with excellent capability of 

absorbing water molecules [16], show widespread applications in biomedicine, tissue 

engineering and wastewater treatment due to its excellent biocompatibility, 

biodegradability and chemical stability [17]. Until now, emerging concept of using 

hydrogels to control IP process has been implemented into TFC PA membrane 

fabrication. Hydrogel increases amine storage and acts as an aqueous phase to provide 

a more effective interface for IP. For example, PA nanofilms synthesized via alginate 

hydrogel interlayer-assisted-IP exhibited a high water permeability of 27.8 L m-2 h-1 

MPa-1 and an excellent salt rejection, which was benefited from the formation of a 

smooth PA separation layer via reducing the diamine monomers diffusion rate [18]. 

However, it remains a great challenge to achieve precise control of amine diffusion 
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through hydrogel-assisted-IP reaction. The mechanism among the physicochemical 

properties of hydrogels (e.g., viscosity, crosslinking degree), amine diffusion, and the 

hydrogel-regulated IP process, is still not clearly established and comprehended.  

Tuning the diffusion of amine monomers is potentially an effective way to construct 

uniform PA film with ultrathin thickness, which is highly desired to overcome the 

ubiquitous trade-off for conventional TFC membranes [19]. Noteworthily, the 

monomer diffusion can be precisely controlled by tailoring the viscosity of the carrier 

hydrogel via adjusting the hydrogel composition and crosslinking degree [20, 21]. 

Herein, we proposed a new approach to fabricate high-performance TFC NF 

membranes via performing IP reaction atop the surface of chitosan/ polyvinyl alcohol 

(CS/PVA) hydrogel. The effect of CS/PVA ratio and glutaraldehyde concentration on 

membrane separation performance was investigated. Furthermore, the relationships 

between hydrogel viscosity, amine monomer diffusion and polyamide layer formation 

were analyzed. The simple fabrication process and long-time stability of the novel NF 

membrane make it as an attractive candidate for scalable production. This work 

provides deep insights into the role of hydrogel during IP process, paving an important 

direction for the development of high-performance NF membrane toward a wide range 

of environmental applications. 
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2. Experimental 

2.1. Materials 

Polyether sulfone (PES) microfiltration (MF) membrane with an average 

pore size of 0.22 µm was provided by Yibo Co., Ltd (China). A commercial Dow 

Filmtec flat sheet membrane, NF 270, was purchased from Sterlitech (USA). 

Piperazine (PIP, 99%) and deacetylation chitosan (CS, 90%) were provided by 

Sinopharm Chemical Reagent Co., Ltd (China). Polyvinyl alcohol (PVA, 98%-

99% alcoholysis degree) and trimesoyl chloride (TMC, 98%) were purchased 

from Macklin Biochemical Co., Ltd. Glutaraldehyde (GA, 25 wt%) aqueous 

solution and other chemicals were provided by Aladdin Co., Ltd (China). 

2.2. Hydrogel preparation 

5 g CS was completely dissolved in 100 mL of 5 g/v% acetic acid solution, agitating 

at room temperature overnight to form CS solution [20]. 10 g PVA was dissolved in 90 

mL deionized (DI) water with continuous stirring at 90 °C for 2 h to acquire a PVA 

solution [21]. Afterwards, a range of CS/PVA blend solutions with several PVA mass 

ratios of 0 %, 20 %, 40 %, 60 %, 80 % and 100 % were prepared by mixing certain 

amount of CS and PVA solutions. GA solution was used to crosslink hydrogel precursor 

and inhibit hydrogel swollen effects. 

2.3. Hydrogel characterization  

CS/PVA hydrogel was soaked in DI water for 48 h at 25 °C to achieve equilibrium 

swelling. The weight of the inflatable hydrogel was named as We. Then the hydrogel 

was lyophilized and weighed as Wd. The equilibrium water content of CS/PVA hydrogel 



7 
 

was counted as follows [16]: 

Equilibrium water content = (We-Wd)/Wd                                                                    (1) 

Rheological properties of the prepared CS/PVA hydrogel were evaluated by the 

Haake Mars rheometer (Haake Mars III, Germany). For all CS/PVA composite 

hydrogels, the flow behavior was measured within the shear rate scope of 0.01 to 100 

s-1. Frequency sweep experiment was conducted over the frequency range of 0.01 to 10 

rad/s with a strain of 1%. The dynamic strain sweep test was carried out within the shear 

rate scope of 0.01% to 100% at a frequency of 1 Hz [17]. The shear viscosity was 

measured within the shear rate scope of 0.01 to 100 s-1. The diffusion coefficient (D) of 

hydrogel can be estimated using the Einstein-Stocks equation [22]: 

D = kT/6πrη                                                                                                                  (2) 

where k represents Boltzman’s constant, T represents temperature, r represents radius 

of the spherical particle, and η represents viscosity. 

Hydrogel samples were stored at -80 °C for overnight and dried in FD-1A-50 

lyophilizer (Biocool, Ltd. Beijing, China). The dried samples were coated with a thin 

gold layer (Sputter Coater, Cressington 108) to improve the conductivity [17]. The 

surface morphologies of CS/PVA hydrogel were analyzed with scanning electron 

microscope (SEM, FEI, Quanta 250 FEG).  

2.4. Membrane preparation  

The PES MF membrane was preserved in DI water for overnight before using as 

the substrate for TFC membrane preparation. Then, the PES substrate was fixed by 

circular Plexiglas plate and Teflon frame to ensure that only its surface was coated with 
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hydrogel. Subsequently, 3 mL CS/PVA solution was poured onto the PES MF 

membrane and stood for 10 min. The residual CS/PVA solution was cleaned by a rubber 

roller. Afterwards the freshly prepared GA solution was poured onto the CS/PVA 

saturated PES membrane for another 10 min for further crosslinking [20]. The residual 

GA solution was poured off and the crosslinked substrate was air-dried, the CS/PVA 

hydrogel-modified substrate was formed. To optimize the formation condition of the 

CS/PVA hydrogel, the CS/PVA ratio and the GA concentration were further investigated. 

The PES membrane with cross-linked CS/PVA hydrogel was named as PES-hg.  

The TFC and TFC-hydrogel membranes were fabricated by IP process on PES or 

CS/PVA coated PES substrate, respectively. Briefly, the substrate membrane was 

immersed in 1% w/v PIP/water solution. The excess PIP solution was removed after 2 

min. Then, 0.15% w/v TMC/hexane solution was poured onto the substrate and kept 1 

min to perform the IP process [23]. The obtained membrane was heated at 60 °C in 

oven for 5 min. Finally, the NF membrane was immersed in DI water before further test. 

To optimize the formation conditions of the TFC NF membranes, the different CS/PVA 

ratios and GA concentrations of CS/PVA hydrogel were investigated, as shown in Table 

S1. For example, the TFC-hydrogel membrane with 60% PVA and 0.50 wt% GA was 

denoted as TFC-hg membrane. 

2.5. Membrane characterization  

The chemical structure of the fabricated membranes was measured by Fourier 

transform infrared spectroscopy (FTIR, Bruker, Tensor 27). SEM was used to test the 

surface morphologies of the prepared membranes. The root mean square (RMS) of the 
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NF membranes was measured by atomic force microscope (AFM, Veeco MultiMode). 

Anton Paar SurPASS electrokinetic analyzer was employed to investigate the 

membrane surface zeta potential. A contact angle measurement instrument (DSA100, 

Kruss) was used to detect the surface hydrophilicity of the samples, and each of the 

water contact angle was an average data from five random spots. Transmission electron 

microscopy (TEM, ZEISS crossbeam 550) was employed to perform the cross-section 

TEM images. For cross-section TEM analyses, membranes samples were embedded in 

EPON 812 Yellow Resin, then ultrathin sections (~90 nm) were prepared and mounted 

onto the cooper grids. The surface chemistry of PES and TFC membranes was 

characterized by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). The 

crosslinking degree of the PA layer was calculated using the following equations [24]: 

Crosslinking degree (%) = m/(m+n)×100%                                                                  (3) 

where m and n represent the cross-linked and linear part of polyamide structure. Based 

on the chemical formulas of fully cross-linked (C18H12N3O3) and fully linear 

(C15H10O4N2) polyamide, the theoretical O/N ratio can be represented by [25]: 

O/N = (3m+4n)/(3m+2n)                                                                                               (4) 

where m and n were calculated by the value of O/N ratio obtained from the XPS analysis.  

2.6. Diffusion rate of PIP  

The detection of PIP molecules is limited due to the lack of applicable absorbency 

in ultra-violet (UV). To investigate the effect of CS/PVA hydrogel on the diffusion rate 

of PIP, fluorescein isothiocyanate-labeled piperazine (FITC-PIP) was synthesized (Fig. 

S1) [26]. A lab-made U-shaped equipment (Fig. S2) was employed to perform the 

diffusion kinetics experiment. 20 mL 0.5 mg/mL FITC-PIP solution was supplemented 
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in one side of the equipment. 20 mL n-hexane solution was poured into another side of 

the equipment. The two solutions were separated by a PES or PES-hg membrane in the 

U-shaped device. 3 mL of n-hexane near to the membrane surface was collected and 

ultraviolet spectrometer was used to record the UV-vis spectra to detect the FITC-PIP 

diffusion rate from the aqueous solution to n-hexane solution. The total diffusion time 

lasted for 1 min and was recorded every 10 s. According to the fitting straight line of 

absorbance at 495 nm of FITC-PIP vs. diffused concentration in the hexane phase, the 

FITC-PIP diffusion rate was calculated by the following equation: 

k = ∆c/∆t                                                                                                                       (5) 

where k represents the FITC-PIP diffusion rate through different substrates, ∆c 

represents the change of FITC-PIP concentration in the n-hexane solution, and  ∆t 

represents the diffusion time. 

2.7. Molecular dynamic (MD) simulation  

To further elucidate the diffusion of PIP molecules towards the organic phase across 

the hydrogel/hexane interface with/without CS/PVA hydrogel, MD simulation by 

applying Amorphous module in Materials Studio (Biovia Inc.) A simulation box with 

periodic boundary conditions in all three dimensions was constructed. For the aqueous 

system, a cubic simulation box containing 10 PIP molecules and 320 H2O molecules 

was constructed. While for the hydrogel system, 2 additional repeat units of CS/PVA 

molecules were inserted into the above pure water system. The COMPASS force field 

provided technical support to account for the intermolecular interactions. The 

remaining simulation parameters were set on the basis of the reported work [27]. 
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After the geometry optimization process of the system, the NVT ensemble followed  

by the NPT ensemble was applied in calculations for 100 ps with a time step of 1.0 fs. 

Then, another NVT-MD process was equilibrated for 100 ps and the data was collected 

for analyzing from the final 100 ps. Every 500 steps output a frame containing the 

geometry information of PIP molecules. According to the Einstein relationship [27], the 

diffusion coefficients of PIP molecules in the two systems with or without hydrogel can 

be estimated from calculating the slopes of the mean square displacement (MSD) 

curves.  

2.8. Membrane performance  

NF membrane desalination performance of the obtained membrane was tested by a 

lab-scale crossflow nanofiltration system with four cells with the effective cell area of 

3.125 cm2. The membrane sample was compressed for half an hour at 6 bar before the 

measurement of water permeability and salt rejection under 4 bar [28]. The 

concentration of the feed solution (Na2SO4, MgSO4, NaCl or MgCl2) was 2000 ppm. 

Each experiment was conducted at least three times to ensure the reliability of the 

results and the average value and standard deviation were calculated based on the three 

parallel measurements. The water permeability (P) and salt rejection (R) of the NF 

membranes were calculated by the following equations [23]: 

P ൌ V/(S × t × p)                                                                                                           (6) 

R = (Cf - Cp)/Cfൈ100%                                                                                                (7) 

where V represents the volume of the permeated solution (L), S stands for the effective 

membrane area (m2), t represents the permeation time (h) and p represents the operation 



12 
 

pressure during NF process. Cp and Cf  represent the salt concentrations in the permeate 

and feed solution, respectively.  

The water/Na2SO4 permselectivity (A/B) was obtained using the following equation 

[24]: 

A/B = R/(1-R)(p-∆π)                                                                                                       (8) 

where ∆π  represents the osmotic pressure of the feed solution. A commercial NF 

membrane (NF 270, Dow Filmtec) was also tested as a reference. 

3. Results and discussions  

3.1. Membrane Characterization  

SEM, AFM and TEM were employed to analyze the morphology and structure of 

the TFC and TFC-hg NF membranes. As shown in Fig.1A-1C, the pristine TFC 

membrane exhibited a nodular structure with tightly packed spherical particle, which is 

consistent with the reported literatures [29]. The TFC-hg membrane showed a 

vermicular surface morphology (Fig. 1D). The morphology change might be attributed 

to the increased viscosity of the CS/PVA hydrogel (Fig. S3 and Table S2) and the 

resulted retardation of PIP monomer diffusion in the vicinity of the organic boundary 

[30]. Zhang and co-workers [7] suggested that the difference in the diffusion 

coefficients of PIP and TMC during a IP reaction could result in a diffusion-driven 

instability. In the current study, the CS/PVA hydrogel had a strong effect on PIP 

diffusion as a result of physical obstruction and hydrogen bonds (see the Section 3.2), 

which explained the formation of a rougher membrane. The vermicular structure 
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increased the RMS roughness value from 62.6 (TFC membrane) to 92.0 nm (TFC-hg 

membrane) (Fig. 1B and 1E). As a result, the surface area of the TFC-hg membrane 

was 1.3 -fold higher than that of the TFC control membrane (Fig. 1B, 1E and Table 1), 

which is beneficial for improving the membrane water permeability [9, 31].  

 

Fig. 1 Top view SEM, AFM, and cross-sectional TEM images of TFC (A, B and C) and 

TFC-hg membranes (D, E and F). 

The cross-sectional TEM features of the TFC and TFC-hg membranes are shown 

in Fig 1C and 1F, respectively. The thickness of the TFC PA film was approximately 

110 nm (Fig. 1C). As shown in Fig. 1F, there existed an obvious hydrogel intermediate 

layer (approximately 100 nm) between the vermicular PA nanofilm and the PES 

substrate. The CS/PVA hydrogel interlayer with a three-dimensional structure could 

accommodate sufficient PIP monomers to form a complete PA layer [18, 32]. Besides, 

the PA layer thickness of the TFC-hg significantly decreased to 60 nm due to the 
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introduction of CS/PVA hydrogel, which could be attributed to the retarded PIP 

diffusion [32].  

Table 1. The surface properties of the fabricated membranes.  

Samples 
Root mean square 

roughness (nm) 

Surface area 

(µm2) 

Surface area 

increase (%) 

TFC 62.6 ± 3.8 29.14 16.5 ± 1.2 

TFC-hg 92.0 ± 2.0 37.81 51.2 ± 5.7 

Surface area increase is calculated according the formula (Sa/Sp -1) × 100%, where Sa 

and Sp are the actual surface area and the projected area, respectively. Sa is obtained 

based on the analysis of AFM image using software program Gwyddion 2.51. Sp is 

acquired from AFM measurements over a scanning area of 5 µm by 5 µm. 

To further evaluate the chemical structures of the membranes, the functional groups 

and element compositions were systematically characterized by FTIR and XPS. From 

Fig. 2A, both TFC and TFC-hg exhibited the distinct polyamide FTIR peak at 1640 cm-

1, which could be ascribed to the C=O stretching vibration [33]. In addition, the broad 

peak at 3400 cm-1 of the TFC-hg was attributed to the O−H stretching, suggesting the 

deposition of CS/PVA hydrogel on the PES substrate [20]. The details of the chemical 

bonding were acquired by deconvolution of the C 1s, N 1s and O 1s high-resolution 

XPS spectra (Fig. 2B-2D). As shown in Fig. 2B, the spectra of the obtained NF 

membranes manifested different peaks at 531.0, 399.1 and 284.0 eV, which were 

attributed to O 1s, N 1s and C 1s, respectively [29]. According to Fig. 2C, the TFC-hg 

membrane showed higher unreacted N−H group content (8.60%) than the TFC 
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membrane, which suggested that more PIP molecules adsorbed onto the PES-hg 

substrate than that of the PES substrate. As well, the content of O−C=O increased from 

15.90% for the TFC control membrane to 21.20% for the TFC-hg membrane (Fig. 2D). 

Sufficient PIP molecules could promote the reaction rate of IP, thus leading to the 

formation of a highly cross-linked polyamide network. A uniform and dense incipient 

polyamide layer formed during the initial stage of IP reaction, which in turn restricted 

the further diffusion of PIP monomers, generating the formation of a thinner PA 

separation layer (Fig. 1F). On account of the retarded diffusion effect, the low PIP 

contents on the surface of initial PA layer promoted the hydrolysis of TMC, which 

provided more carboxyl groups and greater hydrophilicity (Fig. 2D and 2F) [11, 34]. 

 

Fig. 2 (A) FTIR, (B) XPS, (C) N 1s spectrum, (D) O 1s spectrum spectra, (E) zeta 

potential and (F) water contact angle of TFC and TFC-hg membranes. 

The crosslinking degree and molecular weight cut-off (MWCO) of TFC and TFC-

hg membranes are presented in Fig. 3. The abundant PIP monomers could promote the 

reaction rate of interfacial polymerization, thus leading to the formation of a highly 
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cross-linked polyamide network. Based on the XPS spectra of N/O element and 

calculated results using Eq.(3) and (4), the crosslinking degree increased from 72.7% 

to 85.7% with the introduction of CS/PVA hydrogel, which was beneficial to the 

improvement of membrane selectivity [29]. Thus, TFC-hg membrane exhibited a 

smaller MWCO than the TFC membrane (Fig. 3B). However, the TFC-hg membrane 

possessed weak negative surface charge, which ascribed to the synergistic effect of the 

introduction of CS/PVA hydrogel and carboxyl groups on the membrane surface (Fig. 

S4D) [35]. 

 

Fig. 3 (A) O/N ratio and crosslinking degree of PA layer and (B) MWCOs of TFC and 

TFC-hg membranes. 

3.2. Mechanism analysis of PIP diffusion  

The diffusion of the PIP towards organic phase greatly affects the IP process, hence 

influences the thickness and morphology of the PA layer. To validate the aqueous 

monomer diffusion during IP process, the diffusion of PIP was measured using a FITC 

labeled PIP [26]. As depicted in Fig. 4A, the FITC-PIP exhibited a higher diffusion rate 

in the PES substrate than in the PES-hg substrate. In another words, the cross-linked 

CS/PVA hydrogel network retarded the diffusion of PIP monomers. MD simulations 
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were performed to further illuminate the PIP diffusion towards the aqueous/organic 

phase interface (Fig. 4B-4D). The related simulation details were shown in Fig. S5. The 

diffusion coefficients of PIP monomers could be calculated from the curves of the mean 

square displacement (MSD) in Fig. 4D, which was based on the Einstein relationship 

[29]. The diffusion rate of PIP molecules in water was 7.5 × 10-10 m-2 s-1, while the 

diffusion rate of PIP molecules in hydrogel system was 2.4 × 10-10 m-2 s-1. This result 

agreed well with the FITC-PIP diffusion experiment, which confirmed that the CS/PVA 

hydrogel reduced the diffusion rate of PIP molecules. On the one hand, the enlarged 

viscosity confined the movement of PIP molecules inside the hydrogel. On the other 

hand, the hydrogen bonding interactions between the CS/PVA hydrogel networks and 

PIP molecules led to the relatively low PIP diffusion rate, which also affected the IP 

[27]. Accordingly, an ultrathin PA layer was obtained by the hydrogel-assisted-IP 

process. 
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Fig. 4 (A) FITC-PIP diffusion concentration from aqueous phase to organic phase 

through the PES and PES-hg substrates, MD simulations of PIP molecules in (B) 

aqueous system and (C) CS/PVA hydrogel, (D) MSD curves of PIP monomers in water 

and CS/PVA hydrogel systems, and (E) schematical illustrations of the traditional IP 

process and hydrogel-assisted IP process. 

To verify the effect of the hydrogel-regulated IP process on membrane separation 

performance, the relationship among the hydrogel viscosity, PIP diffusion rate and PA 

layer thickness was analyzed. As shown in Fig. 5A and 5C, the inverse of viscosity, 

diffusion rate and PA thickness exhibited similar trend with different hydrogel contents 

and GA concentrations. The viscosity of the CS/PVA hydrogel increased with 

increasing CS content (Fig. S3). Because the hydroxyl groups in PVA were more likely 

to form hydrogen bonding, which caused a large steric hindrance effect during aldol 

reaction [20]. Thus, the hydrogel with higher CS content possessed three-dimensional 

network structure with higher crosslinking degree [36, 37]. The high-crosslinking 

hydrogel presented high value of storage modulus (G’), representing a more elastic 

structure (Fig. S3) [36]. Moreover, the stable internal structure increased diffusion 

resistance, leading to a high viscosity. According to the Einstein-Stocks equation, an 

inversely proportional remained between diffusion rate and viscosity [38]. Therefore, 

the PIP diffusion rate reduced with the increase of the hydrogel viscosity. In 

consequence, the PA thickness reduced from 100 to 50 nm, on account of the retarded 

diffusion of PIP monomers (Fig. S6 and S7). With the increase of PVA ratio, the O/N 

ratio gradually decreased and tended to the fixed value (Table S2 and S3), which 
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indicated a denser PA layer. The molecular weight cut-off (MWCO) of the prepared 

NF membranes was similar and remarkably consisted with the crosslinking degree of 

the PA films (Fig. S8, S9 and Table S3). Therefore, the water permeability decreased 

monotonically accompanied with the increase of salt rejection due to the increased 

thickness (Fig. 5B) and crosslinking degree of polyamide layer (Fig. 3). 

In addition, the TFC NF membranes with different GA concentrations showed the 

similar results with the above discussions (Fig. 5C, 5D and Table S4). The excess GA 

accelerated the formation of hydrogels and made the hydrogels more compact, which 

tended to form three-dimensional network structure with higher crosslinking degree and 

viscosity (Fig. S10) [39]. Under the optimal condition, TFC-hg membrane possessed a 

high water permeability of 15.5 L m-2 h-1 bar-1 accompanied with an excellent Na2SO4 

rejection of 99.1% (Fig. 5D).  

To further investigate the viscosity-diffusion rate-PA thickness relationship of 

TFC-hg membrane, three variables were systematically quantified (Fig. S12). The 

diffusion rate appeared to be strongly dependent on the hydrogel viscosity (correlation 

coefficient R2 = 0.99 and 0.94, respectively). Moreover, the PA thickness was also 

correlated with the diffusion rate. In short, the intercalation of hydrogel layer had a 

significant impact on the diffusion of amine monomers and properties of polyamide 

layer, which could regulate IP process and modify the desalination performance of the 

manufactural TFC NF membranes. 
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Fig. 5 The relationship diagram of the viscosity, PIP diffusion rate and TEM-apparent 

with (A) different PVA ratios and (C) GA concentrations, the effect of (B) different 

PVA ratios and (D) GA concentrations on the NF membrane performance, respectively. 

3.3. Membrane performance  

Fig. 6A and 6B exhibit the water permeability and salt rejection of the TFC and 

TFC-hg membranes. The water permeability of TFC-hg membrane was much higher 

that of the TFC membrane with four kinds of feed solutions (Na2SO4, MgSO4, NaCl 

and MgCl2) [23]. Combined with the surface properties and cross-sectional structure, 

the enhanced water permeability was ascribed to the reduced PA thickness, the 

enhanced surface area and the improved hydrophilicity. Specifically, the reduced 

thickness of TFC-hg PA layer conduced to shortening of the water molecules transport 

path. The surface morphology with a vermicular structure provided additional water 
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transport sites [29]. Based on the solution–diffusion theory, the improved hydrophilicity 

of the TFC-hg membrane could promote water solubilisation and diffusion through the 

PA separation layer [40]. The rejection for the four kinds of salt solutions followed the 

sequence of Na2SO4>MgSO4>NaCl >MgCl2, which displayed the typical rejection 

properties of NF membrane [41]. Both TFC NF membranes presented relatively high 

rejection of sulfate ions, which was attributed to the synergistic effects of negatively 

charged and highly crosslinked PA selective layer. Due to Mg2+ was prone to shield 

from negatively charged surface, resulting in higher rejection of sodium salts than 

magnesium salts [42].  

The stability of TFC-hg membranes was investigated under long-term operating 

conditions (Fig. 6C). The TFC-hg membrane maintained a permeability of 15.2 L m-2 

h-1 bar-1 and a 99.1% rejection to Na2SO4 during 100 h NF operation, which 

demonstrated the TFC-hg NF membrane possessed excellent stability, benefitting from 

the enhanced interactions between the hydrogel intermediate layer and the substrate.[19] 

Fig. 6D displays the separation performance of the reported latest NF membranes in 

terms of water/Na2SO4 permselectivity (A/B) and water permeability. The TFC-hg 

membrane showed outstanding water/salt permselectivity, which lied above the upper 

bond of the water/Na2SO4 selectivity. The superior permselctivity and outstanding 

stability of the TFC-hg membrane indicated its high potential for practical application 

in the current water-related treatment. 
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Fig. 6 (A) Water permeability and (B) salt rejection of the TFC and TFC-hg membranes 

using different inorganic salt solutions as feed, (C) long-term stability of TFC-hg 

membrane, and (D) water permeability and selectivity of the state-of- the -art NF 

membranes.[23, 43-63] The upper bond of water/Na2SO4 selectivity A/B was obtained 

from Ref.[64] copyright (2019).  

4. Conclusion 

In summary, we fabricated a novel TFC NF membrane via IP process onto the PES 

support that was modified with CS/PVA hydrogel. Based on the formation and 

properties of the hydrogels, we systematically investigate the effect of hydrogel 

viscosity on the diffusion of amine monomers and formation of PA layer. The increased 

viscosity of hydrogel retarded the diffusion of PIP monomers and decreases the 

thickness of PA layer, thereby achieving the regulation of IP process and adjustment of 



23 
 

desalination performance of NF membrane. On the basis of the multiple integrations, 

thinner PA layer, improved membrane hydrophilicity and increased membrane 

roughness, the optimal TFC-hg NF membrane achieved a water permeability of 15.5 L 

m-2 h-1 bar-1, which was 2.5 times as that of the TFC control membrane. In addition, the 

highly-crosslinked PA layer endowed the TFC-hg membrane with excellent salt 

rejection (99.1%). This work provides a simple and feasible strategy for fabricating 

high-performance NF membrane for water desalination. 
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