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A B S T R A C T   

Nanofiltration (NF) that can separate neutral/charged solutes is considered as a key industrial technology in 
water softening and wastewater treatment. However, commercial polyamide (PA) NF membranes, with unde-
sirable surface properties and excessive mass transfer resistance, seriously restrict the permeability and are easily 
attached by pollutants. In this study, a novel complex-dissociation regulated interfacial polymerization (CDRIP) 
strategy was proposed to prepare highly permeable polyamide-based (PA-based) NF membranes, in which tannic 
acid (TA)/Ca(II) complex was in situ formed on substrate surface and then dissociated by sodium citrate (SC) after 
interfacial polymerization. Interestingly, SC can not only adjust surface properties of PA, such as hydrophilicity 
and surface charge, but also form water-soluble SC/Ca(II) complexes for constructing additional transport 
channels within the separation layer to reduce mass transfer resistance. After the dissociation of TA/Ca(II) 
complex, TA remained on the membrane surface to further regulate the surface properties of separation layer. 
The results showed that the PA/TA/Ca(II)-SC NF membrane maintained a high Na2SO4 rejection (98.5 %) and a 
remarkable water permeability of 31.7 L⋅m− 2⋅h− 1⋅bar− 1, which is 2-fold that of the pristine PA NF membrane. 
Moreover, the prepared NF membrane exhibits favorable operation stability and anti-fouling ability. Therefore, 
by employing the CDRIP method, the permeability of NF membrane can be further improved almost without 
sacrificing the rejection of Na2SO4, which provides a green and efficient strategy for the fabrication of high- 
performance PA-based NF membranes.   

1. Introduction 

Membrane separation technology, as a key industrial technology, is 
attracting emerging interests in alleviating global energy/environ-
mental crisis [1,2]. Nanofiltration (NF) membrane has been increasingly 
explored in wastewater treatment, water softening and water purifica-
tion by virtue of its size sieving and charge repulsion [3,4]. Among these 
applications, the removal of Na2SO4 with NF membranes is being widely 
used to avoid health hazards in drinking water and prevent scaling in 
industrial equipment [5,6]. The most common commercially available 
NF membranes are polyamide (PA) prepared by interfacial polymeri-
zation. However, it presents a huge challenge to further enhance the 
water permeance of NF membranes while retaining admirable selec-
tively rejection of target solute. Unfortunately, there are two factors that 
severely restrict the improvement of membrane permeability. One is the 
undesirable surface properties of PA membrane, such as the weak sur-
face hydrophilicity and the less surface charge, which are not strong 

enough to attract water molecules and repulsive to charged solutes 
[7,8]. The other is the dense crosslinked structure and excessive mass 
transfer resistance of PA, which hinders the rapid permeation of water 
molecules. Therefore, it is indispensable to develop efficient strategies to 
prepare high-permeability NF membranes through focusing on both 
membrane structure and surface properties to achieve sustainable task- 
specific separation. 

In recent years, many researchers focused on surface modification 
technologies relying on the active groups (residual acyl chloride groups, 
carboxyl groups and amide bonds) on the surface of PA membrane [3]. 
Most commonly, some hydrophilic materials, such as amines [9–11], 
ionic liquids [7,12], alcohols [13,14] and zwitterions [15,16], are 
grafted onto PA membrane through covalent bonds. Although the 
permeability of membrane can be improved to varying degrees by the 
above hydrophilic modification methods, it is still limited by the mass 
transfer resistance of the intrinsic PA membrane structure. In order to 
reduce mass transfer resistance, many strategies, such as reducing 
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thickness [17,18], constructing extra water transport channels [19,20], 
and increasing effective permeable area [21,22] of the PA layer, have 
shown positive signs in improving the permeability of NF membrane. 
Considering that the ultra-thin PA membranes possess high permeability 
but are easily damaged, the construction of extra transport channels 
within the PA layer may present extraordinary potential in facilitating 
the rapid passage of solvents. In general, the incorporation of porous/ 
embedded nanomaterials could provide the internal channels of nano-
material or the external channels between nanomaterial and PA matrix, 
inducing the transport of solvents through the preferential channels 
[23]. Although various applications of porous materials have been 
developed and shown potential in water remediation [24–26]. However, 
there are still some obstacles to the introduction of nanomaterials, such 
as poor compatibility [23], potential leaching [27] and nanomaterial 
toxicity [28]. 

Tannic acid (TA), a kind of plant polyphenol, contains catechol 
active groups, which can not only coordinate with metal ions [29,30], 
but also interact with the membrane through covalent or non-covalent 
bonds [31,32], thus it is considered as a promising natural material 
for membrane modification. For instance, Guo et al. prepared separation 
layers of polyamide/polyester/chelate structure by interfacial poly-
merization with the assistance of TA and Fe3+, and then soaked the 
membrane in NaOH solution for etching polyester structure to obtain 
loose NF membranes [33]. It’s worth noting that the mass transfer 
resistance of the separation layer decreased greatly after etching poly-
ester structure, accompanied by the phenomenon that TA can still 
regulate the properties of the membrane, such as enhancing the inter-
face interaction between substrate and separation layer. Therefore, 
instead of etching the polyester, we hypothesized that the dissociation of 
chelate structure can also reduce the mass transfer resistance of the 
separation layer by constructing transport channels. Meanwhile, TA 
remained on the membrane after the dissociation of TA complex may 
continue to act on the PA membrane. Sodium citrate (SC), as a hydroxyl 
carboxylate, has strong metal coordination ability [34] and high hy-
drophilicity [35]. Recently, researchers have gradually noticed that the 
hydrophilicity of SC/citric acid can be used in the surface modification 
of membranes [35,36]. Furthermore, the SC/Ca(II) complexes are water- 
soluble, exhibiting great potential in building transport channels inside 
the membrane. However, to the best of our knowledge, the application 
of SC as a strong organic ligand to dissociate metal complexes has not 
been reported for membrane modification. 

Herein, we propose a complex-dissociation regulated interfacial 
polymerization (CDRIP) strategy that TA/Ca(II) complex was in situ 
formed on the surface of polyacrylonitrile (PAN) ultrafiltration mem-
branes and then dissociated by SC after interfacial polymerization for 
the preparation of highly permeable PA/TA/Ca(II)-SC NF membranes. 
The dissociation of TA/Ca(II) complexes directly reduces the mass 
transfer resistance of membrane, and forms additional transport chan-
nels to promote the preferential transport of solutes. Besides, some 
surface properties of PA/TA/Ca(II)-SC NF membranes, mainly including 
hydrophilicity and surface charge, were enhanced by SC and TA. 
Furthermore, the separation performance of NF membrane was inves-
tigated by changing the content of Ca2+, the concentration and the post- 
treatment time of SC. Moreover, the operation stability and antifouling 
performance of the prepared NF membrane were evaluated. The aim of 
this work is to elucidate the influences of the TA/Ca(II) complex disso-
ciated by SC on the structure and surface properties of PA-based NF 
membrane, as well as the relationship between membrane structure- 
surface properties-separation performance. 

2. Experimental 

2.1. Materials and chemicals 

Commercial polyacrylonitrile (PAN, Mw = 150 kDa) ultrafiltration 
membranes were supplied by Shandong Megavision Membrane 

Technology Engineering Co., ltd. Sodium acetate (1 M, pH = 5) and Tris 
(hydroxymethyl)-aminomethane (Tris-HCl, 1 M, pH = 8.5) buffers were 
purchased from Senbeijia Biological Technology Co., ltd. Tannic acid 
(TA, AR), Piperazine (PIP, 99 %, AR) and trimesoyl chloride (TMC, 99 
%, AR) were provided from Aladdin Chemical Co. ltd. Sodium citrate 
(SC, 98 %, AR) and Bovine serum albumin (BSA, 98 %, AR) were bought 
from Shanghai Macklin Biochemical Technology Co., ltd. Various inor-
ganic salts (Na2SO4, MgSO4⋅7H2O, MgCl2⋅6H2O, NaCl and CaCl2, AR) 
and n-hexane (AR) were obtained from Tianjin Kemiou Chemical Re-
agent Co. ltd. Diethylene glycol (DEG, 106 Da) and polyethylene glycol 
(PEG) of different molecular weights (200, 400, 600 and 1000 Da) were 
bought from Sinopharm Chemical Reagent Co., ltd. All of the chemical 
materials were used directly without further purification. 

2.2. Pretreatment of substrate 

Prior to interfacial polymerization, the polyacrylonitrile (PAN) sub-
strates were immersed in deionized water for about 12 h. Next, 0.1 g 
tannic acid (TA) powder was dissolved in 100 mL Tris-HCl buffer solu-
tion (50 mM, pH = 8.5) to prepare 1 mg/mL TA solution. Then, the PAN 
substrate was wiped off and fixed on a fixture. Immediately, the TA 
solution was poured onto the top surface of PAN substrate and then put 
the fixture with a fixed shaking rate of 60 rpm at room temperature. 
After 1 h, the soaked PAN substrate was cleaned twice with deionized 
water and heated for 10 min in an oven at 60 ◦C. For clarity, the PAN 
substrate pretreated by TA is named PAN-TA substrate. 

2.3. Interfacial polymerization and post-treatment 

The preparation process of PA/TA/Ca(II)-SC NF membrane is shown 
in Fig. 1. 0.05 g anhydrous calcium chloride (CaCl2) and 0.25 g piper-
azine (PIP) were dissolved successively in 99.7 g sodium acetate buffer 
solution (50 mM, pH = 5) to prepare aqueous phase solution. The 
organic phase solution containing 0.1 wt% trimesoyl chloride (TMC) 
was prepared by dissolving 0.1 g TMC into 99.9 g n-hexane. In this case, 
the aqueous phase solution was soaked on the upper surface of the 
substrate and stood for 30 min. Then, the aqueous phase solution was 
poured out, and the membrane was dried at room temperature to obtain 
the PAN-TA-(PIP-CaCl2) substrate. After that, the organic phase solution 
was poured onto the PAN-TA-(PIP-CaCl2) substrate for 30 s. The mem-
brane was immediately transferred to an oven at 60 ◦C for 5 min to make 
the reaction more complete and to remove the residual n-hexane. After 
heating, the membrane was immersed in 1 wt% sodium citrate (SC) 
solution for post-treatment, and then stored in deionized water for 
reserve. The membrane is labelled as PA/TA/Ca(II)-SC NF membrane. 
As a supplement, the content of Ca2+ (0–0.1 wt%), the concentration 
(0–10 wt%) and post-treatment time (1–12 h) of SC were optimized, 
respectively. On the contrary, after heating, the membrane without SC 
post-treatment was retained in deionized water to remove incomplete 
acyl chloride, which is referred as PA/TA/Ca(II) NF membrane. For 
comparison, the traditional polyamide (PA) NF membrane was obtained 
by PIP and TMC interfacial polymerization without CaCl2 under the 
same conditions, which is denoted as PA NF membrane. In addition, the 
PA NF membrane was immersed in SC solution to obtain PA-SC NF 
membrane. 

2.4. Characterization methods 

In order to investigate the interaction between Ca2+, TA and SC, the 
characteristic peaks of TA in three solutions (TA, TA-Ca2+ and TA-Ca2+- 
SC) were measured using a UV–vis spectrometer (UV-4802S, Unico, US). 
The surface chemical compositions of membranes were characterized by 
Attenuated total reflectance-Fourier transform infrared spectroscopy 
(ATR-FTIR, Nicolet 6700, US) and X-ray photoelectron spectra (XPS, 
Thermo Scientific K-Alpha, US). The morphologies of the membranes 
were measured using a scanning electron microscopy (SEM, Hitachi, 
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Regulus 8100, Japan). The cross-sectional morphologies of the NF 
membranes were further observed by a transmission electron micro-
scope (TEM, JEM-1400Flash, Japan) at an accelerated voltage of 80 kV 
after the membrane being treated by ultrathin section specimens. Sur-
face morphologies and roughness of the membranes were observed by 
atomic force microscopy (AFM, Bruker Dimension Icon, USA) in Sca-
nAsyst mode. The surface hydrophilicity of membrane was visualized on 
a contact angle meter (JC 2000 goniometer, Powereach, China). The 
surface charge on membrane was collected from a SurPASS electroki-
netic analyzer (Anton Paar, USA) at the pH about 7. The organic carbon 
contents of feed and permeate solutions, respectively, were measured 
using a total organic carbon instrument (TOC, Shimadzu, Japan). 

2.5. Separation performance test 

The separation performance of the prepared NF membranes was 
evaluated by the cross-flow mode with a 7.1 cm2 effective membrane 
area. Each membrane samples were prepressed at a pressure of 6 bar for 
0.5 h and held at a steady pressure of 5 bar for 0.25 h before the 
membrane test. The feed concentration of inorganic salt (Na2SO4, 
MgSO4, MgCl2 or NaCl) was 1000 ppm. 

The water flux (J, L⋅m− 2⋅h− 1) was determined by the following Eq. 
(1): 

J = (ΔV)/(A⋅Δt) (1)  

where ΔV is the permeate water volume (L), Δt is the permeation time 
(h), and A represents the effective filtration area (m2). 

The water permeance (L⋅m− 2⋅h− 1⋅bar− 1) was calculated as follows: 

Permeance = J/(ΔP) (2)  

where ΔP is the operating pressure (bar). 
The solute rejection was determined by the following Eq. (3): 

R (%) = (Cf − CP)/Cf × 100% (3)  

where Cf and Cp, measured by a conductivity monitor (DDS-307A, 
Shanghai Leici, China), represent the concentrations of salt in the feed 
solute and permeate solute respectively. 

2.6. Determination of membrane pore size and distribution 

The pore size of NF membrane was determined by filtration of 200 
ppm neutral molecule, including diethylene glycol (DEG, 106 Da) and a 
series of polyethylene glycol (PEG) molecules (molecular weights of 
200, 400, 600 and 1000 Da) [37]. The DEG and PEG concentrations 
were calculated from the contents of total organic carbon (TOC). The 
molecular weight cut-off (MWCO) is the molecular weight of the neutral 
molecule at a rejection rate of 90 %. The Stokes radius of neutral 
molecule can be calculated by the following Eq. (4) [38]: 

rp = 16.73 × 10− 12 × M0.557 (4)  

where M is the molecular weight of neutral molecule, and rp is the Stokes 
radius. 

The average pore radius and distribution of the NF membrane were 

obtained based on a log normal probability function between the 
rejection of solute and rp [39]. The pore radius distribution curve can be 
expressed following the relationship [12]: 

dR
(
rp
)

drp
=

1
rplnσp
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√ exp

[
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)2

2
(
lnσp

)2

]

(5)  

where rp is the pore radius of the NF membrane, μp is the geometric 
mean radius of the neutral solute when R is 50 %. The σp is the geometric 
standard deviation of μp, which is the ratio of neutral solute radius when 
R is 84.13 % and 50 % [40]. 

2.7. Repeatability evaluation 

The repeatability of the NF membranes was measured by filtration 
pure water and Na2SO4 solution (1000 ppm) at 5 bar, respectively. A 
filtration cycle was defined as follows: 30 min filtration for pure water, 
30 min filtration for Na2SO4 solution and 10 min of physical cleaning 
with pure water. The repeatability of the membranes was assessed for 5 
cycles. 

2.8. Antifouling properties evaluation 

In order to ensure that the NF membranes can be tested under the 
same conditions of lateral hydrodynamic characteristics, the initial pure 
water flux of different membranes was consistent by controlling the 
operating pressure before the antifouling experiment [41,42]. The anti- 
fouling performance of the NF membranes was explored as follows: 
firstly, pure water as the feed solution was filtrated the membranes for 3 
h and then the feed solution was changed to bovine serum albumin 
(BSA) for another 7 h. Next, the feed solution was replaced by pure water 
and the contaminants on the membrane were removed through physical 
cleaning without applied pressure. The flux recovery ratio (FRR) and the 
flux decline ratio (FDR) was calculated as follows [43,44]: 

FRR (%) = Jc/J0 × 100% (6)  

FDR (%) = (J0 − Js)/J0 × 100% (7)  

where J0 is the initial flux, Jc is the water flux after washing and Js is the 
steady flux after fouling. 

3. Results and discussion 

3.1. Design of the PA/TA/Ca(II)-SC NF membranes 

At the beginning, we analyzed the interaction between Ca2+, TA and 
SC in solution by the intensity variation of TA characteristic peaks in 
UV–vis absorption spectra (Fig. S1). After the introduction of Ca2+, the 
intensity of TA characteristic peak (275 nm) decreased sharply, corre-
sponding to the lightening of the TA-Ca2+ solution color and the emer-
gence of flocculation at the bottom, confirming the formation of TA/Ca 
(II) complex. This phenomenon is attributed to the fact that TA can 
coordinate with Ca2+ to form stable ring chelates under alkaline con-
ditions by the deprotonated phenolic hydroxyl groups [45–47]. It is 

Fig. 1. Schematic illustration of the fabrication process of PA/TA/Ca(II)-SC NF membrane.  
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similar to the coordination behavior of most phenolic compounds with 
Ca2+. For example, phenolic compounds such as guaiacol and eugenol 
have been extracted by complexation precipitation with Ca2+ [48,49]. 
Interestingly, the intensity of TA characteristic peak almost returned to 
its original value after being poured into SC solution, accompanied by 
the dissolution of flocculation and the restoration of solution color. It 
indicates that SC can dissociate the coordination bond in TA/Ca(II) 
complex to form a more stable and water-soluble SC/Ca(II) complex. It 
provides a new perspective for constructing transport channels in the 
separation layer of NF membrane. Based on this, a novel CDRIP strategy 
was proposed to prepare highly permeable PA/TA/Ca(II)-SC NF mem-
brane. We speculated that the TA/Ca(II) complexes mainly existed be-
tween PA and the substrate, and then dissociated by SC after interfacial 
polymerization to reduce the mass transfer resistance of membranes. 
And beyond that, it is also expected that SC and TA can improve the 
surface properties of PA. 

3.2. Membrane characterizations 

Before coating the organic phase solution, the functional groups of 
the substrate were analyzed by ATR-FTIR spectra in Fig. S2. PAN-TA- 
(PIP-CaCl2) substrate showed a new characteristic peak at 1573 cm− 1 

(-C–N) and a weakened characteristic peak at 3419 cm− 1 (–OH), indi-
cating that TA was involved in Michael addition reaction with PIP [50] 
and also in coordination with Ca2+ [30]. On this basis, the surface 
chemical structures of the substrate and all the prepared NF membranes 
were characterized by ATR-FTIR spectra, as shown in Fig. 2a. Compared 
with PAN substrate, all NF membranes showed new peak at about 
1622–1627 cm− 1, respectively, due to the stretching vibration of C––O 
(amide I band) in PA, proving that PA was successfully formed on the 
surface of the NF membranes [51]. 

To further study the influence of SC post-treatment on membrane 
surface chemistry, the elemental compositions of NF membranes were 
investigated by XPS. In Table 1 and Fig. 2b, Na content of PA-SC NF 
membrane is 0.28 %, which proves that SC can be anchored on the PA 
membrane surface. This is because hydroxyl groups on SC molecules can 

react with residual acyl chloride groups on TMC molecules to form ester 
bonds, which has been reported in the literature [43,52]. At the same 
time, SC may wash away part of PA oligomers with high carboxylic acid 
content, resulting in a decrease of O element content from 14.74 % to 
13.83 % [36]. In addition, the presence of TA/Ca(II) complex on the 
surface of PA/TA/Ca(II) NF membrane was demonstrated, because Ca 
element (0.80 %) was observed and O content increased from 14.74 % to 
19.21 % for the contribution of TA. After SC post-treatment, no Ca 
element was detected in PA/TA/Ca(II)-SC NF membrane, suggesting 
that the complex of TA/Ca(II) on the membrane surface was dissociated 
by SC. Furthermore, EDS characterization of the membrane was carried 
out, and the results showed that no obvious Ca signal was found 
(Fig. S3), indicating that Ca2+ was completely released from the PA/TA/ 
Ca(II)-SC NF membrane. Moreover, Na element (0.65 %) was detected 
on its surface, while the O content increased from 19.21 % to 20.62 % 
when compared with PA/TA/Ca(II) NF membrane. We believe that the 
dissociation of the TA/Ca(II) complex on the membrane surface exposes 
more acyl chloride groups and promotes the anchoring of SC. Fig. 2c–f 
represents the O 1 s high resolution spectra of the prepared NF mem-
brane, in which the two peaks at 531.1 eV and 532.7 eV are attributed to 
N-C––O*/O-C––O* and O––C-O* bonds, respectively [53,54]. For PA-SC 
NF membrane, the ratio of O––C-O* bond decreases from 19.67 % to 
15.69 % after SC post-treatment, confirming that SC indeed washed 
away part of PA oligomers. Compared with PA NF membrane, the O––C- 
O*/C–O*-R bond ratio of PA/TA/Ca(II) membrane increases from 
19.67 % to 34.36 %, which is contributed to the presence of C–O*-R in 
TA/Ca(II) complex on the membrane surface. After SC post-treatment, 

Fig. 2. (a) ATR-FTIR spectra, (b) XPS full scale spectrum and (c-f) O 1 s high resolution spectra of the NF membranes.  

Table 1 
The elemental compositions of the membranes characterized with XPS.  

Sample C (%) O (%) N (%) Na (%) Ca (%) 

PA  75.08  14.74  10.18  –  – 
PA-SC  75.70  13.83  10.19  0.28  – 
PA/TA/Ca(II)  70.63  19.21  9.36  –  0.80 
PA/TA/Ca(II)-SC  70.15  20.62  8.58  0.65  –  
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the ratio of O––C-O*/C–O*-R bond in PA/TA/Ca(II)-SC NF membrane 
increased from 34.36 % to 42.34 %, corresponding to more SC on the 
membrane surface. 

The surface morphologies and roughness of NF membranes were 
studied by SEM and AFM, respectively, as shown in Fig. 3. Normally, 
traditional nodular structures appeared on the surface of PA and PA-SC 
NF membranes, and the average surface roughness (Ra) of PA-SC NF 
membrane increased slightly from 3.9 nm to 4.9 nm. However, the 
nodular structures were distributed in different sizes and the Ra of PA/ 
TA/Ca(II) NF membrane increased from 3.9 nm to 6.1 nm, which is 
related to the influence of TA/Ca(II) complex on the formation of PA. 
The presence of TA/Ca(II) complex can be proved by SEM to charac-
terize the surface and cross section morphology of the substrate 
(Fig. S4), and the color change of the substrate can be observed (Fig. S5). 
After SC post-treatment, PA/TA/Ca(II)-SC membrane exhibited a larger 
nodular structure with a corresponding increases in Ra from 6.1 nm to 
11.4 nm, which may be attributed to the fluctuation of the separation 
layer caused by the dissociation of TA/Ca(II) complex. 

Fig. 4 shows the cross-sectional structures of NF membranes 
observed by SEM and TEM, respectively. For PA-SC NF membrane, the 
thickness of separation layer is about 75 ± 4 nm, slightly thinner than 
PA NF membrane (80 ± 5 nm). For PA/TA/Ca(II) NF membrane, some 
large nodular structures are visible on its surface by reason of the TA/Ca 
(II) complex on the substrate surface. Besides, the separation layer 
thickness of PA/TA/Ca(II) membrane (58 ± 8 nm) is thinner than that of 
PA membrane (80 ± 5 nm), mainly because the introduction of TA in-
creases the hydrophilicity of the substrate and promotes the uniform 
dispersion of PIP, and the Michael addition of TA and PIP impedes the 
diffusion of PIP and slows down the interfacial polymerization [55–57]. 
For PA/TA/Ca(II)-SC membrane, notably, hollow structures appear 
mostly between the separation layer and the substrate and partly in the 
PA. It can be explained by the dissociation of the water-insoluble TA/Ca 
(II) complex to form the water-soluble SC/Ca(II) complex, and the 
partial space occupied by the original TA/Ca(II) complex is vacated. The 
dissociation of TA/Ca(II) complexes mainly existing between PA and 
substrate will directly reduce the mass transfer resistance of the mem-
brane, while the dissociation of partially dispersed complexes in PA 
layer will form additional transport channels to promote solute prefer-
ential transport, which is considered beneficial to the improvement of 
water permeability. Furthermore, the hollow structure also increases the 
effective permeable area of the membrane and has been reported to 
facilitate the penetration of water molecules [58]. Moreover, the 
thickness of the separation layer (50 ± 6 nm) is thinner than PA/TA/Ca 
(II) NF membrane, which is considered to be the shedding of PA 

oligomers on the surface. 
The hydrophilicity and surface zeta potential of the NF membranes 

were characterized to investigate the influence of SC post-treatment on 
membrane surface properties, as shown in Fig. 5a and b. Compared with 
PA NF membrane, PA-SC NF membrane displays smaller water contact 
angle (47.3◦) and more negative surface zeta potential (-44.6 mV) at pH 
= 7.0, indicating SC molecules anchored on the membrane surface can 
enhance the hydrophilicity and surface negative charge of the mem-
brane, because the ionization degree of SC is higher than that of car-
boxylic acid [35]. For PA/TA/Ca(II) NF membrane, the water contact 
angle (54.4◦) is similar to that of PA NF membrane, but the surface zeta 
potential is more negative (-47.5 mV) than that of PA NF membrane 
(-42.4 mV). It corresponds to the situation that TA exists on the mem-
brane surface in the form of TA/Ca(II) complex, which can not signifi-
cantly upgrade the surface hydrophilicity of the membrane. But the 
phenolic hydroxyl groups on TA after deprotonation can enhance the 
electronegativity of the membrane [54,59]. However, compared with 
PA/TA/Ca(II) NF membrane, the water contact angle of PA/TA/Ca(II)- 
SC NF membrane decreased from 54.4◦ to 43◦, even lower than that of 
PA-SC NF membrane. This can be explained by the synergistic effect of 
two factors: more hydrophilic groups of TA are exposed after the 
dissociation of Ca2+ and more SC molecules anchored on the membrane 
surface, which comprehensively improves the hydrophilicity of the 
membrane. Besides, the surface zeta potential of PA/TA/Ca(II)-SC NF 
membrane (-45.9 mV) is less negative than that of PA/TA/Ca(II) NF 
membrane. The reason for this phenomenon is that some TA may fall off 
from the membrane accompanied by the dissociation of Ca2+, reducing 
the content of charged groups on the membrane surface. Notably, the 
characteristic peak of TA (275 nm) in SC solution after soaking PA/TA/ 
Ca(II) NF membrane was detected by UV–vis absorption spectra 
(Fig. S6). Furthermore, the surface zeta potential of PA/TA/Ca(II)-SC NF 
membrane is more negative than PA and PA-SC NF membrane caused by 
the presence of TA and SC on the membrane surface, which will enhance 
the rejection of negatively charged solutes. Moreover, it can be seen that 
all the NF membranes are negatively charged in the pH range of 4–10. 
When the pH value is less than 5, the amounts of amino groups 
remaining on the membrane before and after SC post-treatment should 
be the same, resulting in similar charge properties. With the increase of 
pH, the ionization of carboxylic acid is enhanced, showing stronger 
electronegativity, which is beneficial to improve the rejection of diva-
lent anions. When the pH value is greater than 6, the ionization of car-
boxylic acid is basically completed, and the charge property of 
membrane tends to be stable, which is consistent with the literature 
[12]. 

Fig. 3. SEM and AFM surface morphologies of the NF membranes.  
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In order to explore the pore structure of membrane, the molecular 
weight cut-off (MWCO) of NF membranes were tested by intercepting 
DEG and PEG of different molecular weights, as shown in Fig. 5c. 
Compared with PA NF membrane, the MWCO of PA-SC NF membrane 
increased from 290 Da to 322 Da, which corresponded to a mean pore 
radius of about 0.27 nm (Fig. 5d) [60]. Besides, the MWCO of PA/TA/Ca 
(II) NF membrane is 307 Da, yielding mean pore radius of 0.26 nm, 

which is close to that of PA NF membrane. In particular, the MWCO of 
PA/TA/Ca(II)-SC NF membrane is increased to 522 Da, and its mean 
pore radius is about 0.29 nm. Furthermore, the pore radius distribution 
of PA/TA/Ca(II)-SC NF membranes is wider (Fig. 5d). This phenomenon 
can be interpreted as that the dissociation of Ca2+ constructs additional 
channels in the separation layer of PA/TA/Ca(II)-SC NF membrane, 
which may promote the solute transport. 

Fig. 4. SEM and TEM cross-sectional morphologies of the NF membranes.  

Fig. 5. (a) Static water contact angles, (b) surface zeta potential (examined with 0.01 M KCl solution), (c) rejection curves to DEG and PEG with different molecular 
weight and (d) surface pore radius distribution of the NF membranes. 
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3.3. Desalination performance of PA/TA/Ca(II)-SC NF membranes 

The pure water flux and the rejection rate of Na2SO4 (1000 ppm) of 
the NF membranes were characterized as shown in Fig. 6a. Compared 
with PA NF membrane, the pure water flux of PA-SC NF membrane is 
slightly increased from 15.9 L⋅m− 2⋅h− 1⋅bar− 1 to 19.1 L⋅m− 2⋅h− 1⋅bar− 1, 
and the Na2SO4 rejection is reduced from 99.6 % to 99.2 %, revealing 
that SC can slightly improve the permeability of the membrane (about 
20 %). Besides, for PA/TA/Ca(II) NF membrane, the pure water flux is 
about 12.0 L⋅m− 2⋅h− 1⋅bar− 1, which is lower than that of PA NF mem-
brane, and the rejection rate of Na2SO4 is about 99.7 %. However, the 
pure water flux of PA/TA/Ca(II)-SC NF membrane is significantly 
increased to 31.7 L⋅m− 2⋅h− 1⋅bar− 1, which is equivalent to 2.6 times that 
of PA/TA/Ca(II) NF membrane. It is noteworthy that the permeation 
flux of PA/TA/Ca(II)-SC NF membrane is 2-fold of PA NF membrane, 
proving that this CDRIP strategy can significantly improve the mem-
brane permeability. Combined with the reaction mechanisms and 
structure models of membranes (Figs. S7–S9), it is considered that the 
two factors act together to obtain high permeability by this CDRIP 
strategy. First and foremost, the dissociation of TA/Ca(II) complex 
directly reduces the mass transfer resistance and promotes the rapid 
transport of water molecules, which includes the construction of addi-
tional transport channels and the expansion of pore size [57,61]. Sec-
ondly, the improvement of surface hydrophilicity benefited from the 
anchoring of SC also facilitates the transport of water molecules [35]. 
Meanwhile, the rejection rate of PA/TA/Ca(II)-SC NF membrane to 
Na2SO4 is still up to 98.5 %, which is determined by the synergistic effect 
of size sieving and Donnan exclusion. In order to explain this phenom-
enon, the schematic illustration of separation mechanism is com-
plemented in Fig. S10 of the supporting information, reflecting that the 
enhancement of membrane surface negative charge plays an important 

role in partially offset the rejection loss caused by pore size expansion. 
Besides, the effect of Ca2+ concentration on the separation perfor-

mance was discussed in Fig. 6b, since the content of Ca2+ was considered 
to be directly related to the degree of complexation and dissociation of 
TA/Ca(II). The pure water flux of PA/TA/Ca(II)-SC NF membrane kept 
increasing from 11.3 L⋅m− 2⋅h− 1⋅bar− 1 to 52.6 L⋅m− 2⋅h− 1⋅bar− 1 when the 
content of Ca2+ increased from 0 wt% to 0.1 wt%. Unfortunately, the 
rejection rate of Na2SO4 declined to 95.7 % when the content of Ca2+

reached 0.1 wt%. It can be explained that excessive Ca2+ not only 
participated in the formation of TA/Ca(II) complex, but also promoted 
the hydrolysis of TMC and formed loose PA membrane, which has been 
reported by previous studies [62,63]. Therefore, the concentration and 
soaking time of SC solution were further investigated when the content 
of Ca2+ was controlled at 0.05 wt%. Next, the influence of SC concen-
tration on the separation performance was explored in Fig. 6c. With the 
increase of SC solution concentration, the pure water flux of the PA/TA/ 
Ca(II)-SC NF membrane showed an upward trend. However, when SC 
concentration continued to increase to 10 wt%, the rejection rate of 
Na2SO4 decreased sharply, so that 1 wt% SC concentration was selected 
to further analyze the influence of SC post-treatment time on the sepa-
ration performance as shown in Fig. 6d. With the increase of SC post- 
treatment time from 1 h to 12 h, the pure water flux of the PA/TA/Ca 
(II)-SC NF membrane tended to be stable when it reached 6 h, indi-
cating that the TA/Ca(II) complex was basically dissociated at this time. 

Fig. 7a and b display the salt flux and salt rejection of PA and PA/TA/ 
Ca(II)-SC NF membrane for different inorganic salt solutions. It can be 
seen that the Na2SO4 flux of PA/TA/Ca(II)-SC NF membrane is 24.7 
L⋅m− 2⋅h− 1⋅bar− 1, far higher than PA NF membrane (11.7 
L⋅m− 2⋅h− 1⋅bar− 1), and the fluxes of the other three salts keep a similar 
trend. For PA NF membrane, the salt rejection follows the order of 
Na2SO4 (99.6 %) > MgSO4 (97.7 %) > MgCl2 (50.3 %) > NaCl (41.7 %), 

Fig. 6. Separation performance of the membranes. (a) The pure water flux and the rejection of Na2SO4 of NF membranes. (b-d) The effects of Ca2+ content, SC 
concentration and SC post-treatment time on the filtration performance of the PA/TA/Ca(II)-SC NF membrane. 
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determined by the synergistic effect of size sieving and strong Donnan 
exclusion [64,65]. The detailed explanation is as follows: the mean 
effective pore radius (rp = 0.260 nm) of PA NF membrane is smaller than 
that of hydrated salt ions (Mg2+=0.428 nm, SO4

2− =0.379 nm, 
Na+=0.358 nm, Cl− =0.332 nm) [66], and its corresponding geometric 
standard deviation (σp) is 1.233, which means that dehydration 
behavior is required for hydrated ions to transport across the membrane 
[67]. Due to steric effect, Mg2+ with larger radius of hydrated ions is 
more difficult to dehydrate through the membrane than Na+, so the 
rejection rate of MgCl2 is higher than that of NaCl, indicating that size 
sieving plays a major role in this process [7]. Meanwhile, for the nega-
tively charged PA NF membrane (-42.4 mV), the rejection rate of MgSO4 
is higher than that of MgCl2 due to the strong electrostatic repulsion of 
SO4

2− [8]. However, for PA/TA/Ca(II)-SC NF membrane, the rejection 
rate of MgCl2 (28.5 %) is lower than that of NaCl (33.2 %), with larger 
pores (rp = 0.289 nm, σp = 1.575) and more negative charge (-45.9 mV), 
which makes it more attractive to Mg2+ and promotes the passage of 
MgCl2 and has also been reported in our previous work [54]. 

In order to compare the stability of PA/TA/Ca(II)-SC and PA NF 
membrane in the separation process, Na2SO4 solution (1000 ppm) was 
used as the feed solution and the membranes were continuously oper-
ated for 48 h at 5 bar (Fig. 7c). It can be found that the salt flux and salt 
rejection remained stable, performing good operation stability of PA/ 
TA/Ca(II)-SC NF membrane. In addition, the PA/TA/Ca(II)-SC NF 
membrane still showed excellent separation performance when the pH 
range of feed solution was 5–9 (Fig. S11). 

Furthermore, the repeatability of membranes, as one of the most 
important parameters determining economic viability, was also evalu-
ated in Fig. S12. After five cycles, the pure water flux of PA/TA/Ca(II)- 
SC NF membrane was still up to 150 L⋅m− 2⋅h− 1 while the Na2SO4 
rejection rate remained above 98 % at a pressure of 5 bar, showing good 

repeatability. Subsequently, it can be inferred that the separation layer 
outside the hollow structure was depressed during the filtration process 
according to the circle structure on the surface of PA/TA/Ca(II)-SC NF 
membrane (Fig. S13), but this behavior did not destroy the separation 
effect based on the separation performance of the membrane. Moreover, 
the antifouling performance of PA/TA/Ca(II)-SC and PA NF membrane 
tested with deionized water and 500 ppm BSA solution at 5 bar, 
respectively (Fig. 7d). After 3.5 cycles, the PA/TA/Ca(II)-SC NF mem-
brane showed higher FRR (91.6 %) and lower FDR (25.9 %) than that of 
PA NF membrane (Fig. S14). These results demonstrated that the 
anchoring of SC molecules can enhance the antifouling performance of 
PA/TA/Ca(II)-SC NF membrane and reduce the attachment of pollutants 
by improving the hydrophilicity of the membrane surface [43]. 

We also compared the separation performance of the PA/TA/Ca(II)- 
SC NF membrane, commercial NF membranes and other surface modi-
fied PA-based NF membranes reported in the literature as shown in 
Fig. 8a and Table S1. Apparently, the PA/TA/Ca(II)-SC NF membrane 
designed by this CDRIP strategy displays remarkable advantages in 
terms of permeability and selectivity. Moreover, we explored the in-
fluence of SC on the structure and separation performance of PA/TA NF 
membrane in Fig. S15 and Fig. S16, and further verified that SC mainly 
improves the membrane permeability by dissociating TA/Ca(II) com-
plex in the preparation of PA/TA/Ca(II)-SC NF membrane. Finally, we 
summarized the interaction of TA, Ca2+ and SC, during complexation 
and dissociation processes, as well as the regulation of the structure and 
surface properties of PA-based NF membrane, as shown in Fig. 8b. The 
synergistic effect of reducing mass transfer resistance and improving 
surface properties enhances membrane separation performance, and is 
dedicated to the tailored design of high permeability NF membranes. 

Fig. 7. (a-b) Salt flux and salt rejection of PA and PA/TA/Ca(II)-SC NF membranes. (c) Stability performance of PA and PA/TA/Ca(II)-SC NF membranes tested with 
Na2SO4 solution (1000 ppm) for 48 h at 5 bar. (d) Antifouling performance of PA and PA/TA/Ca(II)-SC NF membranes tested with pure water and 500 ppm BSA 
solution, respectively. 
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4. Conclusions 

In this work, we developed a green and efficient CDRIP strategy to 
prepare highly permeable NF membranes by in situ forming TA/Ca(II) 
complexes on substrate surfaces and dissociating them by SC after 
interfacial polymerization. SC anchored on the surface of PA membrane 
as well as formed water-soluble SC/Ca(II) complexes to release Ca2+

from PA/TA/Ca(II)-SC NF membrane. Additionally, TA remained on the 
membrane surface after the dissociation of TA/Ca(II) complex, thereby 
further enhancing hydrophilicity and surface negative charge. The 
optimal PA/TA/Ca(II)-SC NF membrane was prepared after being 
soaked in 1 wt% SC solution for 6 h when the Ca2+ content was 0.05 wt 
%. As a result, the PA/TA/Ca(II)-SC NF membrane exhibited a high 
Na2SO4 rejection (98.5 %) and an outstanding water permeability of 
31.7 L⋅m− 2⋅h− 1⋅bar− 1, which was 2-fold that of the pristine PA NF 
membrane. It also possessed remarkable advantages in terms of 
permeability and selectivity compared with commercial NF membranes 
and the other surface modified PA-based NF membranes published in 
the literature. The excellent separation performance of this NF mem-
brane can be explained by the synergistic effect of the reduced mass 
transfer resistance and improved surface properties of the PA layer. 
Moreover, the PA/TA/Ca(II)-SC NF membrane maintained good oper-
ation stability and anti-fouling performance. This study paves a prom-
ising strategy to fabricate high-permeability PA-based NF membranes. 
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