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Abstract

Nanofiltration (NF) technology has emerged as a promising water treatment technology
owing to its low energy consumption and high water flux. However, conventional neg-
atively charged NF membranes are incapable of satisfying the demands of hard water
softening, and severe membrane fouling still acts as a critical bottleneck limiting their
practical application. Herein, a novel dual-polymer cross-linking strategy is developed to
construct positively charged sieving layers on ultrafiltration substrates through a one-step
coating and thermal curing approach, in which zwitterionic polyethyleneimine (QSPEI) and
polyacrolein (PA) serve as dual building blocks. The interpenetrating covalent cross-linking
network between QSPEI and PA macromolecules forms a compact and stable separation
layer, enabling the successful fabrication of high-performance composite NF membranes.
Under optimal preparation conditions, the obtained membrane exhibits a high MgCl2
rejection of 95.1% and an excellent pure water permeance of 10.9 L·m−2·h−1·bar−1, while
maintaining a high flux recovery rate of 91.0% against 100 ppm BSA fouling. The promi-
nent antifouling performance, comparable to that of typical zwitterionic NF membranes,
originates from the coexisting positive and negative charges on QSPEI chains induced by
quaternization and sulfonation modification. Meanwhile, the dense cross-linked network
endows the membrane with outstanding separation efficiency toward both monovalent
and divalent cations. This work provides a feasible fabrication strategy for advanced NF
membranes with synergistic separation and antifouling performance, possessing great
application potential in water softening and ion separation.

Keywords: nanofiltration membranes; quaternary ammonium–sulfonation modification;
polyethyleneimine; polyacrolein; fouling resistance

1. Introduction
Compared with traditional water treatment technologies such as MF and UF, nanofil-

tration membranes have demonstrated significant practical value in fields such as wastew-
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ater recovery and desalination, owing to their advantages of low energy consumption
and high water permeance [1–3]. In practical applications, conventional nanofiltration
membranes often suffer from low surface hydrophilicity, unsatisfactory charge stability
and poor antifouling mechanisms. As a result, organic matter readily adsorbs onto the
membrane surface, leading to fouling and rapid permeance decay, which severely limits
membrane separation efficiency and long-term operational stability [4–6]. Consequently,
the development of nanofiltration membranes that combine high salt-separation capability
with excellent antifouling performance [7–9] has become a key research focus in the field of
membrane separation, attracting increasing attention from researchers.

Positively charged nanofiltration membranes rely on the Donnan effect and size-
sieving effect to efficiently remove divalent cations from water, and are of great value in
fields such as hard water softening. Interfacial polymerization is currently the most widely
used method for membrane preparation [10–12]. Yang Zhao et al. [13] synthesized the bis-
quaternary-ammonium modifier MDTAB (1-methyl hydrazide-3,5-dibenzyl trimethyl am-
monium bromide), which was grafted onto polyamide nanofiltration membranes through
an amidation reaction between amino groups and acyl chloride groups on the membrane
surface, so as to increase the surface positive-charge density and realize efficient Mg2+

rejection. Jun Xiang et al. [14] prepared QPEI by quaternizing PEI, and fabricated loose
positively charged nanofiltration membranes via interfacial polymerization with TMC.
The resultant membranes feature high permeate flux, and over 98% rejection for dyes and
divalent cations, and can treat cationic-dye-containing wastewater with stable operation
performance. Zhe Wang et al. [15] synthesized the tri-quaternary-ammonium monomer
QPMDETA using PMDETA (pentamethyldiethylenetriamine) and 2-bromoethylamine hy-
drobromide, and modified PEI-based nanofiltration membranes by secondary interfacial
polymerization. These modifications improved the surface positive-charge density and
hydrophilicity of membranes, and achieved high permeate flux as well as excellent Mg2+

rejection. Nevertheless, interfacial polymerization still possesses inherent limitations. Its
ultra-fast reaction kinetics can easily induce inhomogeneous membrane structures un-
der minor process disturbances. Furthermore, the preparation relies on volatile organic
solvents with low monomer utilization, which tends to bring about resource waste and
environmental pollution. Therefore, non-interfacial-polymerization fabrication strategies
have drawn increasing attention.

The one-step cross-linking coating method stands out as one of the most competi-
tive alternatives to interfacial polymerization (IP). As reported in representative studies,
glutaraldehyde (GA) is frequently employed as a cross-linking agent for nanofiltration
membrane preparation owing to its high reactivity [16–18]. However, as a small-molecule
aldehyde, GA is highly toxic and volatile, which means that it can easily cause secondary
pollution [19,20]. In addition, multi-step coating suffers from cumbersome operation,
uneven membrane thickness and poor batch-to-batch reproducibility [21].

In comparison, the one-step aqueous dual macromolecule cross-linking coating
method has prominent advantages. With only one coating–curing cycle, the aqueous
system is eco-friendly and safe, and the simple process can be easily scaled up. It allows
flexible membrane structure regulation to minimize defects and mitigate coating inho-
mogeneity in multi-step procedures. However, limited by the types of available reactive
macromolecules, substantial breakthroughs remain absent. Nevertheless, constrained by
the limited variety of reactive macromolecules, no remarkable breakthrough has been
achieved to date. With advances in polymer science, amino polymers combining function-
ality, high reactivity, easy accessibility and modifiability, such as PEI, poly(allylamine), and
poly(vinylamine), can be fabricated at scale. Utilizing the amino groups in these macro-
molecules provides new opportunities for developing positively charged NF membranes
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based on macromolecular coatings. Small-molecule cross-linkers such as GA can cross-link
these amino polymers to form nanofiltration membranes [22,23]. However, significant
challenges still remain regarding the structural homogeneity, water flux, and environmental
performance during the fabrication of such nanofiltration membranes. By comparison with
GA-like cross-linkers, macromolecular cross-linking agents are non-volatile under heat
treatment, have low toxicity and possess a high cross-linking degree. In the membrane
formation process, the homogeneous dispersion of macromolecules and higher viscosity
in casting solutions make a coating more stabilizable and produce a denser membrane
structure. Therefore, it is of great significance to synthesize macromolecular aldehyde
cross-linking agents and fabricate polyamine-based positive NF membranes. Based on this
background, this study proposes a strategy for fabricating positively charged NF mem-
branes (PEI-PA) by cross-linking PEI with macromolecular aldehyde (poly(acrolein), PA)
(Scheme 1). To overcome the fouling tendency generated by the inherent positive nature
of amine units, the zwitterionic groups were also integrated into the NF membranes via a
simple process. From these attempts, a novel and applicable preparation method should be
expected for the preparation of novel positively charged NFMs.

Scheme 1. (a) Synthesis of PA and zwitterionic PEI; (b) preparation of nanofiltration membranes via
cross-linking of PA and QSPEI.

2. Materials and Methods
2.1. Materials and Reagents

A PES UF membrane (MWCO = 20,000 Da) was purchased from Guo chu Chemical
Co., Ltd. (Xiamen, China). Polyethyleneimine (PEI, Mw = 70,000 Da), 1,3-propanesultone
(1,3-PS), and 2,3-epoxypropyltrimethylammonium chloride (EPTAC) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Methanol, ethanol, diethyl
ether, hydroxylamine hydrochloride, and ethyl acetate were obtained from Shanghai
Aladdin Reagent Co. (Shanghai, China), and used without further purification. Hy-
drochloric acid (HCl), sodium hydroxide (NaOH), sodium chloride (NaCl), calcium chlo-
ride (CaCl2), magnesium sulfate (MgSO4), sodium sulfate (Na2SO4), magnesium chloride
(MgCl2), and bovine serum albumin (BSA) were all of analytical grade and purchased from
Shanghai Chemical Reagent Co., Ltd. (Shanghai, China). Deionized water was used in
all experiments.

2.2. Synthesis of and Characterization of Polyacrolein (PA)

Polyacrolein was prepared by the free-radical polymerization of acrolein monomer
with 2,2′-azobis(2-(2-imidazolin-2-yl)propane) dihydrochloride as the initiator. The reaction
was carried out at constant temperature under nitrogen protection. Upon the completion of
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polymerization, the product was purified and dried to yield the final polyacrolein. Molecu-
lar weight and compositional analysis confirmed that the obtained polymer contained both
aldehyde and vinyl groups. From the peak integrals of the –CHO signal (Ha, 9.75 ppm)
and –CH=CH2 signal (He, 6.52 ppm), the molar ratio of aldehyde moieties to vinyl moieties
was calculated to be 47%:53%. In addition, the relative molecular weight of PA measured
by gel permeation chromatography (GPC) is 25,000 g mol−1. Detailed synthetic procedures
and structural characterizations are available in previous literature [24].

2.3. Synthesis and Characterization of Modified PEIs

Based on the total amine value of PEI 70k (0.0147 mol·g−1) determined by titration,
PEI was subjected to either single quaternization modification or combined quaternization–
sulfonation modification in this study; the preparation process is shown in Scheme 1. For
the single quaternization modification, a 10.0 wt% PEI solution was prepared in methanol;
EPTAC, equivalent to 20% of the total moles of amine groups in PEI, was added, and the
mixture was reacted at 60 ◦C for 2 h to produce QPEI with a quaternization degree of 20%.
For the combined modification, the quaternization pretreatment was first carried out under
the same conditions; an excess of flaky NaOH was then added to neutralize protonated
amino groups in the system and activate the remaining amino groups. Subsequently, 1,3-PS,
equivalent to 20% of the total number of moles of PEI, was added, and the reaction was
continued for 3 h at 60 ◦C. Finally, the modified product, QSPEI, was obtained following
purification with ethyl acetate, centrifugation and drying.

To determine the chemical structure of PEI, Fourier-transform infrared spectroscopy
(FTIR, Bruker Vector-22, Ettlingen, Germany) and 1H nuclear magnetic resonance spec-
troscopy (1H NMR, Bruker Avance 500, Germany) were employed to characterize the
structure of the modified PEI.

2.4. Preparation of Nanofiltration Membranes

First, the PES substrate was immersed in deionized water at 25 ◦C and subjected to
ultrasonic treatment for 15 min to clean the surface. Subsequently, the various modified PEI
aqueous solutions described above were mixed with an equal volume of PA alcohol–water
solution; HCl was added prior to mixing to adjust the pH, and the substrate was secured to
an 8 cm × 8 cm PTFE plate-and-frame assembly, ensuring that its surface remained flat. The
mixture of modified PEI and PA was applied to the substrate membrane by spraying, with
a coating volume of 3.6 mL (1.97 g/m2). Finally, the membrane was heat-treated for 10 min
in an oven at 60 ◦C. The prepared nanofiltration membranes were stored in deionized water
for later use. The membrane prepared from PEI and PA was designated as M0 for use as
a control; the membrane prepared from quaternized PEI and PA was designated as MQ;
and the membrane prepared from quaternized and sulfonated PEI and PA was designated
as MQS.

2.5. Chemical Characterization of Membranes

To identify the chemical composition of the membrane surface, the membrane surface
was analyzed using attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR, Nicolet 6700, Thermo Fisher Scientific Inc., Waltham, MA, USA) and X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific Inc., USA). FESEM
(Hitachi S-4800) and AFM (Atomic Force Microscopy, Cypher ES, Oxford Instruments
Asylum Research, Inc., Santa Barbara, CA, USA) were used to examine the structure
and morphology of the composite nanofiltration separation layer, as well as the surface
roughness of the membrane. A contact angle-measuring instrument (OCA20, Data Physics
Instruments GmbH, Filderstadt, Germany) was used to test the hydrophilicity of the
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membrane surface. A solid-surface zeta potential analyzer was used to determine the zeta
potential of the composite membrane surface within the pH range of 3.0–10.0.

2.6. Pore Size Characterization of NF Membranes

Under conditions of 25 ◦C and 4 bar, PEG with increasing molecular weights was
used as the feed solution to test its rejection. The MWCO of the membrane refers to the
molecular weight corresponding to a PEG retention rate (RPEG, calculated using Equation
(1)) of 90%. The PEG concentration was measured using a total organic carbon analyzer
(TOC-V, Shimadzu, Kyoto, Japan). The Stokes’ diameter (ds, nm) of PEG was calculated
using Equation (2), and the pore size distribution of the nanofiltration membrane was
evaluated using the probability density function in Equation (3) [25–27], where dp (nm) is
the pore size, σp is the ratio of solute diameters at retention rates of 84.13% and 50%, and
µp (nm) is the mean effective diameter corresponding to the size of a neutral solute at a
rejection of 50%.

RPEG =

(︄
1 −

TOCpermeate

TOCfeed

)︄
× 100% (1)

ds = 33.46 × 10−3 × M 0.557 (2)

dR(dp)
ddp

=
1√

2πdplnσp
exp

[︄
−
(︁
lndp − lnµp

)︁2

2
(︁
lnσp

)︁2

]︄
(3)

2.7. Membrane Separation Performance Tests

The separation performance of the nanofiltration membrane was tested using an
ultrafiltration cup. The separation operating pressure was maintained at 4 bar throughout,
the feed solution was kept at a constant temperature of 25 ◦C, and the stirring speed of
the magnetic stirrer in the ultrafiltration cup was fixed at 600 rpm. Prior to testing, the
nanofiltration membrane was pre-pressurized with ultrapure water at 5 bar for 1 h to ensure
membrane stability. The water permeability was calculated using Equation (4) [28–30].

Jw = ∆V/(PA∆t) (4)

In the formula, Jw represents the water permeability (L·m−2·h−1·bar−1), ∆V denotes
the volume of permeate (L), P refers to the operating pressure during the test (bar), A is the
effective membrane area (1.256 × 10−3 m2), and ∆t is the filtration time (h). The retention
rate of nanofiltration membranes for divalent salts was tested using the same apparatus.
The salt concentration throughout the test was 1000 ppm.

The salt retention rate of a nanofiltration membrane is calculated using
Equation (5) [31,32].

R = (1 − Cp/Cf) × 100% (5)

where Cp represents the concentration of the permeate, whilst Cf represents the concen-
tration of the solute in the feed. The solutions were analyzed for conductivity (DDS-11A,
Shanghai Leizhi Instrument Co., Ltd., Shanghai, China). Each membrane was tested three
times, and the average value was taken as the result.

2.8. Antifouling Performance Test

First, the membrane was pre-compacted with deionized water for 5 h, followed by
testing with a 100 ppm BSA solution for 5 h. This procedure is defined as one filtration
cycle. Each nanofiltration membrane will undergo 2.5 filtration cycles. After each cycle, the
nanofiltration membrane is rinsed with deionized water for 1 h. The relative flux recovery
(Jr) is calculated using the following Equation (6) [33,34]:
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Jr = Jt/J0 (6)

Here, J0 and Jt represent the permeability at the start of filtration and the hourly
permeability, respectively.

2.9. Stability Test of Nanofiltration Membranes

The ultrafiltration cup was used to evaluate the membrane stability. For the long-
term stability test, the operating pressure was set at 4 bar. After 1 h of pre-pressurization,
the permeate flux and rejection were calculated according to Equations (4) and (5). The
membrane performance was then measured every 20 h. For the pressure resistance test, the
operating pressure was gradually increased from 1 bar to 5 bar. The system was stabilized
for 30 min at each pressure, and the variations in pure water flux and rejection were
recorded. For the backwashing test, after the membrane was pre-pressurized and stabilized
at 4 bar, backwashing tests were carried out with the pressure increasing stepwise from 1
to 5 bar, and the changes in pure water flux and salt rejection were recorded.

3. Results
3.1. Composition of Modified PEIs

From the FTIR spectrum in Figure 1a, QSPEI exhibits strong absorption peaks at
1185 cm−1 and 1037 cm−1, confirming the successful introduction of the –SO3

− group. As
shown in the 1H NMR spectra in Figure 1b–d, QPEI exhibits a methyl proton absorption
peak at 3.30 ppm assigned to the –N+(CH3)3 group and a methylene proton absorption
peak at 4.17 ppm assigned to the –CH(OH) group, confirming the successful introduction
of the-N+(CH3)3 group. For QSPEI, in addition to the proton absorption peaks mentioned
above, proton absorption peaks originating from the –(CH2)3SO3

− methylene group were
also observed at 2.02, 3.07, and 3.62 ppm, further confirming the successful introduction of
the –SO3

− group.

Figure 1. (a) FTIR spectra and 1H NMR spectra of (b) PEI 70k; (c) quaternized PEI; and (d) quaternized
and sulfonated PEI.
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3.2. Optimization for Preparing Nanofiltration Membranes

To optimize the performance of the nanofiltration membrane, optimization was per-
formed with respect to concentration, reaction temperature and degree of quaternization.
Figure 2a shows the effect of polyacrolein (PA) concentration; as the concentration increases,
the degree of cross-linking increases and the membrane layer structure becomes denser.
When the PA concentration reaches 0.20 wt%, the salt rejection stabilizes at 98 ± 0.3%.
Figure 2b presents the influence of modified PEI concentration on the interfacial cross-
linked network. At a concentration of 0.50 wt%, sufficient cross-linking between the PEI
segments and PA formed a Schiff base separation layer with ideal nanofiltration perfor-
mance. Under this condition, the rejection reaches 98.9%, while permeance remains at
10.9 L·m−2·h−1·bar−1. Figure 2c illustrates the effect of reaction temperature on membrane
separation performance, with optimal conditions achieved at 60 ◦C. Figure 2d shows the
effect of quaternization degree on the separation membrane’s performance; when the
quaternized level of PEI was increased to 20%, the retention rate of MgCl2 rose to 98.7%
owing to the Donnan effect. Beyond this threshold, the retention rate decreased signifi-
cantly due to an increase in defects in the cross-linked network resulting from a reduction
in the concentration of active primary amine groups. Therefore, the combination of a
PA concentration of 0.20 wt%, a modified PEI concentration of 0.50 wt%, and a reaction
temperature of 60 ◦C was determined to be the optimal set of parameters. All subsequent
test membranes were prepared under these conditions.

Figure 2. Effects of (a) PA concentration, (b) PEI concentration, (c) reaction temperature and (d) degree
of quaternization on the separation performance of the NF membranes.

3.3. Morphologies and Composition of Nanofiltration Membranes

Characterization of the membrane microstructure via SEM, as shown in Figure 3,
reveals the structure–property relationship between surface morphology and chemical
modification. The top panel of Figure 3 shows that, compared with the well-defined porous
structure of the pristine PES substrate, the surface porosity of the modified nanofiltration
membrane is significantly reduced, confirming the formation of an intact selective layer atop
the substrate membrane. The surface of the unmodified sample M0 exhibits a smooth and
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dense structure, which is attributed to the high-density Schiff base cross-linking between
PEI and PA molecular chains. Following quaternary ammonium modification, the surface of
the MQ membrane exhibits discretely distributed spherical protrusions, with a significantly
increased roughness; this is attributed to the quaternization process weakening the cross-
linking strength of the PEI molecules, thereby increasing the spacing between polymer
chains and inducing a topological restructuring. The MQS membrane, which undergoes
further sulfonation modification of PEI, exhibits a more complex surface morphology.
Conformational contraction of the modified PEI segments alters the stacking pattern of
molecular chains, thereby generating a rough, wrinkled membrane interface. These results
demonstrate that the packing arrangement of polymer chains can be effectively tuned via
chemical functional group modification, enabling the precise engineering of micro- and
nanostructures on the membrane surface.

Figure 3. SEM surface and cross-sectional morphologies of the substrate and NF membrane, as well
as the surface roughness of the NF membrane.

To probe the active layer thickness originating from the cross-linking of differently
modified PEI samples, cross-sectional SEM images are displayed in the second row of
Figure 3. The M0 film exhibits the greatest thickness of 170 nm, while the MQ and MQS

membranes show thicknesses of 125 nm and 95 nm, respectively. For the M0, MQ and
MQS membranes, the thickness primarily depends on the extent of the reaction between
the amine groups and the aldehyde groups in the PA. In the case of M0, PEI cross-links
fully with PA, whereas for MQ, the reduction in reactive amine groups results in a lower
degree of cross-linking, leading to a decrease in thickness. For MQS, the further depletion
of reactive amine groups further lowers the membrane thickness to 95 nm. The weakened
reaction between PEI and PA reduces polymer deposition on the substrate, thereby thinning
the resultant selective layer.

Figure 4a shows the XPS analysis of elements on the membrane surface. Distinct N
1s (399.7 eV), C 1s (284.8 eV) and O 1s (531.6 eV) peaks are observed on the surfaces of all
nanofiltration membranes, while only the PES and MQS membranes exhibited a peak at
170.2 eV corresponding to the S 2p peak. Taken together, these results confirm the formation
of a separation layer on the PES substrate.
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Figure 4. (a) XPS spectra of PES substrate and NF membranes; N 1s XPS spectra of (b) M0 membrane;
(c) MQ membrane; and (d) MQS membrane.

Figure 4b–d show the high-resolution N 1s XPS spectra of the nanofiltration mem-
branes. As shown, the peak at 398.9 eV originates from the C–N bond in PEI. In all
nanofiltration membranes, the C=N bond appears at 399.7 eV, confirming the Schiff base
reaction between the amine and aldehyde groups [35–37]. Furthermore, the peak at 401.8 eV
corresponds to –N+, which is attributable to the protonation effect of the amine and –NH4

+

groups resulting from the modification of the nanofiltration membranes. Spectral analysis
gives the content of –N+, which varies from 8.7% to 17.9% and 16.8% as PEI is modified,
consistent with the theoretical degree of PEI modification.

3.4. Surface Hydrophilicity and Charge State

As shown in Figure 5a, the PES substrate exhibits a contact angle of 65.9◦, indicating
its relatively hydrophobic nature. Upon functionalization, the M0 membrane shows a
markedly reduced contact angle of 49.7◦, verifying that the introduction of amine and
aldehyde functional groups effectively improves surface hydrophilicity. As quaternization
proceeds, the surface contact angles of MQ and MQS membranes decrease to 42.6◦ and 33.7◦,
respectively. This is mainly attributed to the synergistic effect of –NH4

+ and –SO3
− groups.

On the one hand, these ionic groups with strong hydration capacity markedly improve
surface wettability [38–40]. On the other hand, the elevated density of functional groups
further lowers contact angle values by increasing surface polarity. The high density of ionic
groups on the MQS membrane surface endows it with the optimal hydrophilic performance.

Figure 5b shows that the pristine PES membrane exhibits a zeta potential of −22.0 mV
at pH 6.4. In contrast, all modified nanofiltration membranes present positively charged
surfaces. This characteristic stems from the protonation of amine groups in PEI to form
−NH3

+, as well as the generation of −NH4
+ groups via PEI quaternization, both of which

endow the membrane surfaces with positive electrical properties [41–43]. Consequently,
MQ exhibits the highest zeta potential among all nanofiltration membranes. With the
introduction of modified PEI, a smaller number of unreacted amine groups from the mixed
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amines remain in the selective layer and gradually exhibit a strong positive charge. At
pH 6.4, the zeta potentials of M0, MQ and MQS are 4.1, 17.5 and 11.2 mV, respectively,
confirming the presence of a greater positive charge on the membrane surface. In the case
of MQS, as the degree of modification increased further, negatively charged −SO3

− groups
appeared, causing its zeta potential to decrease to 11.2 mV.

Figure 5. (a) shows the contact angles of all nanofiltration membranes; (b) shows the zeta potential
curves of all nanofiltration membranes.

3.5. Nanofiltration Membrane Performance
3.5.1. Molecular Weight Cut-Off and Pore Size Distribution

Figure 6a and 6b display the rejection of nanofiltration membranes toward five PEG
solutes of different molecular weights and the pore size distributions of the corresponding
membranes, respectively. The MWCO values of the M0, MQ, and MQS membranes are
376 Da, 590 Da, and 462 Da, respectively. Based on the probability density function, their
mean pore diameters are calculated to be 0.252 nm, 0.565 nm, and 0.437 nm, respectively.
The M0 membrane exhibits the smallest pore size because PA with abundant aldehyde
groups forms a dense cross-linked network with PEI, which effectively reduces the pore
diameter. For MQ and MQS membranes, the pore size increases gradually with PEI modifi-
cation, which is consistent with the decreased cross-linking degree of the selective layer.
Supplementary note: The molecular size corresponding to 50% rejection is estimated by
extrapolation from the logistic fitting curve of PEG rejection data. This extrapolated value
is only used for pore size distribution calculation, and the obtained pore size distribution
represents merely estimated equivalent pore information rather than the absolute real
physical pore size of the membrane.

The M0 membrane has the smallest pore diameter, as PA possesses a high aldehyde
group density, which allows for dense cross-linking with PEI, thereby resulting in a small
pore diameter. For the MQ and MQS membranes, the pore diameter tends to increase
with PEI modification, which is consistent with the reduced cross-linking degree of the
separation layer. Following modification, fewer amine groups participate in the Schiff
reaction, reducing the degree of cross-linking between PEI and PA. At the same time, the
membrane pore size increases due to the modification and the formation of a looser network
structure. In quaternized nanofiltration membranes, the mutual repulsion between PEI
chains causes the chain segments to adopt an extended conformation, resulting in increased
PA between chain segments after film formation and consequently larger membrane pore
sizes. For MQS, the introduction of sulfonic acid groups introduces electrostatic attraction,
leading to a reduction in the size of the modified PEI and the formation of shrinkage pores
in the membrane, thereby reducing the pore size.
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Figure 6. (a) shows the rejection rates of the nanofiltration membrane for five types of PEG; (b) shows
the corresponding pore size distribution.

3.5.2. Permeability, Salt Separation and Antifouling Performance

As shown in Figure 7a, the pure water permeance of the unmodified M0 membrane
was 4.1 L·m−2·h−1·bar−1. After modification, the permeance of the MQ and MQS mem-
branes increased to 7.8 and 10.9 L·m−2·h−1·bar−1, respectively, which are 1.9 and 2.7 times
that of the M0 membrane. This increase in permeance stems from the synergistic effect
of multiple factors: first, the modification process reduced the thickness of the separation
layer, thereby lowering mass transfer resistance; second, the reduced cross-linking degree
between PEI and PA led to an increase in network pore size; third, the electrostatic repulsion
effect of the quaternary ammonium segments promoted the extension of polymer chains,
forming more open mass transfer channels; and finally, the enhanced surface hydrophilicity
and increased surface roughness jointly facilitated the transport of water molecules. These
structural optimizations enabled the modified membrane to exhibit markedly improved
permeation performance.

Figure 7. (a) Water permeance and MgCl2/CaCl2/MgSO4/NaCl/Na2SO4 rejection performance of
the three NF membranes; (b) separation factor performance of the membrane for Na+/Mg2+ and
Na+/Ca2+ separation; (c) antifouling performance of various membranes.

Five typical inorganic salts were used to evaluate the separation performance of
the prepared membranes. As shown in Figure 7a, for all the as-prepared nanofiltration
membranes, the salt rejections are ranked as Na2SO4 < NaCl < MgSO4 < CaCl2 < MgCl2,
which is consistent with the characteristics of positively charged membranes. For MgCl2,
CaCl2 and NaCl, the retention order is due to the size exclusion [44–46]. The hydration
radii of Mg2+ (0.428 nm) and Ca2+ (0.412 nm) are greater than that of Na+ (0.332 nm), and
positively charged membranes exert stronger electrostatic repulsion on divalent cations
than on monovalent cations; consequently, the retention rates of MgCl2 and CaCl2 are
significantly higher than that of NaCl [47,48]. As the hydration radius of Mg2+ is larger
than that of Ca2+, the rejection of MgCl2 is correspondingly higher due to the size-exclusion
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effect. Furthermore, the divalent SO4
2− anion partially screens the positive charges on the

membrane surface, which greatly affects the salt rejection. Compared with Cl−, SO4
2− is

more strongly attracted to the positively charged membrane; consequently, SO4
2− can easily

pass through the membrane, thereby reducing the rejection of salts containing divalent
anions (i.e., MgSO4 < MgCl2, Na2SO4 < NaCl).

The ion rejection performance of membrane materials shows a significant correlation
with their surface charge characteristics and pore size distribution. The data in Figure 7a
show that the MgCl2 rejections of the three membranes—M0, MQ and MQS—are 80.5%,
98.9% and 95.1%, respectively, whilst the CaCl2 rejections are 77.6%, 91.4% and 89.7%,
respectively. This phenomenon is closely related to the charge density of the -NH3

+ groups
on the membrane surface; the MQ membrane, possessing the highest density of -NH3

+

groups, exhibits the highest zeta potential and achieves the highest rejection for divalent
cations via the Dohan effect. For MgSO4, the M0 membrane exhibits a rejection of 88.6%,
whilst those of the MQ and MQS membranes decrease to 77.7% and 82.3%, respectively. This
is attributed to the gradual variations in their pore size: the pore size of the M0 membrane
(0.252 nm) is smaller than the hydrated ionic radius of Mg2+ and SO4

2− (0.379 nm), and high
rejection is achieved primarily through size-exclusion mechanisms, whereas the increased
pore sizes of the modified membranes (MQ: 0.565 nm, MQS: 0.437 nm) lead to the enhanced
permeation of some ions. In addition, the separation performance of the MQS was tested in
mixed solutions of NaCl and CaCl2, as well as NaCl and MgCl2. The separation factors
were 10.54 and 9.31, respectively. The membrane showed an excellent rejection capability
toward divalent cations and could achieve the separation of monovalent and divalent ions.

In this study, a composite nanofiltration membrane bearing both quaternary ammo-
nium and sulfonate groups was successfully fabricated via the amphoteric ionization of PEI.
Given that increased surface charge density and roughness may exacerbate fouling risk,
the antifouling performance of the modified membranes was systematically investigated.
The sharp drop in relative flux in Figure 7c corresponds to the fouling stage. During BSA
filtration, BSA molecules gradually deposit on the membrane surface to form a reversible
cake layer, which increases the hydraulic resistance and reduces the permeate flux. The
subsequent flux recovery corresponds to the hydraulic rinsing stage. After BSA filtration,
the membrane surface is rinsed with cross-flow deionized water. The loosely deposited
BSA cake is stripped under fluid shear force, the additional hydraulic resistance decreases,
and the relative flux is restored.

The flux recovery rate of the M0 membrane was 82.1%, whilst that of the quaternized
MQ membrane dropped to 78.2% due to enhanced contaminant adsorption arising from
the accumulation of positive surface charges. The sulfonated MQS membrane exhibited
the highest flux recovery rate of 91.0%; this improvement in fouling resistance stems
from an amphoteric effect: the surface −SO3

− groups effectively inhibit contaminant
adhesion by forming a hydration layer [49–51], whilst the membrane maintains high
cation rejection. This membrane material, which integrates excellent fouling resistance
and selective separation performance, possesses great engineering potential for long-term
water treatment applications.

3.5.3. Stability Nanofiltration of Membranes

As shown in Figure 8a, during long-term operation, the membrane flux decreases
while the salt rejection remains nearly unchanged. This indicates that the membrane skin
layer is not damaged and the charge density stays constant during long-term operation,
demonstrating the favorable long-term stability of the membrane. Figure 8b presents the
membrane pressure resistance performance. As the operating pressure increases, the water
flux of the MQS membrane increases linearly, whereas the MgCl2 rejection remains stable,
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demonstrating outstanding pressure tolerance and structural stability. Figure 8c shows the
interfacial bonding strength between the selective layer and PES substrate evaluated via
back-flushing tests. After back-flushing at 1 bar, the water permeability and MgCl2 rejection
of MQS remained almost unchanged. Further elevation of the back-flushing pressure did
not cause obvious variations in either permeance or rejection. Even at a high back-flushing
pressure of 5 bar, the MgCl2 rejection remained above 96%, confirming the robust interfacial
adhesion between the selective layer and PES substrate. This excellent structural stability
mainly originates from covalent bonding formed by nucleophilic substitution between the
amino groups of the coating layer and the aryl ether moieties of the PES substrate, which
endows the composite membrane with superior mechanical and structural stability.

Figure 8. (a) Long-term stability of MQS membrane under a certain operation time. Test conditions:
MgCl2 concentration = 1000 ppm, 25 ◦C, pH = 6.5, 4 bar. (b) The water flux and rejection of the
MQS membrane with different pressures (MgCl2 concentration = 1000 ppm). (c) MgCl2 rejection and
permeance of MQS membrane after backwashing for 30 min under different pressures.

4. Conclusions
The ionization of PEI enhances the interchain repulsion between PEI molecular chains.

The cross-linked nanofiltration membrane accordingly presents a thinner surface separa-
tion layer and larger pore size. Meanwhile, the introduction of ionic groups significantly
improves the hydrophilicity of the membrane surface, which further boosts the water
permeation flux. Compared with the unmodified control membrane, nanofiltration mem-
branes cross-linked with quaternized and zwitterionized PEI deliver improved water
permeability and higher rejection rates for CaCl2 and MgCl2. For nanofiltration membranes
fabricated via cross-linking zwitterionic PEI with polyacrolein, the mixed ionic groups on
the membrane surface endow the membrane with typical zwitterionic characteristics and
outstanding antifouling performance. This membrane achieves a MgCl2 rejection of 95.1%,
a water permeance of 10.9 L·m−2·h−1·bar−1, and a flux recovery rate of 91.0% during
the filtration of a 100 ppm BSA solution. It exhibits great potential for the separation of
monovalent and divalent cations as well as for antifouling applications. Moreover, the
membrane maintains stable nanofiltration performance during long-term operation and
forward/reverse flushing tests. These superior properties endow the fabricated nanofiltra-
tion membrane with promising practical application prospects in organic pollutant removal
and hard water softening.
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