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Abstract

Thin-film composite (TFC) polyamide (PA) nanofiltration membranes are the state of the
art for water purification and reclamation, although a selectivity–permeability trade-off
often restricts their development. To mitigate this problem, in this work, a novel three-layer
structured nanofiltration (NF) membrane was fabricated consisting of a negatively charged
poly (sodium 4-styrenesulfonate) (PSS) interlayer, a high-performance polyethyleneimine
(PEI)-based PA separation layer and a PEI-grafted top layer. The PSS interlayer aimed to
regulate interfacial polymerization (IP) of PEI with trimesoyl chloride (TMC) and enhance
water transport, while PEI-grafting ensured high salt rejections. The relevant characteriza-
tions indicated that PEI-grafting endowed the resulting membrane (I-TFC-g) with a positive
surface charge and increased the crosslinking degree to achieve much higher rejections for
Mg+2 ions through the synergistic effect of Donnan and size-exclusion mechanisms, while
the incorporation of the PSS interlayer resulted in an increased pure-water permeability
(PWP) value of 7 L m−2 h−1 bar−1 (a value 2.8 times higher compared to the membrane
TFC-g without a PSS interlayer). In specific, the I-TFC-g membrane displayed the highest
salt rejections of 91% for MgCl2, 92% for MgSO4, 73% for Na2SO4 and 58% for NaCl and
a good long-term stability. Overall, this work presents a simple strategy to improve NF
performance by simultaneous enhancement of water permeability and salt selectivity.

Keywords: nanofiltration; TFC membrane; water permeability; salt rejection

1. Introduction
Having access to clean water is becoming increasingly difficult due to severe water

pollution and water shortages [1–3]. In this context, nanofiltration (NF) is emerging
as an efficient method for water reclamation and purification. Specifically, due to its
low operating pressure, high permeability and ability to separate mostly divalent ions
and organic pollutants, NF has been applied for water-based purifications and resource
recovery [4–9].

State-of-the-art NF membranes exhibit a thin-film composite (TFC) morphology, which
consists of a porous support and a thin rejection polyamide (PA) layer. The most common

Polymers 2026, 18, 1242 https://doi.org/10.3390/polym18101242

https://crossmark.crossref.org/dialog?doi=10.3390/polym18101242&domain=pdf&date_stamp=2026-05-19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0009-0001-2352-3440
https://orcid.org/0009-0001-4806-4762
https://orcid.org/0000-0001-8908-5909
https://orcid.org/0000-0002-5969-8488
https://orcid.org/0000-0002-1032-6712
https://doi.org/10.3390/polym18101242


Polymers 2026, 18, 1242 2 of 16

method for the synthesis of the thin PA layer (~100 nm) is via interfacial polymerization (IP)
between an amine monomer (e.g., piperazine, PIP) and trimesoyl chloride (TMC) [10,11].
These NF membranes typically have nanopores and a negative surface charge owing to the
hydrolysis of acyl chloride groups into carboxyl groups during the IP. As a result, the NF
separation is mainly governed by size exclusion, Donnan exclusion, diffusion-solution and
dielectric effect mechanisms [11–13]. Despite the big advances in separation performance
of TFC polyamide NF membranes [14–21], they are still restricted by a trade-off between
water permeability and salt selectivity [22,23]. Improving water permeability without
sacrificing salt selectivity is crucial for the preparation of NF membranes working with
lower energy consumption and/or increased production [12].

The incorporation of an interlayer between the porous substrate and the selective layer
serves as an effective route to address this bottleneck via a simultaneous selectivity and
water permeability enhancement. In specific, the inclusion of an interlayer can shorten the
water transport pathway, thereby leading to an enhanced water permeance (e.g., gutter
effect) [24], and can also result in a more uniform and thinner PA rejection layer with a
reduced pore size and minimal defects (by regulating the rate and the quality of the IP
reaction), thus improving both the selectivity and water permeance [25–28]. Having in mind
that polymeric interlayers can be reliably and economically integrated into commercial
membrane manufacturing and water treatment technologies, their successful application
for improving divalent/monovalent ion separation selectivity of NF membranes has been
reported. In particular, polymeric interlayers based on ionic polyelectrolytes [29–33],
polydopamine [34–36], and poly(vinyl alcohol) [27,37–39] were used to regulate the IP
reaction through storage and diffusion control of the amine monomer, thereby affecting the
pore size, PA thickness and surface charge density of the NF membrane. In addition, such
reactive/functional interlayers reinforced the interfacial strength between the PA rejection
layer and the substrate through hydrogen bonding, electrostatic attractions and/or covalent
bonding [36,37,40], thereby enhancing the long-term membrane performance stability in
terms of water flux and salt rejection. Meanwhile, if the interlayer has an opposite charge
property with the polyamide layer, the prepared composite membrane can achieve high
rejection of divalent anions and cations simultaneously [41–43].

Among polymeric interlayers, the water-soluble ionic polyelectrolytes prepared by
the layer-by-layer (LBL) coating method, which enables nanometer-scale layer formation,
have gained significant attention recently [29–33]. For example, Wang et al. prepared a
TCF NF membrane comprising a positively charged polyelectrolyte interlayer obtained by
LBL self-assembly of chitosan/sodium alginate and a negatively charged polyamide sepa-
ration layer that exhibited enhanced divalent anion/cation rejection (e.g., MgSO4 88.11%,
Na2SO4 89.11%, MgCl2 81.65%) and a moderate decrease in water permeability (from ~20
to 15.5 L m−2 h−1 bar−1) [29]. Tian et al. incorporated a sodium alginate interlayer that
significantly enhanced the rejection for divalent ions compared to the control membrane
(from ~40% to 91.12% for MgCl2), while a slight decrease in permeability was observed
(from 9.71 to 7.23 L m−2 h−1 bar−1) [30]. He et al. introduced a PSS/PEI interlayer via
LBL to regulate the IP of PIP and TMC, which led simultaneously to a water permeability
increase (~15 Lm−2h−1bar−1), very high rejections for MgSO4 and Na2SO4 (~99%) and
increased rejections for MgCl2 (70%) [31].

Another effective route to achieve a high rejection of divalent cations of PA NF
membranes is to impart a positive charge on the membrane surface through post-
treatment [44,45]. In specific, the unreacted acyl chloride groups remaining on the surface
of the NF membrane after primary interfacial polymerization can directly react with amino-
containing monomers to achieve a high amine density on the NF membrane surface [46,47].
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This in turn enhances the positive charge density of the NF membrane surface, thereby
improving the divalent/monovalent cation separation selectivity.

In light of this, a novel three-layer structured composite NF membrane was fabri-
cated consisting of a negatively charged PSS interlayer, a high-performance PEI-based PA
separation layer and a PEI-grafted top layer (Figure 1). In this novel approach, PEI has
a dual role, serving both as the layer-by-layer polycation and as the amine monomer for
IP, resulting in one-step construction of the PA layer without needing an additional PIP
adsorption step. The hydrophilic PSS interlayer containing abundant sulfonate groups was
deposited on porous substrate, aiming to improve the water permeance and regulate the
subsequent deposition of the polycationic PEI, via electrostatic adsorption (LBL method),
as an IP monomer. The interlayer is critical to the following layered IP process, as it controls
the amount of PEI monomer available for the polymerization to only the amount adsorbed
by the interlayer. In addition, due to the strong interaction between PEI and PSS, only
a low concentration of PEI reacts with TMC during IP, thus enabling the formation of
a looser PA layer with a negative surface charge due to many unreacted acyl chloride
groups of TMC. To improve the membrane’s properties, PEI-grafting via a secondary IP
reaction with residual TMC took place to impart a positive charge density and an improved
compactness on the PA surface (Figure 1). This comprehensive modification strategy led to
the development of an I-TFC-g membrane with simultaneously enhanced water perme-
ability and salt rejections, since grafting with PEI reinforced both the size-sieving and the
Donnan exclusion mechanisms, while the incorporation of the hydrophilic PSS interlayer
contributed to a water permeability enhancement.

Figure 1. Schematic representation of the fabrication of NF membranes.

2. Materials and Methods
2.1. Materials and Chemicals

Sodium chloride (99%), sodium sulfate (99%), magnesium sulfate (99.5%), mag-
nesium chloride anhydrous (98%), polyvinylpyrrolidone (PVP, Mw = 29,000 gmol−1),
1,3,5-benzenetricarbonyl trichloride (TMC, 98%), hexane (99%) and polysulfone (PSf,
Mn = 26,000 gmol−1) were purchased from Sigma-Aldrich (Darmstadt, Germany). The
solvent N-methyl-2-pyrrolidone (NMP, 99+%) and sodium polystyrene sulfonate (PSS,
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Mw = 70,000 gmol−1) were purchased from Alfa Aesar (Ward Hill, Massachusetts, MA,
USA). Branched polyethyleneimine (PEI, Mw = 2000 gmol−1) was purchased from Thermo
Fisher Scientific (Waltham, Massachusetts, MA, USA) and a higher-molecular-weight
branched polyethyleneimine (Mw= 25,000 gmol−1) was purchased from Sigma Aldrich
(Darmstadt, Germany). Ultra-pure water (Type 3) was obtained by the Arium ® Mini Plus
from the Sartorius AG Company (Göttingen, Germany).

2.2. Composite NF Membrane Preparation
2.2.1. Fabrication of S1 Porous Substrate

A PSf porous substrate with a cationic surface charge was prepared, aiming to
strengthen the adsorption of anionic polyelectrolyte PSS (interlayer) via electrostatic
attraction. The substrate was prepared via the non-solvent-induced phase separation
(NIPS) method. Firstly, polyvinylpyrrolidone (PVP) and branched polyethyleneimine (PEI,
Mw = 2000 gmol−1) were dissolved in NMP, followed by the addition of the PSf polymer
in portions under vigorous stirring. The final concentrations of PVP, PEI and PSf were 5%
w/w, 0.6% w/w and 15% w/w, respectively. A homogeneous dope solution was obtained
after stirring for 18 h followed by degassing under a vacuum for 2 h at room temperature
to remove air bubbles prior to the casting process. Subsequently, it was cast onto a glass
surface using a doctor blade with a thickness set at 200 µm (Sheen, UK). The cast substrate
was immediately immersed into a water coagulation bath at room temperature to initiate
the phase inversion. The as-prepared, positively charged porous substrate (denoted S1)
was detached from the glass surface within a few minutes, transferred to another bath
containing fresh deionized water, and kept for 24 h (the solvent was changed once) to
remove residual solvent. The presence of PEI in the S1 matrix was confirmed by ATR-FTIR
spectroscopy (Figure S1). In particular, the peak observed at 1035 cm−1, corresponding to
C-N stretching of PEI, suggests that PEI was successfully incorporated into the S1 substrate.
The membranes were stored in an 80% glycerol/water solution to avoid porous collapse
during the subsequent thermal treatments.

2.2.2. Synthesis of TFC NF Membranes

The TFC NF membrane was prepared via layered interfacial polymerization combining
the LBL method with IP [48] and post-modification. The S1 substrate was first coated with
the anionic polyelectrolyte PSS (interlayer), followed by deposition of cationic PEI via
electrostatically driven complexation using the layer-by-layer (LBL) method. The latter
served as a polyamine monomer and reacted with TMC via IP for the preparation of
the selective layer. Specifically, the LBL method was conducted by dip-coating only the
active layer surface of the porous support. In more detail, the positively charged porous
substrate S1 was fixed between an acrylic plate and a rubber frame with the active layer
facing upwards. After rinsing the surface with deionized water to remove the excess of
the glycerol solution (that was used on the substrate preparation), a 0.4% w/v PSS solution
(3% w/v NaCl, pH = 4) was poured onto the substrate for 5 min and its excess was washed
off by using 3% w/v NaCl to remove the non-adsorbed polyelectrolyte. Next, a 0.4% w/v
PEI (Mw = 2000 gmol−1) (polycation) solution (adjusted with 3% w/v NaCl) was gently
poured onto the surface for 5 min, followed by the same rinsing procedure as described
previously. After the above LBL procedure, one bilayer of PSS/PEI was deposited on top
of the porous support.

Following PSS/PEI LBL deposition, the PA layer was formed via IP polymerization
(Figure 2). After removing the excess water by purging with pressurized air, a 0.25% w/v
TMC hexane solution was poured onto the surface for 1 min, followed by rinsing with
n-hexane to remove excess TMC. The obtained membrane was dried in the oven for 6 min
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at 90 ◦C for further crosslinking. The prepared NF PA membranes were denoted as “I-TFC”.
A PA membrane was prepared on S1 substrate without applying a PSS interlayer and used
as a control for comparison (“TFC”).

 
Figure 2. Interfacial polymerization between TMC and PEI.

The NF membranes with the PA layer were further grafted with PEI. In particular, a
0.4% w/v solution of a high-molecular-weight branched PEI (Mw = 25,000 g mol−1, adjusted
with 3% w/v NaCl) was poured onto the I-TFC membrane surface for 5 min, followed by
rinsing with a 3% NaCl aqueous solution and subsequent curing at 90 ◦C for 20 min. The
prepared PEI-grafted membranes were denoted as “I-TFC-g” and were stored in ultra-pure
water until further testing and characterization (Figure 3).

 

Figure 3. The prepared I-TFC-g membranes.

2.3. Characterization
2.3.1. Characterization of TFC Membranes

The surface chemical composition and the functional groups of the membranes were
investigated by attenuated total reflection Fourier-transform infra-red (ATR-FTIR) spec-
troscopy and X-ray photoelectron spectroscopy (XPS). The ATR-FTIR spectra were collected
on a Platinum ATR spectrometer (Bruker, Ettlingen, Germany) in the spectral range from
4000 to 400 cm−1 with a resolution of 4 cm−1. The XPS experiments were conducted
in an ultra-high vacuum (UHV) system (with a background pressure in the range of
10−11–10−7 mbar) equipped with a SPECS Phoibos 100 1D-DLD hemispherical analyzer
and a dual-anode Mg/Al X-ray source. The spectra were collected with a Mg Kα X-ray
source (1253.6 eV) and the data were processed using Specs Lab Prodigy software. An
unmonochromatized MgKα line at 1253.6 eV and an analyzer pass energy of 15 eV (giving
a full width at half maximum (FWHM) of 0.85 eV for the Ag3d5/2 peak) were used.

The cross-sectional and surface morphology of the prepared membranes were studied
using a field emission scanning electron microscope (FE-SEM, JSM-7000F, JOEL, Tokyo,
Japan). All membrane samples were sputter-coated with gold to become electrically
conductive before SEM examination. For cross-sectional imaging, the samples were freeze-
fractured in liquid nitrogen. The surface morphology of the membranes was characterized
by atomic force microscopy (AFM) using a Bruker Dimension ICON AFM equipped with a
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Controller VI, and a topographical analysis was performed. The operational mode was the
tapping mode, and the scans were conducted with a scan size of 2 µm.

The wetting properties of the prepared membranes were characterized by water
contact-angle measurements. In more detail, 10 µL of deionized water was pipetted onto
the membrane surface and the contact angles were measured with the ImageJ software
(version 1.54p 17), as described in the literature [49]. The standard deviation was calculated
from two measurements for each membrane.

2.3.2. Performance Characterization

The performance of the substrates and TFC membranes was evaluated through a dead-
end high-pressure stirred cell (Sterlitech HP4750, Sterlitech, Auburn, Washington, USA)
(Figure 4) connected to a nitrogen gas line for pressurization with an effective membrane
surface area of 14.6 cm2. Prior to the measurements, the membranes were prepressed
at 7 bar for 30 min to reach steady-state flux conditions. Pure-water flux measurements
were conducted at room temperature under a constant stirring speed of 250 rpm at the
same pressure.

Figure 4. Schematic illustration of the dead-end membrane filtration test system.

The rejection performance of the membranes for various single salts was examined
using feed solutions of MgSO4, Na2SO4, MgCl2 and NaCl, each with a 1000 ppm con-
centration, and the permeates were collected after reaching stable flux. The salt con-
centration determination was done with a bench conductivity meter. The pure-water
permeability (PWP, L m−2 h−1 bar−1) and salt rejection (R, %) were calculated using
Equations (1) and (2), respectively:

PWP =
∆V

Am ∆t ∆P
(1)

R =

(
1 −

Cp

Cf

)
× 100 (2)

where ∆V is the permeate volume (L), ∆t is the permeation time (h), Am is the effective
membrane area (m2), ∆P is the transmembrane pressure (bar), and Cp and Cf are the solute
concentrations (ppm) at the permeate and feed, respectively. The pure-water permeability
and salt rejection values are the average of two samples for each membrane type.

2.3.3. Long-Term Stability Evaluation

To evaluate the long-term stability of the TFC membranes, a 1000 pm MgSO4 solution
of the membranes was filtered (under 7 bar pressure) for 70 h. The flux (Equation (3)) and
MgSO4 rejection were measured every 2.5 h. The MgSO4 feed solution was removed from
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the dead-end cell and replenished with a fresh one every time that half of the initial volume
of the feed was filtered through the membrane.

F =
∆V

Am ∆t
(3)

where ∆V is the permeate volume (L), ∆t is the permeation time (h), and Am is the effective
membrane area (m2).

3. Results and Discussion
3.1. Morphological Characterization

The SEM and AFM analyses were conducted to characterize the surface morphol-
ogy and thickness of the prepared membranes. The formation of small nano-aggregates
(~20 nm) on the surface of the TFC and I-TFC membranes was observed because of the
reaction kinetics of the IP reaction between PEI with TMC (Figure 5a,b). These were similar
to those observed in previously reported PEI-TMC membranes [50,51]. Due to the long
and branched molecular chains of PEI, its diffusion kinetics are slow compared to other
amine monomers (e.g., piperazine); therefore, the size of the nanoaggregates on the PEI
membrane surface was smaller than that observed for PIP-TMC membranes [52]. After
PEI-grafting, nano-wrinkled structure formation was observed (Figure 5e).

 

Figure 5. SEM images of the surface and cross-section of (a,b) the TFC control membrane, (c,d) the
I-TFC membrane and (e,f) the I-TFC-g membrane.

As shown in Figure 5a–d (three positions of the PA layer were selected and the mean
thickness of the PA layer was calculated), with the introduction of the PSS interlayer, the
mean thickness was increased by 11% (from 256 nm to 284 nm). The PSS interlayer devel-
oped strong electrostatic interactions with PEI, thus resulting in increased PEI adsorption
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compared to the TFC membrane (without the PSS interlayer), and consequently, to a higher
thickness. Another reason for the increased thickness could be the looser PA network
attributed to the limited number of amino groups of PEI that reacted with TMC due to the
strong electrostatic interactions between PSS and PEI. The subsequent PEI-grafting further
led to increased thickness (419 nm) of the I-TFC-g membrane because of the reaction with
residual acyl chloride groups of TMC and formation of a top PA layer.

The AFM analysis showed that the control TFC membrane exhibited a rougher nano-
nodule structure compared to I-TFC and I-TFC-g (Figure 6). The surface roughness after
the incorporation of the PSS interlayer was significantly decreased from Ra = 10.4 nm (TFC)
to 5.7 nm (I-TFC). The coating of the PSS interlayer via the LBL method led to the uniform
coverage of the substrates’ surface with PEI macromolecules, which in turn facilitated the
formation of a smooth PA layer. In addition, the retarded IP reaction as a consequence of
the limited availability of PEI monomers to react with TMC due to their strong electrostatic
interaction with PSS contributed to the formation of a smoother polyamide surface [31].
The subsequent PEI-grafting and thermal treatment at 90 ◦C for 20 min led to a further
decrease in the roughness for the I-TFC-g membrane (from Ra = 5.7 nm to Ra = 3.3 nm).
The smoother surface of the I-TFC membrane facilitated the grafting of PEI, resulting in a
composite membrane with a more uniform surface charge distribution, which is crucial for
enhancing the divalent ion separation selectivity and long-term stability.

Figure 6. AFM analysis of the surface of (a) the TFC control membrane, (b) the I-TFC membrane and
(c) the I-TFC-g membrane.

3.2. Physicochemical Characterization

The chemical properties and compositions of the prepared NF membranes were ex-
amined using ATR-FTIR and XPS. When comparing the IR spectra of the S1 substrate
and the control TFC membrane, a distinct absorption band at 1657 cm−1 and a shoulder
at 1545 cm−1 were observed, corresponding to -N-C=O amide I and C–N/N–H (amide
II coupling vibration), respectively (Figure 7). The presence of these characteristic peaks
confirmed the successful construction of the PA active layer on the pristine S1 substrate.
After the incorporation of the PSS interlayer, an additional peak was identified at 1740 cm−1,
corresponding to the C=O vibration of the carboxylic acids that resulted from the hydrolysis
of the many residual unreacted acyl chloride (O=C-Cl) groups of TMC [53,54], suggesting
that the I-TFC membrane had many more -COOH groups compared to the control TFC
membrane. Indeed, fewer amino groups of PEI were available to react with TMC due
to their strong electrostatic interactions with the PSS interlayer; thus, many acyl chloride
(O=C-Cl) groups of TMC remained unreacted and hydrolyzed to their carboxylic acid
analogues. Following the PEI post-modification, the intensity of the former peak was sig-
nificantly reduced, indicating the successful grafting reaction of the residual acyl chlorides
with the amino groups of the PEI towards amide formation.
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Figure 7. ATR-FTIR spectra of the S1 substrate, the TFC control membrane, the I-TFC membrane and
the I-TFC-g membrane.

The XPS spectra exhibited five main peaks at binding energies of 168.4 eV, 199.0 eV,
285.15 eV, 400.1 eV and 532.44 eV, corresponding to S (2p), Cl (2p), C (1s), N (1s) and O (1s),
respectively [55] (Figure S2). The elemental composition of the selective surface is presented
in Table 1. The incorporation of the PSS interlayer resulted in a decreased nitrogen content
and a significantly increased oxygen content (21.46%) compared to the TFC membrane. The
latter was due to the carboxylic acid group increase, which originated from the unreacted
acyl chlorides of TMC; this is consistent with the ATR-FTIR data.

Table 1. Relative atomic concentration of carbon, oxygen, nitrogen, sulfur and chlorine as derived
from the XPS analysis (±0.05).

Membrane C (%) O (%) N (%) S (%) Cl (%) Crosslinking Degree (%)

TFC 76.06 14.42 8.25 1.27 - 58
I-TFC 70.63 21.46 6.37 1.11 0.42 54

I-TFC-g 71.68 16.54 8.48 2.25 1.06 90

Following the PEI post-modification, the surface of the I-TFC-g membrane showed a
significantly increased nitrogen content of 8.48% compared to the corresponding membrane
before grafting (6.37%), indicating that the grafting reaction can effectively increase the
number of amino groups on the membrane surface, and therefore, its positive charge.

The high-resolution spectra of the XPS survey can be further used to elucidate the
chemical bonds of the membrane surface. The C 1s core level can be deconvoluted to four
peaks at 284.6 eV, 286.1 eV, 287.4 eV and 288.5 eV, ascribed to C=C/C-C, C-N/C-O, -N-C=O
and O-C=O, respectively (Figure 8) [56].

Figure 8. C1s core-level spectra of the prepared TFC, I-TFC and I-TFC-g membranes.
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The crosslinking degree of the polyamide layer can be estimated by the peak area ratio
of the N-C=O to O=C-O groups [46]. Generally, a higher ratio of N-C=O to O=C-O groups
indicates a higher degree of crosslinking in the polyamide layer. As shown in Table 1,
the crosslinking degree and C 1s high-resolution XPS analysis suggest that the PA layer
with a PSS interlayer had a slightly lower crosslinking degree and more carboxyl groups
than the PA layer of the control membrane (the ratio of N-C=O to O=C-O was lower in
I-TFC compared to the TFC membrane). The lower crosslinking degree was the direct
consequence of the retarded IP reaction caused by the inhibition of PEI release by the PSS
interlayer, as explained earlier. Therefore, many unreacted acyl chloride groups of TMC
monomers were hydrolyzed into carboxyl groups, contributing to the enhancement of the
O-C=O content, and thus, to the slight decrease in the crosslinking degree.

After PEI-grafting, the percentage of O=C-N amide bonds (peak at 287.4 eV) increased
(from 7 to 10%), which was attributed to the new amide bond formation, further confirming
the successful grafting reaction of PEI on the I-TFC-g membrane surface. In addition, a
significant increase in the crosslinking degree of the PA network from 54% to 90% was
observed (Table 1). On the contrary, the carboxylic acid content formed by the hydrolysis
of unreacted -COCl sharply decreased from 6 to 1%, due to the successful grafting reaction
of PEI with the remaining acyl chlorides. The latter was also verified by the disappearance
of the peak at 1740 cm−1 corresponding to carboxylic acid groups (Figure 7).

In the N 1 s spectra (Figure S3), the nitrogen species were identified in three distinct
states, including –NH2 at 399.4 eV, N-C=O at 400.4 eV, and –NH3

+ at 401.8 eV, respec-
tively [57]. A higher percentage of –NH3

+ groups was observed for the I-TFC-g membrane,
suggesting that PEI-grafting increased both the positive charge and the compactness of
the selective layer, which enhanced ion-sieving and Donnan exclusion, and consequently
contributed to improving the divalent/monovalent separation selectivity.

The hydrophilicity of the membrane surface was studied by the water contact angle
(WCA). The introduction of a PSS layer led to an increased contact angle for the I-TFC
membrane (Figure 9), probably associated with its reduced roughness, in agreement with
the well-established “hydrophilicity–roughness” relationship as described by the Wenzel
equation [58]. Following PEI-grafting, the contact angle value was reduced, suggesting a
more hydrophilic membrane surface (from 72% for I-TFC to 63% for I-TFC-g). This can
probably be ascribed to the increased number of hydrophilic amino groups (-NH3

+) of the
grafted PEI.

Figure 9. WCA measurements of TFC, I-TFC and I-TFC-g membranes.

3.3. Nanofiltration Performance

The incorporation of the polyelectrolyte PSS as an interlayer significantly enhanced the
PWP without compromising the salt selectivity (Figure 10a). Specifically, although I-TFC

https://doi.org/10.3390/polym18101242

https://doi.org/10.3390/polym18101242


Polymers 2026, 18, 1242 11 of 16

had a higher selective layer thickness, it exhibited a PWP value of ~13.5 L m−2 h−1 bar−1,
which was 1.3 times higher than that of the control membrane (~10 L m−2 h−1 bar−1

for TFC). This improvement can be mainly attributed to the continuous PSS interlayer,
which prevented the PA polymer from intruding into and blocking the substrate pores and
accelerated water transport (gutter effect) due to its hydrophilic nature. Another reason for
this improvement could be the looser PA network of the I-TFC membrane.

Figure 10. PWP (a) and salt rejections (b) of the prepared TFC membranes.

The introduction of the PSS interlayer also resulted in a significant rejection increase for
MgSO4 and Na2SO4 (from 31 to 46 ± 3% and from 35 to 71 ± 3%, respectively; Figure 10b).
This was due to the negative surface charge of the I-TFC membrane, stemming from the
negatively charged PSS interlayer and the increased concentration of carboxylic acid groups
formed from the hydrolysis of residual -COCl groups, which facilitated divalent anion
SO4

−2 repulsion, according to the Donnan exclusion mechanism.
The effect of PEI-grafting on the separation performance was also investigated. Af-

ter PEI-grafting, the PWP value was reduced from ~13.5 L m−2 h−1 bar−1 for I-TFC to
~7 L m−2 h−1 bar−1 for I-TFC-g, suggesting that the increased crosslinking degree and
enhanced thickness of the PA layer had a negative effect on the water permeability. In addi-
tion, the I-TFC-g membrane demonstrated substantially improved rejections for MgSO4,
MgCl2, and NaCl compared to the I-TFC membrane (Figure 10b). The higher rejections
mainly resulted from the enhancement of the surface positive charge and the crosslinking
degree, as evidenced by the XPS measurements, which simultaneously reinforced the
size-sieving and Donnan exclusion mechanisms. Indeed, the rejection for MgSO4 increased
from 46 ± 3% for I-TFC to 92 ± 2% for I-TFC-g, while a nine-times-higher salt rejection was
observed for MgCl2 from 13 ± 1 to 91 ± 1 (Figure 10b). On the contrary, the rejection for
Na2SO4 remained almost unchanged after PEI-grafting (73 ± 3%). The higher increment in
Mg2+ rejections can be explained by the surface charge inversion from negative in the I-TFC
membrane (from the carboxylic acids), which attracted Mg2+, to positive upon PEI-grafting,
which enhanced the Mg2+ repulsions, and therefore, their rejection (Donnan exclusion).
For Na2SO4, despite the higher attraction of SO4

−2 to the positive surface, no rejection
decrease was observed, attributed to the increased crosslinking degree of the PA network
and probably to the negative PSS interlayer beneath the PA [41–43].

In addition, for comparison reasons, a TFC membrane (without an interlayer) grafted
with PEI (TFC-g) was prepared to study the NF performance. The TFC-g membrane
demonstrated a significantly decreased PWP value (2.5 L m−2 h−1 bar−1) compared to the
I-TFC-g membrane. This evidence suggests that the incorporation of the PSS interlayer led
to a water permeability enhancement of 180%. On the other hand, the TFC-g membrane
displayed high salt rejections for MgSO4 and MgCl2 (83% and 90%, respectively; Figure 10b).
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This implies that PEI-grafting onto the TFC surface alone is sufficient to achieve very high
salt rejections for MgSO4 and MgCl2, close to the ones obtained after PEI-grafting on a
PSS-modified TFC membrane (91–92%), highlighting the dominant effect of grafting on the
separation performance. To conclude, grafting with PEI endowed the membrane surface
with an increased compactness and positive charge, thus reinforcing both the size-sieving
and the Donnan exclusion mechanisms, while the incorporation of the hydrophilic PSS
interlayer contributed to a water permeability enhancement.

As shown in Table S1, the performance of the I-TFC-g membrane was compared to
other NF membranes for di/monovalent ion separation in the literature [30,59–67]. The
prepared membrane in this work showed a similar or even higher water permeability and
comparable salt rejections, highlighting its potential for this application.

3.4. Long-Term Stability

Stability is a key factor in evaluating the efficiency of NF membranes. A 1000 ppm
MgSO4 solution served as a feed solution to evaluate the stability of the I-TFC-g membrane
(Figure 11). During the 70 h continuous operation, the flux experienced an initial drop
(from 42.5 to 26.8 Lm−2 h−1 bar−1) followed by a stable performance. This initial reduction
in the water flux was primarily attributed to the slow compaction of the porous support, as
reported for NF membranes [68]. After ~15 h of operation, the opposite trend was observed
for the MgSO4 rejection (increased from 92% to 99%), which can be ascribed to membrane
fouling, due to precipitation of MgSO4 salt, which led to pore clogging. Nevertheless, the
subsequent good stability of the I-TFC-g membrane underscores its promising potential
for applications.

Figure 11. Long-term stability performance using MgSO4 salt rejection (a) and flux (b) of I-TFC-
g membrane.

4. Conclusions
In this study, the preparation of a triple-layered NF membrane consisting of a neg-

atively charged PSS interlayer, a PA layer and a top PEI-grafted layer with an enhanced
separation performance is reported. In more detail, the PSS interlayer incorporation re-
sulted in a significantly smoother surface, endowing the I-TFC membrane with increased
salt rejections (from 31% MgSO4 and 35% Na2SO4 for the TFC membrane to 46% and 71%
for I-TFC, respectively), and an enhanced water permeability (from 10 L m−2 h−1 bar−1

to 13.5 L m−2 h−1 bar−1) compared to the control membrane. Following PEI-grafting,
the resulting I-TFC-g membrane displayed much higher salt rejections due to its higher
crosslinking degree and increased surface positive charge. In addition, the I-TFC-g mem-
brane exhibited simultaneously higher rejections (92% MgSO4, 91% MgCl2, 73% Na2SO4)
and an increased water permeability (7 L m−2 h−1 bar−1) when compared with the corre-
sponding PEI-grafted membrane, which did not possess the PSS interlayer (83% MgSO4,
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90% MgCl2, 54% Na2SO4 and 2.5 L m−2 h−1bar−1). Therefore, the incorporation of the
PSS interlayer along with PEI surface-grafting could be used to combat the permeability–
selectivity trade-off and improve the NF performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym18101242/s1, Figure S1: FTIR spectra of the substrate
membrane S1, neat PEI and control substrate without containing PEI; Figure S2: XPS survey spectra
of the prepared membranes; Figure S3: Deconvolution of the XPS N 1s peak for the membranes
TFC, I-TFC and I-TFC-g; Table S1: Comparison of the performance of NF membranes reported in the
literature with the prepared membrane in this work.
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