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Abstract: Industrial wastewater poses a significant environmental challenge due to its
harmful effects. The development of sustainable membrane processes for water treatment
and the environmentally friendly production of polymer membranes is one of the major
challenges of our time. An alternative approach is to prepare polyelectrolyte complex (PEC)
membranes using the aqueous phase separation (APS) method without the use of toxic
solvents. In this work, PEC nanofiltration membranes of poly(sodium-p-styrenesulfonate)
(PSS)/polyethylenimine (PEI) modified with carbon nanoparticles (graphene oxide, poly-
hydroxylated fullerene (HF), multi-walled carbon nanotubes) were developed for enhanced
water treatment from anionic food dyes and heavy metal ions. The effect of varying the
PSS/PEI monomer ratio, carbon nanoparticles, the content of the optimal HF modifier, and
the cross-linking agent on the membrane properties was studied in detail. The changes in
the structure and physicochemical properties of the PEC-based membranes were investi-
gated using spectroscopic, microscopic, thermogravimetric analysis methods, and contact
angle measurements. The PSS and PEI interactions during PEC formation and the effect of
PEI protonation on membrane properties were investigated using computational methods.
The optimal cross-linked PEC/HF(1%) (1:1.75 PSS/PEI) membrane had more than 2 times
higher permeability compared to the pristine PEC membrane, with dye and heavy metal
ion rejection of 99.99 and >97%, respectively.

Keywords: polystyrene sulfonate; polyethyleneimine; polyelectrolyte complex; carbon
nanoparticles; nanofiltration; water treatment

1. Introduction

Water is undoubtedly one of the most essential components of human life and is
crucial for the operation of any industrial enterprise [1,2]. However, effluents from various
industrial activities pose a significant threat to ecological stability and human health due to
their toxic and polluting properties [3]. The increasing contamination of industrial waters
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with heavy metal ions and dyes has become a global concern. Consequently, wastewater
treatment has become an urgent priority that requires effective solutions.

In the context of sustainable development, there is considerable focus on the use of
membrane processes and sustainable membrane development to address environmental
challenges. Among these, nanofiltration (NF) stands out as a promising and effective
method for separating heavy metal ions and dyes. NF is environmentally friendly, easy to
manage and automate, and energy efficient, operating at lower pressures than reverse os-
mosis [4]. However, most commercial NF membranes struggle to retain heavy metal cations
and are less effective against high levels of dye contamination, which can reduce their per-
meability [5,6]. A promising avenue for improvement is the development of polyelectrolyte
complex (PEC) membranes. This involves mixing oppositely charged polyelectrolytes
using a sustainable preparation method that avoids toxic organic solvents, specifically
the aqueous phase separation (APS) approach with salinity or pH changes [7]. In this
work, NF PEC membranes based on the well-known poly(sodium-p-styrenesulfonate)
(PSS)/polyethylenimine (PEI) were developed with improved properties through modi-
fication by the introduction of carbon nanoparticles (CPs) such as graphene oxide (GO),
polyhydroxylated fullerene (HF), and multi-walled carbon nanotubes (MWCNTs). They
are of interest as modifiers because of their mechanical strength, chemical stability, and
ability to interact with the polymer matrix through functional (oxygen-containing) groups,
forming channels for the transport of components. Due to its peculiar structure, the incor-
poration of this material into the membrane also imparts a negative charge, which enhances
the rejection of negatively charged molecules (most natural contaminants are negatively
charged [7]) and significantly modifies the structure and properties of the membranes,
thereby improving the transport parameters. Despite their potential as modifiers, there is
limited research on PEC membranes modified with GO [8,9], HF [10], and MWCNT [11],
and there is no information on the modification of PEC from PSS/PEI with these CP.

The membranes based on PEC from PSS/PEI have been developed for filtration
in [12-17]. PEC from PSS/PEI is more often used for the development of polyelectrolyte
multilayer (PEM) membranes for NF of micropollutants, humic acid (HA), monovalent and
divalent ions (MgCl, and NaySOy), and dye solutions [12-15]. PEC (PSS/PEI) membranes
have been prepared using the pH shift-induced APS method [16,17]. The conditions for
membrane preparation, such as changing the molecular weight of PEI, the concentration
and pH of the buffer solution in a coagulation bath, and the effect of the cross-linking agent
glutaraldehyde (GA), have been studied in detail [16]. The PEC membranes prepared with
PEI (25 kDa) at pH 4 had a water permeability of 4 L/(m?-h-bar) and a rejection of 45,
87, and 64% for negatively charged molecules sulfamethoxazole, naproxen, bezafibrate,
respectively. The performance of PEC membranes prepared from PSS and branched PEI
(25 kDa) by the pH shift-induced aqueous phase separation (APS) method was tested in
the filtration of salt (MgCl,, MgSO4, NaySO4, NaCl), bovine serum albumin (BSA), and
HA solutions [17]. This study investigates the effects of the casting solution temperature
and the mixing monomer ratio of PSS/PEI (from 1:1 to 1:1.8) on membrane properties.
Optimal mixing ratios of 1:1.70 resulted in NF membranes with a water permeability of
approximately 8 LMH /bar. To the best of our knowledge, NF membranes made from
PEC of PSS/PEI have not been tested for water purification from dyes and heavy metal
ions. Low-molecular-weight PEI has also not been tested, as the molecular weight of
polyelectrolyte significantly affects the structure of the resulting PEC.

Thus, the novelty and advantages of this work over previously published works
are that, for the first time, (1) low-molecular-weight PEI (10 kDa) is used to prepare PEC
from PSS/PEI using the APS method, which contributes to improved permeability, and
(2) PSS/PEI membranes modified with CP such as HE, GO, and MWCNT are developed
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to improve NF water treatment targeting dyes and heavy metal ions. The effect of the
PSS/PEI monomer ratio, the type of CP, and the content of the optimal modifier (HF) in the
PEC matrix on membrane performance and characteristics was investigated. A number
of analytical methods were used to characterize the resulting PEC-based membranes, in-
cluding NF tests with aqueous solutions of anionic food dyes and heavy metal ions, FTIR
and NMR spectroscopies, scanning electron microscopy (SEM), atomic force microscopy
(AFM), thermogravimetric analysis (TGA), and contact angle measurements. In addition,
theoretical analyses using computational techniques were carried out to elucidate mem-
brane performance and component interactions. This comprehensive approach underlines
the importance of the findings for the advancement of water treatment technologies.

2. Materials and Methods
2.1. Materials

The PEC membranes were prepared using poly(sodium-p-styrenesulfonate) (PSS,
1000 kDa) from Shanghai Macklin Biochemical Technology Co. (Shanghai, China) and
branched polyethylenimine (PEI, 10 kDa) from Macklin Co. (Shanghai, China). To improve
the performance of the PEC-based membranes, various carbon nanoparticles (CPs) were
incorporated as modifiers. These include graphene oxide (GO, synthesized from graphite
via oxidation according to modified Hummers and Offeman’s method), polyhydroxylated
fullerene (fullerenol, HF, Cgy(OH)2_54), and multi-walled carbon nanotubes (MWCNT
with specific surface area of 276 m?/g) obtained from Fullerene Technologies located in
St. Petersburg (Russia). Detailed characterization of GO, HF, and MWCNT is presented in
previous works [18-20]. Sodium acetate (CH3COONa) with 99% purity from LenReactive
(St. Petersburg, Russia) and acetic acid (AcOH) from Vekton (St. Petersburg, Russia) were
used to prepare a buffer solution. Glutaraldehyde (GA) from LLC TD Gala-Trade (St.
Petersburg, Russia) was used as a cross-linking agent.

2.2. Membrane Fabrication

The preparation of PEC-based membranes was carried out according to the pH shift
induced and organic solvent-free aqueous phase separation (APS) process. Aqueous
solutions of 25 wt.% PSS and PEI were prepared, mixed to obtain different monomer ratios
of PSS/PEI (1:1.5, 1:1.75, and 1:2) to prepare 25 wt.% casting solutions and subjected to
ultrasonic treatment for 1 h. The molecular weights of the monomers (PS5~206.19 Da
and PEI~43.04 Da per unit of ethyleneimine) were used to calculate the molar mixing
ratio. For example, to prepare 20 g of 25 wt.% PSS/PEI (1:1.75), 14.64 g of 25 wt.% PSS
solution and 5.36 g of 25 wt.% PEI solution must be mixed. The resulting solution was
deposited onto the glass substrate using a 200 pum slit casting blade and then immersed in
a coagulation bath containing acetate buffer (0.5 M, pH 4.0) at room temperature. In this
bath, the PEC solidified to form a porous membrane structure (Figure 1). The resulting
PEC-based membranes were removed from the glass substrate and placed in another bath
containing distilled water for at least 24 h.

The modification of PEC-based membranes with a PSS/PEI ratio of 1:1.75 was carried
out by introducing 1 wt.% of GO, HE, and MWCNT nanoparticles with respect to the
total PEC mass. The HF and GO modifiers were added to the PEC solution as an aqueous
dispersion at a concentration of 20 g/L. MWCNTs were introduced via mechanical grinding
with PSS powder in the first step of solution preparation [21]. Mechanical grinding is
most commonly used to disperse agglomerated MWCNT [22,23] and does not have a
significant effect on the particles [24]. The introduction of pristine MWCNT particles into
a concentrated 25 wt.% solution of high-molecular-weight PSS (1000 kDa) and treatment
with ultrasound alone did not result in uniform dispersion of the modifier, resulting in
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the formation of PEC membranes with defects. In addition, all solutions of PSS/PEI/CP
composites obtained were subjected to ultrasonic treatment for 1 h prior to membrane
formation by the APS method.
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Figure 1. Schematic illustration of the PEC-based membrane preparation.

Cross-linking of PEC-based membranes was performed as follows: 0.01 wt.% GA was
added to a coagulation bath of acetate buffer [17]. GA reacted with the primary amine
groups of PEI, forming an imine bond through the Schiff base reaction [16,25]. The PEC-
based membrane precipitated in the coagulation bath with GA was kept for 5 h, then
removed and stored in water for further characterization and testing. Table 1 summarizes
the names of the PEC-based membranes obtained and their compositions.

Table 1. Denotations of PEC-based membranes from PSS/PEI

Membrane PSS:PEI Ratio CP Content, wt.% Cross-Linking

PEC
PEC/HF
PEC/GO
PEC/MWCNT 1:1.75 ;
PECGA - 0.01% GA
PEC/HFGA 0.01% GA

—_ ==

—_

2.3. Nanofiltration Performance

Laboratory nanofiltration tests were carried out using a dead-end filtration cell with

an effective area of 0.2 x 1072 m?2

. The experiments were carried out under ambient
temperature conditions and an applied transmembrane pressure of up to 50 atm. To
ensure a uniform concentration distribution and to avoid concentration polarization effects,
continuous agitation was applied to the 500 mL feed solution. A visual representation
of the experimental setup is shown in Figure 2. Extensive testing was carried out for
each membrane sample over a minimum of 7 days. To ensure consistency of membrane
properties, water permeation tests were performed both before and after the contaminate
solution filtration. After one week of continuous monitoring, the collected data were
averaged. The average accuracy of the membrane transport parameters was £5% for

permeability and £0.5% for rejection coefficient.
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Figure 2. Nanofiltration setup scheme.
The permeability of the membrane was determined using Equation (1) [26]:
m
L=—— 1
A-t-AP’ @

where m represents the mass of the permeate (kg), t is the duration of permeate collection
(h), A is the effective surface area of the membrane (m?), and AP denotes the transmembrane
pressure (atm).

The rejection coefficient was calculated using Equation (2):

C
R=(1-=2"1.100%, )
Cfeed

where Cperm and Cfeed indicate the concentrations of the components in the permeate and
the feed, respectively.
The flux recovery ratio (FRR) was calculated using Equation (3):

FRR = ( ) -100% ©)

water
where L is the pure water permeability after the feed permeation through the membrane,
and Lygter is the initial pure water permeability.

The primary application of the developed PEC-based membranes was evaluated
through nanofiltration tests for the removal of dye contaminants from aqueous solutions.
The study used a range of food-grade anionic dyes to assess membrane performance.
The test dyes included Sunset Yellow (SY), Congo Red (CR), and Alphazurine (AZ), all
prepared as aqueous solutions at a standardized concentration of 10 mg/L [27]. Detailed
information on these dyes is presented in Table 2. To quantify the dye concentration in
both the feed solution and the permeate, a PE-5400UV spectrophotometer manufactured by
EKROSKHIM Co. (St. Petersburg, Russia) was employed. Spectral analysis was performed
at specific wavelengths corresponding to the maximum absorbance values listed in Table 2
to ensure accurate and reliable measurements for each dye.
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Table 2. Main characteristics of dyes.

Wavelength
Corresponding to
Structure Molar Mass, g/mol Maximum Absorbance,
nm
Sunset yellow (SY, E110) /@/”W 452.37 483
Congo red (CR, E129) 696.67 505
Alphazurine (AZ, E133) (E fﬁ ?/ 690.80 628

The cross-linked PEC and PEC/HF membranes were rigorously tested to evaluate
their efficacy in nanofiltration of heavy metal ion solutions. The test solutions contained
Cu(NOs3);, Pb(NO3),, and Cd(NOs); at a concentration of 50 mg/L each [3]. The filtration
cell was thoroughly cleaned with a 5 g/L aqueous Trilon B solution to ensure consistent
performance and to prevent cross-contamination. Stripping voltammetry was used to
accurately determine the concentration of metal ions in both feed and permeate using a
TA-4 voltammetric analyzer from Tomanalit (Tomsk, Russia). The electrochemical setup
consisted of silver chloride electrodes acting as both reference and auxiliary electrodes,
supplemented by a mercury film electrode acting as the working electrode. Each membrane
was continuously tested for a minimum of seven days to collect comprehensive performance
data. The results presented are based on averaged measurements taken over this period,
ensuring reliable and reproducible results.

2.4. Membrane Characterization

The structure of the PEC-based membranes was investigated using spectroscopic
methods—Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) spec-
troscopy. The PEC-based membranes were analyzed using a Shimadzu IRAffinity-15
spectrometer from Kyoto (Japan), together with an attenuated total reflectance (ATR) in-
strument from PIKE Technologies (Madison, WI, USA). The study was carried out within a
frequency range of 450 to 4000 cm~! while maintaining a constant temperature of 25 °C.
The membranes were analyzed using a Bruker Avance III 400 WB spectrometer manufac-
tured by Bruker in Billericay (MA, USA). This spectrometer operates at a magnetic field
strength of 9.4 T and is equipped with a 4 mm CP/MAS probe. For all experiments, the
Magic Angle Spinning (MAS) frequency was set to 10 kHz. Analysis of the '3C nuclei
was performed at a Larmor frequency of 100.64 MHz using tetramethylsilane (TMS) as an
external reference standard.

The cross-sectional and surface morphology was studied using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The structure of the PEC-based
membranes, both at the surface and in cross-section, was analyzed using a Zeiss AURIGA
laser system from Carl Zeiss SMT (Oberkochen, Germany). This laser operated at a voltage
of 30 kV and a current of 2 pA. For the cross-sectional samples, the membranes were
immersed in liquid nitrogen before being carefully broken. The surface of the membranes
was thoroughly examined using an NT-MDT NTegra Maximus system from NT-MDT
Spectrum Instruments (Moscow, Russia). Tapping mode was used to obtain accurate and
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reliable results. Measurements were made using standard silicon cantilevers with a stiffness
of 15 N/m.

The thermochemical properties of PEC-based membranes were investigated using
a TG 209 F1 Libra thermobalance supplied by Netzsch (Selb, Germany). The evaluation
was carried out in an argon atmosphere at a heating rate of 10 °C/min, using samples
weighing between 2 and 4 mg. The water contact angle for PEC-based membranes was
measured using the sessile drop method using an LK-1 goniometer (OOO “NPK Open
Science”, Krasnogorsk, Russia). The contact angle values were analyzed using DropShape
software (https://drop-shape-analysis.software.informer.com/2.5/). Membranes were
evaluated from both sides.

2.5. Computational Methods

The Gaussian 16, Revision A.03 [28] software package was utilized for all calculations
in this study. Geometries were thoroughly optimized using the B3LYP [29-31] level of
theory and the standard 6-311++G(d,p) basis set. Subsequently, harmonic vibrational
frequency analysis was conducted at the same theoretical level to characterize all geome-
tries. When a saddle point was identified, the mode corresponding to the first imaginary
frequency was used to locate the local minimum. All reported structures in this study
have been confirmed to be true local minima. It is imperative to note that no symmetry
constraints were applied during the course of the calculations. The singlet state was chosen
as the ground state. The thermodynamic properties were calculated at 1 atm and 298.150 K.
The obtained wave functions were processed using the multifunctional wavefunction
analyzer (Multiwfn 3.8 [32], release date: 17 April 2024). The visualization process was
executed through the utilization of VMD software (version 1.9.4a53, release date: 29 June
2021) [33].

3. Results

This section consists of four main subsections. Section 3.1 is dedicated to the optimi-
sation of PEC-based membranes for enhanced nanofiltration by variation of the PSS/PEI
ratio (Section 3.1.1), modification of the PEC membrane with an optimal PSS/PEI ratio with
CP (Section 3.1.2), and cross-linking of the PEC/HF membrane with GA (Section 3.1.3),
which demonstrated the improved properties. Section 3.2 describes the study of changes in
the structural and physicochemical properties of the membranes using different analytical
methods during the modification process. Quantum chemical studies are presented in
Section 3.3 to observe interactions between polymers and separated components. To demon-
strate the potential of the developed membranes, they were compared with PEC-based
membranes published in the literature (Section 3.4).

3.1. Transport Characteristics in Nanofiltration
3.1.1. Variation in PSS/PEI Ratio in Membrane Composition

The composition of the PEC membranes was varied by changing the ratio of PSS/PEI
(1:1.5, 1:1.75, and 1:2) in the casting polymer solution during membrane formation. These
ratios were chosen on the basis of previous works [16,17]. It should be noted that in this
work, a lower-molecular-weight branched PEI (10 kDa) was initially used without cross-
linking, which, in turn, significantly affected the transport properties of the resulting PEC
membranes. The transport properties of the developed PEC membranes with different
PSS/PEI ratios were investigated in the nanofiltration of dye solutions (Figure 3).
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Figure 3. (a) Permeability and (b) rejection coefficient of dyes for PEC-based membranes prepared
using different PSS/PEI ratios.

The permeability and rejection characteristics of PEC-based membranes are influenced
by the molecular weight of the dyes [34]. As the dye molecular weight increases, per-
meability tends to decrease due to fouling effects, while dye rejection improves. Several
mechanisms contribute to dye retention, including variations in diffusion and solubility,
the molecular sieve effect, and the Donnan effect [35]. The separation of dye molecules is
primarily controlled by their molecular weight (sieve effect) and electrostatic interactions
(charge). Consequently, as the molecular weight of the dyes increases (Table 2), there is a
corresponding increase in the rejection coefficient and a decrease in the permeability of
the PEC membranes. With increasing PEI in the PEC composition, the permeability of the
membrane increased, and their dye rejection capacity decreased. This may be due to a more
favorable interaction of cationic PEI with water (confirmed by computational methods
in Section 3.3), the formation of a more open porous structure, a larger pore surface area
for component penetration, as well as an increase in positive surface charge due to PEI
(confirmed by computational methods in Section 3.3) [16,17]. These changes contributed to
increased water penetration and attracted more negatively charged dyes, which passed
through the membrane with the water. Based on the performance data, the PEC membrane
prepared from the casting solution of PSS/PEI (1:1.75) was selected as optimal for further
modification with CP due to the optimal ratio of permeability and rejection coefficients:
improved permeability by more than 2.6 times with a slight decrease in dye retention (less
than 3.1%) compared to the PEC (1:1.5) membrane. It should also be noted that membranes
prepared at PSS/PEI ratios of 1:2 formed patterned surfaces due to excess PEI [17].

3.1.2. Modification of PEC with Carbon Nanoparticles

To investigate the effect of modifying the PEC membrane with optimal properties,
1 wt.% of CP, such as HF, GO, and MWCNT, was incorporated into the PEC matrix. These
modified membranes were then tested for nanofiltration of anionic dye solutions (Figure 4).
The parameters of the PEC membrane are also shown in Figure 4 for comparison.
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Figure 4. (a) Permeability and (b) rejection coefficient of dyes for PEC membranes modified with CP
(HF, GO, and MWCNT).

The introduction of CP into the matrix of the PEC membrane resulted in an increase
in permeability and dye rejection coefficients. The improved retention of the modified
membranes can be attributed to the anionic repulsion between CP and dyes within the
membranes. Incorporation of CP with a high concentration of oxygen-containing func-
tional groups (particularly hydroxyl and carboxyl) increases the negative charge on the
membrane surface, resulting in greater electrostatic repulsion [34]. The PEC/GO and
PEC/MWCNT membranes have close permeability values and are significantly lower than
the PEC/HF membrane due to the formation of a denser upper layer for these membranes
(confirmed by SEM data below), which impedes transport across the membranes. However,
MWCNT and GO, when used as modifiers, can create selective channels for water due to
their hydrophilic properties (confirmed by contact angle data below), thereby facilitating
efficient permeability [36]. It is worth noting that the permeability of dye solutions for the
PEC/MWCNT membrane decreases significantly compared to the PEC/GO membrane,
but its rejection coefficients also increase. This may be due to the formed surface structure
of the PEC/MWCNT membrane, on which small pores have formed (confirmed by SEM
data below), providing high selectivity but also strong contamination with dyes, leading
to a decrease in membrane permeability [37]. The PEC/HF membrane has the highest
permeability of all modified membranes and slightly improved dye rejection coefficients
compared to the pristine PEC membrane. These changes in performance were due to the
formation of spongy-like inner structure of the membrane (confirmed by SEM data below),
which provided a larger effective contact and transport area, and the most hydrophilic
surface (confirmed by contact angle data below) due to the largest amount of functional
HF groups, which facilitated water penetration [10]. Thus, HF was chosen as the optimal
modifier for the PEC membrane among all CP.

To study the effect of this nanofiller, PEC-based membranes modified with different
HF contents (1, 3, and 5 wt.%) were also tested (Figure S1 in the Supplementary Materials).
It was shown that increasing the HF concentration in the membrane led to a decrease
in permeability and an increase in dye rejection coefficients. This can be attributed to
the ability of HF to act as a structuring and cross-linking agent for polymer chains [38],
particularly for PEI This interaction forms a robust hydrogen bonding system (confirmed
by FTIR data below) and contributes to a more amorphous state of the matrix (confirmed
by NMR data below) [38] while also increasing the negative charge on the surface. Based
on the transport data obtained, the optimal membrane was identified as PEC/HF (1 wt.%),
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which resulted in a twofold increase in permeability while maintaining rejection levels
comparable to those of the pristine PEC membrane.

3.1.3. Cross-Linking of PEC and PEC/HF Membranes

PEC and PEC/HF membranes were cross-linked with GA to increase mechanical
strength and long-term stability for potential industrial applications [17]. A comparison of
untreated and cross-linked membranes in the nanofiltration of dye solutions is shown in

Figure 5.
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9 ////{ CR = (L JAZ 9.1 é§

NE 8- AZ ?g ‘s’ 98 976 97.9 . é%

= ° i S 7%
2.1 2 3 swfl]  %std ?fé§ é§
7 7 3 (I N
27 7 £96F .
g 7 N : . - .
E ° n B ) . vl
St Al | o \ g 7
8 4 n B \ | 9| I
N a1 wo | U G

PEC PEC/HF PEC® PEC/HF®* PEC PEC/HF PEC® PEC/HF®*

(a) (b)

Figure 5. (a) Permeability and (b) rejection coefficient of dyes for untreated and cross-linked mem-
branes based on PEC and PEC/HF (1%) composite.

Cross-linking of the membranes with GA resulted in increased permeability and
dye retention. This can be explained by the formation of a more open internal porous
structure with a thinner upper selective layer after cross-linking (confirmed by SEM data
below) and surface hydrophilization (confirmed by contact angle data below). The cross-
linked modified PEC/HF®A membrane had more than 2 times higher permeability and
high dye rejection (99.99 wt.%) compared to the unmodified PEC membrane. These
alterations were caused by changes in the morphology, surface charge, and structure
during the HF modification and cross-linking process. The fouling of this PEC/HFSA
membrane was evaluated in terms of the FRR parameter calculated from nanofiltration
experiments performed with each dye solution over a 24 h period (alternating water
and dye solution). It was shown that the FRR values were 94%, 90%, and 86% after the
nanofiltration experiments with SY, CR, and AZ solutions, respectively. The decrease in
the FRR parameters is due to the increase in the molecular weight of the dyes, which
contributes to a greater contamination of the membrane.

For potential industrial applications in wastewater treatment, the PEC/HFSA mem-
brane was tested in nanofiltration of aqueous solutions containing heavy metal ions
(Figure 6). The pristine PEC membrane was also evaluated for comparison. The per-
meability of heavy metal ions solutions was not reported separately, as it was consist with
the water permeability values previously shown in Figure 5.
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Figure 6. Rejection coefficient of heavy metal ions for cross-linked PEC and PEC/HF membranes.

The PEC/HF®A membrane showed the highest rejection, achieving retention rates
of 97.1% for Cu?*, 98.9% for Cd%*, and 99.1% for Pb%*. In contrast, the PEC membrane
exhibited reduced rejection. The metal rejection coefficients correlated with the size of the
metal ions [39]. In addition, the rejection of Cu®* was lower for the membranes compared
to the other metal ions. This may be due to the formation of complexes between copper
and donor atoms [3]. Therefore, the nanofiltration cross-linked PEC/HFSA membrane was
developed to improve the performance in the treatment of water contaminated with dyes
and heavy metal ions.

3.2. Structure and Properties Investigation of PEC Membranes

The structure of PEC-based membranes was studied using spectroscopic methods
(FTIR and NMR). The FTIR spectra of the components (PEI, PSS, HE, GO, and MWCNT)
and the membranes obtained are shown in Figure 7.

The vibrational modes in the 700-1700 cm ! range mainly consist of a combination
of NH bending and CH; motions [40]: a distinct peak at 1596 cm ™! is associated with
amines [41,42], and CN stretching and NH bending mixed with CH, scissors are charac-
terized by peaks at 1113 and 1455 cm~!. NH stretching, known for its high sensitivity
to hydrogen bonding interactions, occurs in the range of 3000 to 3400 cm ™! [40]. As the
strength of the hydrogen bond increases, these frequencies decrease. The involvement of
functional groups in intermolecular interactions (particularly hydrogen bonding) results in
a decrease in peak intensity and broadening due to changes in bond lengths and angles [43].
The CH and CH, vibrational peaks are observed in PEI in the region of 2800-2950 cm !
The FTIR spectrum of PSS has main characteristic peaks at 1174, 1039 cm ™! (corresponding
to the antisymmetric and symmetric vibrations of the SO3 group), and 1126 cm ™! related
to the in-plane benzene ring vibration [17,44]. The main characteristic peaks of HF were
located at 3391 (O-H), 1576 (C=C), and 1375 (O-H bending vibration) em 1 [21,45,46]. Main
GO peaks at 3373 cm ! (O-H), 1730 cm~! (C=0), 1614 cm~! (C=C), and 1042 cm~! (C-O,
epoxy groups) were observed [18,47,48]. The spectrum of MWCNT demonstrated peaks at
1383 cm ™! and 1122 ecm ™! (C=C deformation vibrations), 3351 cm~! (O-H), 2919 cm ! and
2871 cm~! (C-H), and 1650 cm ™! (C=C stretching vibrations) [49-54].
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Figure 7. FTIR spectra for (a) components (PEI, PSS, HF, GO, and MWCNT), (b) untreated PEC and
PEC/CP(1%) membranes, and (c) cross-linked PEC and PEC/HF(1%) membranes.

The FTIR spectrum of the PEC membrane reflects the combined spectra of the pristine
PEI and PSS polymers. The spectrum showed characteristic peaks at 3432 (NH stretching),
2931 (CH stretching), 1163 (CN stretching), 670 (NH bending), and 1031 and 1005 cm !
(sulfonate moieties) [17]. The introduction of 1 wt.% CP into the PEC membrane resulted
in the main peaks of the modifier overlapping with the matrix peaks. For the membranes
containing MWCNT and GO, the spectra remained nearly identical to that of pristine PEC,
although there was a significant increase in the intensity of the hydroxyl group peak, which
shifted from 3434 cm~! to 3312 cm~! and 3350 cm ™!, respectively, likely due to residual
moisture. The following changes were observed for the PEC/HF membrane: an increase in
the intensity of the peak at 3434 cm ™! and its shift, a shift of the peaks to 3027 and 1627 cm !,
and a decrease in the intensity of the peak at ~2000 and 1599 cm~! (primary RNH;3"),
indicating the presence of hydrogen bonding between HF and PEC components [21,38].
In addition, it may also be assumed that cationic PEI can form electrostatic interactions
with anionic PSS and functional groups of HF [55]. Cross-linking of PEC and PEC/HF
membranes with GA resulted in the following changes: a shift and increase in intensity of
peaks at 3432 and 3434 cm !, and the broadening of peaks at 1633 and 1628 cm ! due to
the formation of a peak at 1660 cm ! (C=N stretching) and a decrease in the primary amine
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(NH) peak at 1600 cm ™!, This indicated the formation of imine bonds after the Schiff base
reaction between the primary amine of PEI and GA [17,25]. The NMR spectra of PSS, PEI,
HE, and PEC-based membranes are shown in Figure S2 in the Supplementary Materials
and Figures 8 and 9, respectively.

(@)
200 175 150 125 100 75 50 25 O
C chem. shift, ppm
5
(b)

13¢ chem. shift, ppm

5

(c)

200 175 150 125 100 75 50 25 0
13¢ chem. shift, ppm

Figure 8. 13C NMR spectra of PEC membranes with different monomer ratios of PSS/PEL: (a) 1:1.5,
(b) 1:1.75, and (c) 1:2. Carbon positions: 1 at 40 ppm, 2 at 45 ppm, 3 at 147 ppm, 4 at 131 ppm, 5 at
126 ppm, and 6 at 142 ppm [56,57].
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Figure 9. 13C NMR spectra of PEC-based membranes: (a) PEC/HE, (b) PECGSA, (¢) PEC/HFCA,
(d) PEC/GO, and (e) PEC/MWCNT.

All spectra for PEC-based membranes with different monomer ratios correspond to
the PSS spectra (Figure S2 of Supplementary Materials) [56,57]. When the spectra were
decomposed into individual spectral components, a broad component at about 48.5 ppm
was added, which was the sum of all signals from liquid PEI (Figure S2 of Supplementary
Materials) [58]. It is evident that as the PEI content in the PEC composition increases, the
relative intensity of the line corresponding to PEI also increases.

The spectra of the PEC/HF, PEC/GO, and PEC/MWCNT membranes have a slightly
broadened line consisting of two components, corresponding to carbon atoms in positions 3
and 6 of PSS. This may indicate the influence of CP molecules on the bonds of PSS and PEIl in
the direction of amorphization. Two intense new peaks for the PEC/GO and PEC/MWCNT
membranes are likely due to the presence of a large amount of physically adsorbed glycerol
(which was used to preserve membranes). In the spectrum of the cross-linked PECGA
membrane, a contribution to the spectrum in the region of 26 ppm is observed in the form
of a low intensity broad component corresponding to carbon atoms from GA [59]. At
the same time, the spectral component corresponding to carbon atoms at position 6 is
significantly narrowed. This may indicate an increase in PSS/PEI bonds. In the cross-linked
PEC/HFCA membrane, the line from GA is narrowed compared to the PECSA membrane.
This may indicate an increase in the structural homogeneity of the film.

The surface and inner morphology of the membranes were studied using microscopic
methods (SEM and AFM). Cross-sectional SEM micrographs of the PEC-based membranes
are presented in Figure 10.

All membranes showed an asymmetric structure (i.e., a structure consisting of an
extremely thin top layer and a much thicker and highly porous layer) [60]. All membranes,
except PEC/HF, have a dense upper layer with finger-like macrovoids. In most cases,
the finger-like membrane morphology is formed by the process of instantaneous delam-
ination [61]. The same effect has been observed for PEC (PSS/PEI)-based membranes
in [16,17]. The introduction of CP such as GO and MWCNT into the PEC matrix leads to
the formation of macrovoids with a larger and more “open structural” size [62], as well as
to the compaction of the upper dense layer, especially for the PEC/GO membrane. This
may be related to changes in the rate of formation of the PEC matrix due to the addition of
modifiers with a large number of functional groups (namely, oxygen-containing groups)
and their higher conductivity, as well as changes in both the pH and viscosity of the casting
solutions during modification [63,64]. The PEC/HF membrane had a sponge-like structure
with a large and complex pore tortuosity. The formation of a hydrogen bonding system
between the HF and PEI (confirmed by FTIR data), due to the large number of functional
groups (OH in HF and amine in PEI), can lead to delayed demixing [65] and eventually to
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the formation of a spongy internal structure of the PEC matrix [21]. The introduction of
CP into the PEC matrix would allow the creation of nanoporous fragments in the mem-
branes, increasing the surface area and providing additional channels for the transport
of components (particularly water) and the retention of foulants [66]. Cross-linking the
PEC membrane with GA (PEC®* membrane) resulted in a more open porous structure
with slight compaction of the top selective layer [16]. For the cross-linked PEC/HF¢A
membrane, the most interesting effect was revealed when the cross-sectional structure
was spongy-porous and consisted of finger-like macrovoids due to the combined effect of
the modifier and cross-linking agent. Surface SEM micrographs and AFM images of the
PEC-based membranes are presented in Figure 11.

The surface of the PEC membrane was free of defects and had a patterned structure
due to the high degree of branching of the PEI used [17]. The introduction of CP into the
PEC matrix resulted in the formation of a rougher surface of the modified membranes with
different plastic deformations. GO results in a flaky surface structure, which may be due to
the formation of a hydrogen bonding system between PEC and carboxyl groups of GO and
its lamellar shape with a higher particle size range compared to other modifiers [67,68].
The PEC/MWCNT membrane is characterized by the presence of small, uniformly dis-
tributed pores on the surface. This can be explained by the high surface porosity structure
of MWCNT [69], and the same effect was observed for the modified polyethersulfone
membranes in [70]. A uniformly rough surface structure was observed for the PEC/HF
membrane due to the smallest size of HF particles among all modifiers [21], which could
also indicate a uniform distribution of particles in the PEC matrix. Cross-linking of PEC
and PEC/HF membranes with GA resulted in a decrease in surface roughness, indicating
the binding of polymer chains and functional groups of the modifier [42]. Based on AFM
images, surface roughness was evaluated in terms of average (Ra) and root mean square pa-
rameters (Table 3). To evaluate the effect of the modifiers and cross-linking, the membrane
surface was also evaluated by measuring the contact angles of water (Table 3).

Table 3. Surface roughness and water contact angle of membranes.

Surface Parameters Water Contact

Membranes Ra, nm Rq, nm Angle, °
PEC 8.5 11.0 702
PEC/GO 16.3 24.9 64 +2
PEC/MWCNT 144 23.0 63+2
PEC/HF 13.9 22.2 61 +2
PECGA 43 13.8 42 +2
PEC /HFGA 2.22 41 3942

The values of the surface parameters are in agreement with the SEM data. Modification
of PEC with CP nanoparticles resulted in an increase in roughness in the following series
of membranes: PEC/HF < PEC/MWCNT < PEC/GO. This dependence was also observed
when modifying chitosan membranes in [21] due to their nature and particle size. Cross-
linking of the membranes (PECC* and PEC/HFC4) resulted in lower surface roughness
values [71]. It should also be noted that the introduction of CP into the PEC matrix resulted
in surface hydrophilization (a reduction in the contact angle value). The lowest value
for the modified membranes was observed for the PEC/HF membrane due to the largest
number of polar hydroxyl groups of the modifier HF [72]. The contact angle value for
the cross-linked PECSA membrane was close to that previously obtained for the PEC
membrane prepared using PSS and PEI of a different molecular weight (25 kDa) [17].
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Figure 10. SEM micrographs of cross-sections for membranes based on PEC and PEC/CP composite
at different magnifications.
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SEM micrographs AFM images

PEC/MWCNT

PEC/HFGA

Figure 11. Surface SEM micrographs at different magnifications and AFM images of membranes
based on PEC and PEC/CP composite.

The thermochemical properties of the developed membranes were investigated using
the TGA method (Figure 12). This allows for the evaluation of the temperature range over
which the membranes are expected to be used in industry. All PEC-based membranes
showed high degradation onset temperatures (>350 °C) due to the ionic interaction of PSS
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and PEI [73], which stabilized the sulfonate and amine groups [73]. It is also worth noting
that the degradation behavior of untreated and cross-linked membranes was different;
cross-linked membranes had more residue upon degradation. Also, the introduction of
even a small amount (1 wt.%) of HF resulted in greater stability of the modified composite
membranes compared to the unmodified membranes due to the modifier’s high thermo-
chemical stability up to 400 °C [74]. Thus, it has been shown that the developed membranes
based on PEC (PSS/PEI) modified with HF are promising for industrial application even at
elevated temperatures (up to 300 °C).

—HF

__PEC
T PECIHF
20} PEC®*

o — PEC/HF®?

100 200 300 400 500 600
Temperature, °C

Figure 12. TGA curves of HF and developed untreated and cross-linked membranes based on PEC
and PEC/HF(1%) composite.

3.3. Theoretical Consideration

The primary objective of the computational study was to investigate the interaction
between PSS and PEI for the formation of PEC, as well as to assess the influence of PEI pro-
tonation on the properties of the developed membranes. To this end, the model molecules
selected for examination included H,O, the PSS monomer, and branched PEI (composed
of four monomeric fragments) featuring primary, secondary, and tertiary amine groups.
Depending on the type of amino group being discussed, the corresponding interaction
types were designated as PEI1, PEI1v2, PEI2, and PEI3 (Figure 13). Additionally, four forms
of PEI were optimized during the course of the study: PEI1*, PEI1v2*, PEI2*, and PEI3*,
each protonated at different positions. A hydrogen atom was used as the terminal group.
The XYZ coordinates are specified in Table S1 of the Supplementary Materials.

Following the optimization of the geometries of the initial model molecules in order
to investigate potential interactions, several hypothetical associates were generated. The
alteration in Gibbs free energy, as presented in Table 4, was determined by calculating the
difference between the energy of the associate and that of the initial molecules.

Table 4. The changes in the isothermal-isobaric potential during the association of components.

AG (kJ/mol)

B3LYP/6- PSS PEI1* PEI1v2* PEI2* PEI3* PEI1 PEI1v2 PEI2 PEI3
311++G(d,p)
PSS ~ —410.3 —397.1 —383.6 —356.2
H,0 —16.0 —35.8 —36.5 —20.3 —9.0 3.1 7.0 7.1 17.8
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Figure 13. Model molecules and positions of amino groups.

As demonstrated in Table 4, the classical effect of lower basicity of tertiary amines

compared to secondary and primary amines, attributed to steric hindrance, was confirmed.

Interestingly, despite the inductive effect of substituents in secondary amines, the interac-

tion of primary amines appears to be similar to or even more energetically favorable, likely

due to steric hindrance. This characteristic is even more pronounced when considering the

monoprotonated form of PEI in interactions with H,O and PSS. This fact is consistent with
the hard and soft acids and bases (HSAB) theory [75], where PSS and H,O can be regarded
as hard bases, while PEI3* acts as a soft acid. Conversely, primary and secondary amines

serve as sources of molecular electrostatic potential (ESP) (Figure 14), a conclusion further

supported by the calculated atomic charges presented in Table 5. Additionally, Table 5
includes the energies of the HOMO and LUMO orbitals.

Table 5. Atomic dipole moment-corrected Hirshfeld (ADCH [76]) and restrained electrostatic potential
(RESP [77]) atomic charges and energy of PSS HOMO and PEI* LUMO.

31]1?%[;?'1)) Atom ADCH RESP E, eV
o! —0.53 —0.71

PSS 0? —0.53 —0.71 —2.40
03 —0.52 —0.71
H! 0.30 0.38

PEI1* H2 0.28 0.35 —5.40
H3 0.28 0.36
H! 0.31 0.38

PEIlv2* H2 0.29 0.34 —547
H3 0.28 0.34
H! 0.26 0.24

+ —
PEI2 H2 0.26 0.25 470
PEI3* H 0.24 0.22 —3.95
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Figure 14. ESP plane plots of model PSS and PEI* ions.

The significant energetic gain observed in the interaction between PSS and PEI*
(Table 4) can be attributed to electrostatic interactions and electron density redistribution
upon associate formation, involving HOMO(PSS)-LUMO(PEI*) orbital interactions. As
observed in the series PEI1*, PEI1v2*, PEI2*, and PEI3*, the HOMO(PSS)-LUMO(PEI")
energy gaps are 3.00, 3.07, 2.30, and 1.55 eV, respectively. This observation may be indicative
of molecular orbital interactions [78] and further confirms that, in the case of tertiary amines,
the delocalization of electron density plays a more significant role compared to primary
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amines. Concurrently, the elevated charge values on the hydrogen atoms of primary amines
substantiate the more pronounced electrostatic interactions observed in these systems.

Additionally, during the study, the intermolecular interactions formed during the
optimization of the associates were analyzed. A topological analysis (Bader quantum
theory of atoms in molecules (QTAIM [79]) confirmed the non-covalent nature of these
interactions. Figure 15 illustrates the bond critical points (blue spheres) and bond paths
for the forming associates. To determine the type of these interactions, the non-covalent
interaction plots (NCI plots [80]) were also presented in the images using an isovalue of
0.5 (e1/3 bohr)~! and a color scale range of [—0.04, 0.02] e/ bohr?. In these plots, the green
color corresponds to van der Waals interactions, blue indicates hydrogen bonds, and red
signifies repulsion.

PEI1--H20

PEI2--H20 PEI2+--H20

PEI3--H20 PEI3+--PSS

H:20--PSS

Figure 15. QTAIM distribution of BCPs and bond paths for the associates.
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Based on the obtained NCI plots, hydrogen bonds were identified as the predominant
interaction type. To quantify the strength of such non-covalent interactions, bond orders
were assessed. Table S2 in the Supplementary Materials presents the Wiberg bond indices
(WBI) [81,82] and Fuzzy bond order (FBO [83]) values. The presented FBO values indicate
that PSS exhibits a lower value (0.054) compared to PEI (0.107), suggesting the formation of
stronger hydrogen bonds with water in the case of PEIL The interaction of PSS with PEI* is
characterized by high WBI values (>0.2), which may indicate a transfer of electron density
and the formation of bonds with a borderline nature between non-covalent interactions
and dative bonding [42]. This observation supports the possibility of PEC formation in
this system.

3.4. Nanofiltration Performance Comparison

The nanofiltration performance of the developed PEC/HFSA membrane was evalu-
ated against PEC-based membranes reported in the literature, specifically for the filtration
of anionic dye solutions under conditions close to those of this study (Table 6).

Table 6. Performance of PEC-based membranes in nanofiltration of anionic dye solutions.

Water Permeabil- Rejection
PEC Membranes ity/Permeance Dye Molar Mass, g/mol Coefficient, % Ref.
9.90 SY 452 99.99
PSS/PEI/HFGA 5 CR 697 99.99 This study
kg/(m* hatm) AZ 691 99.99
PEI-modified 0.84
GO/ polyacrylic acid kg/ (m? h bar) CR 697 995 9]
quaternary
ammonium cellulose 19
ether/sodium 5 XO* 673 99.3 [84]
carboxymethyl L/(m? h bar)
cellulose)
6.2 .
PSS/PDADMAC L/ (m2 h bar) MO 327 91.7 [85]
chitosan/dextran 6.7 .
sulfate sodium L/(m? h bar) MB 800 995 [86]
polyether ether ketone 20 CR 697 99 [87]
(SPEEK)/PEI L/(m? h bar) MO * 327 99
~27 .
SPEEK/PDADMAC L) (m2 h bar) MO 327 ~93 [88]
. . 57.4
PEI/sodium alginate L/ (m? h bar) CR 697 99.4 [89]

* XO—xylenol orange; MO—methyl orange; MB—methyl blue.

Differences in experimental conditions, permeability units, and membrane prepara-
tion methods make comparing PEC-based membranes quite challenging. However, the
PEC/HF“A membranes developed in this study exhibit high performance levels, such as im-
proved permeability or rejection compared to others. Therefore, this developed membrane
shows great promise for industrial applications in nanofiltration for water purification.

4. Conclusions

Nanofiltration membranes from PEC of PSS/PEI with improved performance were
developed using a pH-induced APS method through modification with carbon nanopar-
ticles such as GO, HE, and MWCNT for wastewater treatment of food anionic dyes and
heavy metal ions.

The monomer ratio of PSS/PEI (1:1.5, 1:1.75, and 1:2) in the casting solution during
membrane preparation was varied. An increase in the PEI content within the PEC matrix
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resulted in enhanced membrane permeability and a reduction in dye rejection coefficients
due to the increase in the positive surface charge and the formation of a more open
porous structure (confirmed by SEM). The PEC (PSS/PEI 1:1.75) membrane was chosen
as optimal for further modification with CP (1 wt.% GO, HF, and MWCNT) because of its
permeability and rejection ratios. This modification led to an increase in permeability and
dye rejection coefficients, attributed to structural changes, surface hydrophilization, and the
enhancement of the negative charge on the membrane surface due to the oxygen-containing
functional groups of CP. The PEC/HF membrane exhibited the highest permeability among
all membranes, attributed to its spongy-like inner structure (confirmed by SEM), which
increased the effective contact area (confirmed by AFM), along with a highly hydrophilic
surface (confirmed by contact angle measurements) due to a greater number of functional
HF groups that facilitated water penetration. This PEC/HF (1 wt.%) membrane was
further cross-linked with GA, which resulted in a more than 2-fold increase in permeability
compared to the pristine PEC membrane and the highest dye retention (99.99 wt.%). This
membrane was also tested in the nanofiltration of aqueous solutions of heavy metal ions
(Cu?*, Cd?*, and Pb?*), where it demonstrated stable permeability (the membranes were
not contaminated) and rejection coefficients exceeding 97%. Thus, it was demonstrated that
the developed nanofiltration membrane is promising for industrial wastewater purification
from dyes and heavy metal ions, even at elevated temperatures (confirmed by TGA).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym17101306/s1, Figure S1: (a) Permeability and (b) rejection
coefficient of dyes for PEC/HF (0-5 wt.%) membranes; Figure S2: 13C NMR spectra of (a) PSS, (b) PEI,
and (c) HF; Table S1: The Cartesian coordinates of molecules and their associates; Table S2: WBI and
FBO values, and the interaction lengths (d).
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