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Abstract: Polysulfone (PSF) and smart polymers (SRPs)—including polyacrylic acid (AAc), poly N-
isopropylacrylamide (NIPA), and sulfonated poly(1,4-phenylene ether-ether-sulfone) (SPEES)—were
used in the synthesis of responsive membranes (PSF-SRP) for application in sustainable desalination
processes involving food industry effluents for water recovery and recycling. With the inclusion of
SRPs, PSF-SRP membranes showed different characteristics when compared to the PSF membrane.
AAc caused fibers to occur in the surface structure, increasing the MWCO of the PSF membrane,
whereas NIPA and SPEES diminished the MWCO, resulting in ultrafiltration and nanofiltration
membranes. Furthermore, NIPA and SPEES provided high mechanical and thermal resistance when
incorporated into the PSF membrane. The performance of the membranes also showed important
changes. In comparison with only PSF, PSF-SPEES and PSF-NIPA increased the water flux and salt
rejection percentage by 20–30%. In addition, the highest membrane fouling resistance was observed
with PSF-NIPA, while PSF-AAc and PSF-NIPA-AAc presented the lowest resistances. Therefore, PSF-
NIPA and PSF-SPEES resulted in membrane improvement, including stimuli-responsive properties,
allowing for effective saline effluent treatment.

Keywords: responsive membranes; desalination; water recovery; water recycling; industrial effluents;
membrane fouling

1. Introduction

Water recovery through industrial effluent treatment is a sustainable alternative for
the production of reusable water. In particular, food saline industrial effluents provide
an alternative drinking water source, contributing to the demand for clean water and
addressing current water scarcity problems.

Saline water is mostly treated using membrane-based processes; however, membrane
fouling is the principal restriction in terms of their productivity, leading to high costs
associated with effluent treatment [1].

In order to address this issue, innovative polymers for membrane synthesis are being
developed to increase the efficiency of membranes. Among them, materials named stimuli-
responsive polymers (or smart/intelligent polymers; SRPs) are being studied for their
potential use in the preparation of SRP membranes. SRPs are classified according to their
effects on the membrane characteristics.

According to the physical and/or chemical properties of SRPs, they produce different
membrane responses to various environmental stimuli, such as pH, temperature, polarity,
light, and biological molecules, thus enhancing the permeation, fouling, lifetime, and
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functionality aspects of membranes and consequently increasing their potential applica-
tions [2–5].

The most-studied SRPs include those in the polybenzimidazole (PBI), poly(N-
isopropylacrylamide) (PNIPA), poly(poly (ethylene glycol), and poly(oligoethylene glycol
(meth)acrylate) (PEGMA) families, as well as poly(acrylic acid) (PAAc), poly(methacrylic
acids) (PMAs), poly(N-diethylaminoethyl methacrylate) (PDMA), and poly(ethyl pyrroli-
dine methacrylate) (PPMA) [6–8]. Other natural polymers, such as chitosan and cellulose,
are also considered SRPs [9].

The preparation method for SRP membranes includes the blending of SRPs with a
polymeric matrix, such as polyvinylidene fluoride (PVDF), polypropylene (PP), polyethy-
lene (PE), polyamide (PA), polyethersulfone (PES), and/or polysulfone (PSF). Furthermore,
surface membranes can be modified with SRPs, through covering a membrane or porous
surface using coating and grafting processes. Detailed information on SRP membrane
preparation methods can be found in the works of Saini et al. [7], Hou et al. [8], and
Al-Najar et al. [9].

With the presence of SRPs, membranes acquire several stimuli-responsive properties,
including changes in their pore size, charge, and transport properties.

The principal applications of SRP membranes are focused on ion exchange membranes
for fuel cells, gas separation, energy storage, membrane electrodialysis, and food separation,
including protein fractionation and concentration, and the clarification of juice, wine, and
beer [10–12].

At present, water treatment is also an important topic, considering the progress
of membrane systems that utilize SRPs as thermo-responsive and pH-responsive poly-
mers [13]. Primary concerns in this context include the enhancement of hydrophilicity
properties, chemical resistance to pH, oxidants, and chlorination. Nevertheless, the prin-
cipal objective of SRP membranes is a reduction in membrane fouling [14]. Summarized
reports containing details on the effect of the incorporation of pH-responsive polymers can
be found in the work of Al-Najar et al. [9]. Furthermore, Musarurwa and Tavengwa [15]
have referred to the achievement of reversible properties; namely, hydrophilicity and
antifouling capacity.

Experimental reports on SRP membrane applications include the work of Choi et al. [16],
who developed a PES membrane with high enhancement in relation to the flux and foul-
ing properties through blending poly(2-dimethylaminoethyl methacrylate)-block-poly(N-
isopropylacrylamide) with (PDMAEMA-b-PNIPAM, PDN). Liu et al. [17] grafted a thin
PA film with acidic aqueous glutaraldehyde and monomethoxy-poly(ethylene glycol)
(MPEG) to produce a membrane for textile dye separation and to enhance the durability
and susceptibility of PA to chlorine.

Chen et al. [18] fabricated a membrane made of PA, incorporating an aliphatic diamine
of 1,3-diamino-2-propanol (DAPL) and grafting PVA on the top surface of the DAPL-based
PA layer to enhance its hydrophilicity. Ghassemi et al. [19] developed a dual-functionalized
PES membrane, which involved grafting with NIPA and subsequent functionalization with
copper oxide nanoparticles, in order to improve the membrane flux and fouling properties.

SRP membrane development has also recently been considered in terms of desalin-
ization purposes. Hu et al. [20] grafted dialdehyde carboxymethyl cellulose (DACMC)
onto the surface of a nascent PA, increasing the hydrophilicity, surface smoothness, and
NaCl retention. Lü et al. [21] modified a PA-based thin-film composite membrane through
grafting polyethyleneimine (PEI) onto the surface of the base membrane at the sites of
the carboxylic groups, enhancing the CaCl2/NaCl rejection ratio and the resistance to
deposition by both cationic and anionic dyes. Li et al. [22] prepared an SRP membrane
through interfacial polymerization of PA on a PE-based porous membrane, improving its
hydrophilicity and NaCl separation ability. Similarly, Zhao et al. [23] synthesized PA mem-
branes with UiO-66-NH2 nanoparticles embedded on a hydrophobic PES surface, using a
heterogeneous surface regulated interfacial polymerization approach for high-performance
desalination and wastewater treatment applications.
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According to the latest data, the fabrication of responsive membrane systems using
SRPs remains a topic of interest in the context of separation processes to enhance the func-
tionality of membranes. However, there are still some challenges, including the long-term
stability of SRP under external stimuli, optimal composition of SRPs in matrices, mechan-
ical resistance of SRP membranes during their operation, new anti-fouling membranes
for use in different applications, and evidence of the effectiveness of SRP membranes
in complex effluents. Therefore, more studies are necessary to contribute to the knowl-
edge on membranes for the treatment of industrial effluents, wastewater treatment, and
separation processes.

The aim of this work was the development of PSF-SRP membranes that are re-
sponsive to certain stimuli through the incorporation of polyacrylic acid (AAc), poly
N-isopropylacrylamide (NIPA), and sulfonated poly(1,4-phenylene ether-ether-sulfone)
(SPEES) as SRP materials to generate membranes with high water permeability and antifoul-
ing behavior under inorganic fouling. The synthesis of responsive membranes is carried
out with the purpose of providing a specific application for the sustainable processing of
wastewater for recovery from saline industrial effluents.

2. Materials and Methods
2.1. Materials and Reagents

Polysulfone (PSF), polyacrylic acid (AAc, 99%, 100,000 g/mol), poly N-isopropylacrylamide
(NIPA, 98%), poly(vinylidene fluoride) beads (PVDF), poly(1,4-phenylene ether-ether-
sulfone) pellets (PEES), dichloromethane-methanol-water (DMW), dimethylformamide
≥ 99% (DMF), dextran T1000 (1 kDa), dextran T5000 (5 kDa), dextran T10,000 (10 kDa),
and dextran T100,000 (100 kDa) were obtained from Sigma-Aldrich, Burlington, MA, USA.
Phosphate buffer stock solution (Thermo Scientific, Waltham, MA, USA), deionized water
(DI), and distilled water were obtained using a Millipore Direct-Q water purification system
(Burlington, MA, USA). The saline wastewater effluent was provided by the food industry.

2.2. Membrane Manufacture

PSF was used as a polymeric matrix, while the SRP agents were NIPA (a thermo-
responsive polymer), AAc (a pH-responsive polymer), and SPEES (an ionic polymer). The
casting solutions were synthesized through in situ cross-linked polymerization of NIPA,
AAc, and SPEES in PSF solutions.

The sulfonation of PEES was previously carried out by the dissolution of 5 g of PEES
in 130 mL of H2SO4 (0.4 M sulfonating agent) with mechanical agitation (400 rpm) for 64 h
at room temperature [24]. The solution was precipitated in ice-cold DMW and decanted
to obtain sulfonated PEES (SPEES). SPEES was washed with DMW until a pH range of
6–7 was achieved. The SPEES product was dried for 12 h at 60 ◦C, and then kept at room
temperature.

For membrane preparation, polymeric solutions were prepared by dissolving different
proportions of PSF (polymeric matrix) and SRP agents (i.e., AAc, NIPA, and SPEES) in
dimethylformamide (DMF) as solvent. Dissolutions were carried out in a rotary device
with intermittent stirring (40 rpm) under a heating lamp at 70 ◦C, in order to promote
dissolution of the polymers.

Table 1 shows the used percentages of PSF, SRP agents, and DMF in the preparation
of casting membrane solutions. The data also include those for the composition of PSF
membrane without any SRP. In this case, the PSF membrane was used as a blank to
determine the effects of the SRPs in PSF. Furthermore, a polyvinylidene difluoride (PVDF)
membrane was also prepared, which was used as membrane control according to its known
hydrophobic, high mechanical resistance, and thermal stability properties.
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Table 1. Composition (% w/w) of casting solutions for preparation of SRP membranes.

Membrane PSF NIPA AAc SPEES DMF

PSF 21 0 0 0 79
PSF-AAc 18 0 3 0 79
PSF-NIPA 18 3 0 0 79

PSF-NIPA-AAc 15 3 3 0 79
PSF-SPEES 19 0 0 2 79

PVDF 21 0 0 0 79

All membranes were obtained using the phase inversion method, using a molding
machine with a Holitex 3329 support material and knife (model 22LN30, acquired from the
company P3 Srl, Padua, Italy). Polymeric solutions were cast onto Holitex support. The
knife was used with a dispersion opening of 0.015 mm. According to previous experiments,
the immersion speed was 80 rpm (5 m/s) and the temperature was 25 ◦C.

Subsequently, the immersion phase was carried out in a water bath at a temperature
of 20 ◦C. Finally, the flat membrane was removed from the equipment and rinsed three
times for two minutes with deionized water to eliminate the remaining solvent that might
have been trapped in the porous membrane and to remove the excess floating polymer.
Clean membranes were then stored in deionized water and refrigerated.

2.3. Membrane Characterization

Dry samples of PSF-SRP membranes (0.4 × 3.5 cm) were characterized according to
the following parameters.

1. Superficial morphology analysis using JEOL scanning electron microscopy (SEM)
(JSM 5300). This study was carried out through deposition of a thin layer of gold
on the surface of each membrane sample using a Technic Hummer 5 sputter-coated
evaporator.

2. Membrane thickness analysis using a Mitutoyo Absolute caliper. Thickness was
measured in dry membranes, and indicated in mm.

3. Pore characteristics assessed through the BET technique, using nitrogen for gas ad-
sorption analysis.

4. Membrane porosity percentage (MP%). The membranes were brought to constant
weight, registering the data (W1). Then, the membranes were submerged in deionized
water for two days. Subsequently, they were dried at 100 ◦C for 1 h and placed in a
desiccator to cool to room temperature. The dried membranes were weighed again to
achieve constant weight (W2). The percentage of water absorbed by each sample was
calculated using Equation (1), which includes the membrane volume (Mv) and water
density (wρ).

MP% =
W1 − W2
(Mv)(wρ)

× 100 (1)

5. Membrane hydration according to water retaining percentage (MH%). The dry mem-
brane (Wd) samples were weighed up to constant weight. Subsequently, the mem-
branes were placed in deionized water for 5 h. The wet weight (Ww) was recorded,
and water retention results were obtained using Equation (2). In addition, the swelling
thickness due to MS was measured using a Mitutoyo Absolute caliper.

MH% =
Ww − Wd

Ww
× 100 (2)

6. Membrane hydrophilicity was measured by means of water contact angle analysis,
using a goniometer equipped with Pinnacle Studio HD v15.0 video control software
and Ramé-Hart Instrument Co. controlled drip dispenser from IIM. The procedure
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was based on the ASTM D 2578-04, ASTM C 813-90, and ASTM D 5946-99 stan-
dards [25–27]. To carry out determination, 3 membrane samples of approximately
1.5 cm2 were glued onto 2 × 3 cm acrylic supports and were later compressed to obtain
a flat surface. The measurement was carried out at room temperature, proceeded
in triplicate by adding a 4 µL drop of tri-distilled water at 3 different points on the
surface of each membrane, and videotaped for 20 s.

7. Surface charge density was assessed using a titration method. The surface of each
membrane was treated with a 1 M HCl solution, in order to replace the mobile
counterions with H+. Then, the membranes were washed with deionized water until
they reached a neutral pH. The membrane was placed in contact with a solution of
0.1 M NaOH for 2 min. Next, 20 mL of the contact solution was titrated with a 0.1 M
aqueous HCl solution, using a 1% phenolphthalein solution as indicator. The charge
density on the membrane surface was calculated as the difference between the meq of
the NaOH solution before and after it was neutralized. The result is reported in meq
of Na+/m2.

8. Thermal Stability Profile (TGA) was analyzed using a TA Instruments Model SDT
2960 thermogravimetric analyzer, starting from room temperature up to 800 ◦C, at a
heating rate of 10 ◦C per minute.

9. Mechanical behavior patterns were assessed using a TA Instruments model Q800
mechanical dynamic analyzer. Samples were analyzed with a size area of 0.4 × 3.5 cm.

2.4. Membrane Performance

Performance tests were carried out on a cross-flow filtration system. Figure 1 shows
the filtration system, using a flat membrane module, containing a flat membrane with an
effective filtration area (A) of 18 cm2.
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Figure 1. Cross-flow filtration system of flat membrane module, used for performance evaluation of
PSF-SRP membranes.

The filtration system consisted of a housing of flat membranes connected by pipes
with two manometers and valvules, one placed on the feeding side and the other on the
permeate side of the membrane. Both manometers provide the inlet and outlet pressure
values of the membrane. The transmembrane pressure (TMP) is measured as an average of
the two pressures, measured on the supply side in the range of 0–10 bar.

The following tests were conducted to determine the membrane performance; each
test was performed in triplicate.

1. Rejection test of dextran for determination of experimental molecular weight cut-off
(MWCO) of the membranes. The dextran rejection of the PSF-SRP membranes was assessed
to evaluate the experimental MWCO of the membranes, the retention capacity, and the
predominant large pore size of the membranes.

Dextran mixture was prepared at different molecular weights (MWs; 1, 5, and 10 kDa)
using 1% dextran, according to the theoretical MWCO of membranes. The dextran was
dissolved in a buffer at pH 7.5, using phosphate buffer stock solution.
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PSF-SRP membranes were fed with dextran at room temperature in recycle mode
to measure the retention percentage of dextran [28]. The experiments were carried out
at a TMP of 8 bar and room temperature for 90 min. A volume of 20 mL of membrane
permeate and rejection were collected, in order to determine the content of saccharides
in dextran using an ATAGO N-10 refractometer. Equation (3) was used to calculate the
rejection percentage of dextran particles (DR%), with Cf denoting the concentration of
dextran in the feed and Cp denoting the concentration of dextran in the permeate.

DR% = 1 − Cp
Cf

(3)

2. Water flux permeates under different operating conditions for the PSF-SRP mem-
branes and PVDF membrane control, including (a) TMP variation (2–8 bar) to determine the
maximum pressure and feed pressure range. The membranes were fed with distilled water
at room temperature (20–25 ◦C). (b) Feed temperature variation, in order to determine
the optimal range of feed temperatures for the membranes. Distilled water was fed in a
temperature range of 20–40 ◦C at pH 6.6. (c) The feed pH range was determined through
feeding distilled water at pH 4–8 at room temperature with TMP of 8 bar. The range of
operation conditions was determined according to the water flux permeate Jp (mL/scm2)
using Equation (4), considering the volumetric flux Qp (mL/s) and membrane area A (cm2).

Jp =
Qp
A

(4)

3. The salt rejection percentage (%) of PSF-SRP membranes was measured during the
treatment of a brackish industrial effluent from the food industry, containing 10,000–20,000
of total dissolved solids (TDS) equivalent to salts, in the conductivity range of 14–28 mS/cm
at pH 8 and 25 ◦C. The salt rejection % was calculated from the volume of rejection from
permeation source per unit of time, using a similar equation to (3), with salts as the solute.

4. Membrane resistance to fouling was assessed according to the sum of hydraulic
membrane resistance (HR) and resistances due to fouling (FR), including reversible fouling
resistance (RFR) and irreversible fouling resistance (IFR).

TR was measured according to the permeate flux at membrane saturation when
the flux was reduced, during the treatment of brackish industrial effluent from the food
industry. Equation (5) describes the TR and Equation (6) designates the FR.

In turn, HR describes the water flux (Jw) of the membrane without the presence of
fouling (clean membrane), supplying the membrane with distilled water at TMP and taking
the viscosity (µ) of water into consideration. Equation (7) defines the HR.

TR = HR + FR =
TMP
µJp

(5)

FR = RFR + IFR (6)

HR =
TMP
µJw

(7)

Equation (8) was used to calculate the RFR, where J is the flux from the membrane
after its use and the removal of reversible fouling through the washing of the membrane,
while the IFR was calculated using Equation (9) [29,30].

RFR =
TMP
µJ

(8)

IFR = TR − RFR − HR (9)
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3. Results and Discussion
3.1. Morphological Characteristics of PSF-SRP Membranes

Figure 2 shows SEM images of membranes manufactured using the phase inversion
method, including PSF, PSF-SRP, and PVDF membranes (the latter as control).
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Figure 2. Microscopic images of membranes manufactured using phase inversion method, including
PSF membrane, PSF-SRP membranes, and PVDF membrane (control) (2, 5, and 10 µm of magnification).

The images show the pore structure of the PSF membrane, exhibiting a surface with
slight irregularity and larger pores in comparison with the membranes including SRPs.
Specifically, the PSF membrane was confirmed to possess a fully sponge-like structure and
smooth top surface with conspicuous pores [24]. The PSF pores and surface structure are
associated with the characteristics of the polymer and membrane preparation conditions
such as the viscosity and precipitation rate of the polymer solution [31]. Similarly, images
of the PVDF membrane control present its well-known structure, showing smaller pores
and regular porosity [32].
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In turn, the microscopic images reveal the alterations in the pore and surface structure
of PSF membranes with the presence of SRPs. Specifically, the incorporation of NIPA
and SPEES in PSF produced membranes with reduced pores, as well as smooth and
homogeneous surfaces.

In contrast, the incorporation of AAc produced striations on the PSF surface and
irregular pores in PSF-AAC and PSF-NIPA-AAc membranes, presenting a fibrous surface
with spaces between the fibers of micrometric sizes; meanwhile, NIPA in PSF-NIPA-AAc
enhanced the membrane surface, with the evident formation of pores. Nevertheless,
fibers and macro voids can also be observed in these membranes, which are due to the
presence of AAc. The surface characteristics caused by the presence of AAc were at-
tributed to the concentration and viscosity of AAc, as well as temperature conditions of
membrane preparation.

Luo et al. [33] observed that the inclusion of AAc in PES membranes produced a
structure with finger-like macro voids beneath a skin. However, Plisko et al. [34] found that
AAc can expose different structures in a manner dependent on its concentration and MW.
Similarly, diminishing of the rate of the solvent during phase separation also affects the
membrane surface morphology.

Regarding NIPA and SPEES, Zhu et al. [30] and Manohar et al. [35] showed that the
introduction of NIPA into the PSF membrane surfaces and pore walls produced a membrane
with bi-continuous nanopores throughout its whole thickness, whereas SPEES leads to
membrane surfaces with dense and homogenous nature without any cracks and holes.

Other results from SPR blending in membranes have been reported by Zhao et al. [29],
who included hydrophobic layers of PES and embedded nanoparticles into pristine PA
membranes, leading to different smoother and thinner PA layers and diverse structures
in a manner dependent on the interfacial polymerization conditions during membrane
preparation. However, factors such as the matrix of modification, SRP characteristics, the
insertion method of SRP, the solvent, viscosity of the polymer, and conditions of membrane
preparation have significant influences on the membrane structure. Zhu et al. [36] revealed
that in situ cross-linking of AAc into PSF produced decreasing pore size with exposure
time increasing from 0 to 60 s. Peng et al. [37] also studied the effect of exposure time on
PVDF, showing alterations in the formation of pores with changes in the exposure time.

3.2. Surface Characteristics of PSF-SRP Membranes

Table 2 exposes the characteristics of PSF-SRP membranes, as well as the control
(PVDF) membrane. The data indicate that the presence of SRPs in PSF altered the membrane
surface characteristics, depending on the SRP, as described below.

Table 2. Surface characteristics of PSF-SRP membranes.

PSF-SRP
Membrane/Characteristics PSF PSF-AAc PSF-NIPA PSF-NIPA-AAc PSF-SPEES PVDF

Thickness (µm) 145 182 140 165 140 140
Pore radius (µm) 0.10 ND * 0.010 0.10 0.050 0.020

Membrane porosity (MP%) 60 15 80 55 70 75
Hydrophilicity Contact angle

(◦) at 25 ◦C 65 60 60 55 62 80

Membrane hydration (MH%) 28 48 30 43 31 15
Swelling thickness (µm) 3 6 4 5 4 2

Surface charge densities (SCD
meq Na+/m2) 120.8 213.3 123.5 134.1 179.2 148.2

* Not detectable measurement.

1. Membrane thickness. The equipment and the phase inversion condition in the
manufacturing of membranes produced membranes with similar thickness (140–145 µm);
however, PSF-AAc and PSF-NIPA-AAc membranes showed differences in pore size. The
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differences were associated with the incorporation and viscosity characteristics of AAc in
PSF, as the conditions of the preparations were analogous.

2. Pore radius. The PSF-SRP membranes showed different pore sizes; PSF showed
0.10 µm, while the PVDF membrane control showed 0.020 µm. Nevertheless, the presence
of NIPA and SPEES in PSF reduced the pore radius, achieving an average of 0.010–0.050 µm.

PSF-NIPA-AAc also showed an alteration in the porous radius with the predominant
influence of AAc, causing irregular pores and macro voids. In turn, BET analysis of PSF-
AAc showed that nitrogen was not retained by the pores, indicating scarce pore formation.
Therefore, the pore radius was not detected (ND*). In this case, the pore radius results in
PSF-SRP membranes were linked to the characteristics of the SRPs and, particularly, to the
preparation conditions of PSF-AAc.

3. Membrane porosity (MP%). The MP% of PSF was modified with the incorporation
of SRPs. Specifically, the presence of NIPA and SPEES increased the MP%, in comparison
to PSF; meanwhile, PSF-NIPA-AAc decreased the MP%. In particular, PSF-AAc showed
low MP%, as the presence of AAc formed fibers on PSF, causing channels and low porosity
in the membrane (according to the SEM images and pore radius results). In turn, the PVDF
membrane showed high porosity [37].

The MP% data were linked with the conditions of membrane preparation. Harruddin
et al. [38] found that PES-DMAC membranes suffered changes in MP% in a manner
dependent on the exposure time of polymer to the solvent, in particular, increasing along
with the exposure time due to the increasing interconnection of the cellular pores, as the
polymer solution had sufficient time to crystallize and produce pores in the membrane.
However, data on PSF-NIPA, PSF-SPEES, PSF-AAc, and PSF-NIPA-Aac were not found in
the literature.

4. Membrane hydration (MH%). The MH% in PSF-SRP membranes was also modified,
indicating that AAc, NIPA, and SPEES changed the number of chemical groups interacting
with water in PSF, which resulted in a change in the water adsorption ability.

The high water retention in PSF-AAc and PSF-NIPA-AAc membranes was associated
with membrane fibers and asymmetric porousness. However, the properties of NIPA
and AAc also can produce positive alterations in the membrane, as NIPA is a thermo-
responsive polymer that regulates the hydrophilicity of the membrane surface, while AAc
is a pH-responsive polymer, acting in dependency with the pH.

Due to deprotonation, AAc alters the osmotic pressure and hydration, resulting in high
water retention. However, Junker et al. [39] modified PES membranes with poly(allylamine
hydrochloric acid) (PAH) and AAc, and revealed the strong effects of pH. High swelling
and water permeability were detected at pH 9, while a decrease in MWCO at pH 9 was
also observed. This result was linked with the excess charge due to the presence of PAH
and AAc.

Water retention under the introduction of a thermo-responsive polymer into mem-
branes has also been analyzed by Choi et al. [16], who showed that the membrane hydration
ability of PES can be enhanced in the presence of poly(2-dimethylaminoethylmethacrylate)-
block-poly(N-isopropylacrylamide) (DMAEMA-b-NIPAM), due to alterations in its pore
structure and membrane hydration.

5. Hydrophilicity of PSF-SRP membranes. According to the blend of AAc, NIPA, and
SPEES in PSF for membrane preparation, the hydrophilicity property presented a notable in-
crement, which was observed in accordance with the contact angle decreasing in PSF-NIPA,
PSF-SPEES, and PSF-NIPA-AAc membranes, showing a 5–10% contact angle reduction
with respect to the original PSF. PSF-NIPA-AAc presented principal reduction of the contact
angle due to the presence of both AAc and NIPA, as both provide hydrophilic properties.

Plisko et al. [34] showed that more efficient hydrophilization of the PSF membrane
surface was enabled with the addition of 0.4 wt% of AAc at 450,000 g/mol of MW, reducing
the water contact angle from 65◦ in pristine PSF to 19◦ in PSF-AAc. The angle reduction was
attributed to the quantity of highly hydrophilic carboxylic groups provided by AAc. Zhu
et al. [24] synthesized PSF membranes by copolymerizing AAc and vinyltriethoxysilane
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(VTEOS) in PSF solution and observed that AAc was more effective in improving membrane
hydrophilicity, whereas VTEOS improved membrane stability.

The effect of NIPA on the water contact angle in SRP membranes has been reported by
Ghassemi et al. [19]. In this case, the authors evidenced the thermo-responsive characteris-
tics of NIPA, substantially enhancing the hydrophilicity of the PES membrane.

6. Surface charge densities (SCDs) of membranes. According to the data in Table 2,
the presence of AAc and SPEES increased the negative charge, which is linked with their
polyelectrolyte nature [40–44]. In contrast, it was observed that the PSF-NIPA membrane
showed a lower SCD than the original one; this is because NIPA has neutral charge, leading
to a small change in SCD in PSF-NIPA and PSF-NIPA-AAc.

Other SPRs have also been tested to change the surface charge of membranes. Wang
et al. [43] improved the positive surface charge through the inclusion of poly(methyl
methacrylate-co-dimethyl aminoethyl methacrylate) (P(MMA-co-DMAEMA)) in PSF. The
authors detected that the addition of charge led to increments in hydrophilicity and foul-
ing resistance.

3.3. Thermogravimetric Analysis of PSF-SRP Membranes

Figure 3 shows the thermograms of PSF-SRP membranes, including ramps from 0
to 800 ◦C. The thermal stability behavior of the PSF membrane was improved with the
presence of the SRPs. The first loss of water, solvent, and sulfonic groups was observed
in PSF and PVDF membranes at 378 ◦C and 447 ◦C, respectively, whereas PSF-AAc, PSF-
SPEES, PSF-NIPA-Aac, and PSF-NIPA membranes showed increments in thermal stability
(488–505 ◦C). In turn, a weight reduction of 50% was observed in the PSF membrane at
482 ◦C, followed by PSF-SRP (551–587 ◦C) and PVDF (620 ◦C), with the highest thermic
stability offered by PSF-NIPA. However, the PVDF control presented a degradation temper-
ature (Td) of 448 ◦C with 27% of weight residue, whereas PSF and PSF-SPEES membranes
were degraded at 498 ◦C with 44% of weight residue. The range of Td in PSF-NIPA, PSF-
AAc, and PSF-NIPA-AAc membranes was 503–507 ◦C with residues of 35–39%, confirming
that NIPA provided the highest thermic stability when added to PSF.
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The thermal capacity of NIPA has been stated in several reports. Ghassemi et al. [19]
grafted PES membranes using NIPA, AAc, and nanoparticles of CuO. As a result, the
modified PES membranes showed higher thermal stability, compared to the sole PES.

3.4. Dynamical Analysis of PSF-SRP Membranes

Figure 4 depicts the dynamic mechanical analysis (DMA), exhibiting data on the
deformation at rupture (strain %) of PSF-SRP membranes and their mechanical responses
as tensile stress (TS) in units of MPa.
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The PSF membrane showed a higher TS than the other membranes, indicating high
mechanical resistance and maximum elongation, due to its plasticizing effect. This means
that the PSF membrane has intrachain spaces, allowing for high elongation and low stiffness
(Young modulus); however, this behavior was detected in a short range of deformation
(strain%), compared to the PSF-SRP membranes. Sequentially, the TS% behavior of PSF-SRP
membranes was as follows: PSF > PSF-NIPA > PSF-AAc > PVDF > PSF-SPEES in wide
ranges of strain %, suggesting lower elongation than the PSF membrane, but with high
deformation range, thus enhancing the Young modulus. The high TS in PSF-NIPA was
congruent with its characteristics of shrinking retractable elastic deformation, comparable
to that of PVDF. However, a different behavior was observed in PSF-NIPA-AAc; here, the
membrane reduced 85% of TS value within a short range of deformation, in contrast to PSF
and the other PSF-SRP membranes. In this case, the membrane’s mechanical properties
were attributed to change in pore structures due to the presence of AAc.

An increase in the mechanical stability of membranes with the introduction of SRP has
also been reported by Beshahwored et al. [44], who tested the inclusion of polybenzimida-
zole (PBI) into sulfonated polyphenylsulfone (sPPSU), enhancing the mechanical stability
by 10%. Zhu et al. [31] synthesized antifouling PSF membranes through copolymerization
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of AAc and vinyltriethoxysilane (VTEOS) in PSF solution. The authors observed that AAc
was more effective in terms of membrane hydrophilicity improvement, whereas VTEOS
elevated the membrane stability. In turn, according to Khan et al. [45], the presence of
SPEES provided high mechanical properties in carbon nanotubes (SWNT).

3.5. Performance Evaluation of PSF-SRP Membranes

1. The rejection percentage of membranes was determined according to the filtration of
polymer molecules of dextran at different MWs for experimental determination of MWCO
membranes and membrane pore distribution.

Figure 5 shows the dextran retention percentage (DR%) and pore size distribution
data for the PSF-SRP membranes and PVDF membrane (control).
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Experimental determination of the MWCO data indicated a deviation from the theo-
retical MWCO data (Table 2). The difference was attributed to pressure and flow conditions
used in the experimental filtration system.

The dextran rejection study indicated that the SRPs modified the membrane pores of
PSF, suggesting narrower pore sizes in PSF-NIPA and PSF-SPEES, but pore extension in
PSF-AAc.

Specifically, PSF-SRP membranes, as well as the PSF and PVDF membranes (as control),
retained dextran particles at 10 kDa, showing a DR% range of 40–70%, except for PSF-AAc,
which retained only 5% of DR.

Dextran 5 kDa was also retained by the PSF-SRP membranes; notably, the highest
retention was achieved by PVDF, PSF-NIPA, and PSF-SPEES, followed by PSF and PSF-
NIPA-AAc, whereas PSF-AAc did not retain these particles.

In sequence, high dextran retention with 1 kDa molecules was observed in PSF-NIPA,
maintaining retention ability up 90%, whereas PVDF, PSF, PSF-SPEES, and PSF-NIPA-AAc
presented low capacity of retention of dextran at 1 kDa. Therefore, the predominant pores in
PSF-SPEES, PSF-NIPA, PSF-NIPA, and PVDF membranes were in the 1–10 kDa range, and
the range of 1–5 kDa was predominant in PSF-NIPA, PSF-SPEES, and PVDF membranes.

Consequently, based on the dextran retention measurements, MWCO of PSF, PSF-
SPEES, and PVDF membranes indicate their utility in the ultrafiltration (UF) range of
membranes (of 5–10 kDa), due to the predominant pore size of 10 kDa. In turn, PSF-NIPA
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was considered to be in the NF range of 1–5 kDa with major pores of 1 kDa, whereas
PSF-NIPA-AAc was identified in the MF range, with major pores of 50–100 kDa.

In addition, according to the latest data, the membrane polarization in PSF, PSF-NIPA,
PSF-SPEES, and PVDF membranes was predicted by feeding dextran at 10 kDa, according
to the MWCO of the membranes and the MW of dextran.

Previous studies have shown that the changes in the pore structure and pore size of
the pristine membranes affect their ability to reject molecules. These changes can increase
membrane transport; however, in other cases, a negative effect can be observed with the
presence of SRPs.

Saini et al. [46] used AAc in the casting solution for fabrication of modified PSF
membranes using the phase inversion method, with increases in the porosity, pore density,
and permeability when 1.5 wt% of copolymer was used, thus enhancing the retention–
permeation effect. Choi et al. [16] modified PES membranes using PDN and utilized
proteins as model molecules to analyze the membrane retention behavior, showing that the
PES/PDN membrane containing 5% PDN separated three different MW proteins with high
efficiency. However, the temperature of the membrane had a great influence on this result,
as PDN is a thermo-responsive polymer. In this case, the flux recovery ratio was described
as ranging from 29% to 69%.

Beshahwored et al. [44] tested the inclusion of polybenzimidazole (PBI) into sulfonated
polyphenylsulfone (sPPSU) for herbicide removal and drug separation in the context of
organic solvent nanofiltration (OSN). The membrane PBI-sPPSU exhibited smaller pore size
and pore size distribution, as well as better separation performance with >96% rejection
against low-molecular-weight pendimethalin from water and tetracycline from ethanol.

In turn, Ghassemi et al. [19] analyzed the rejection rate of BSA through surface modifi-
cation of PES membrane by grafting with NIPA. They observed a high capacity for BSA
rejection due to modification of pore structure in PES, thus impacting the flux recovery
ratio of the membranes, as NIPA provided a hydration layer which reduced the interaction
between BSA and the membrane surface. Furthermore, BSA fouling was easily removed
from the grafted PES membranes when the cleaning temperature was increased.

2. Water flux of PSF-SRP membranes. Figure 6 shows membrane water flux Jp
(mL/scm2) of the PSF-SRP membranes and PVDF membrane (control) under different
operating conditions. The data correspond to (a) variation in TMP (2–8 bar) with feeding
of distilled water at room temperature (20 ◦C) and pH 6.6; (b) feed temperature variation
(20–40 ◦C) with feeding of distilled water at pH 6.6 and TMP of 7–8 bar; and (c) feed pH
ranging from 4 to 8 at room temperature (20 ◦C) with TMP of 7–8 bar. The results for
PSF-AAc membranes are not included here, as the obtained data were inconsistent, which
was related to the characteristics of pore radius, porosity, MWCO, mechanical resistance,
and swelling degree.

According to TMP, feed temperature, and feed pH variations, the Jp fluxes for PSF-SRP
membranes showed different behaviors. The PVDF membrane exhibited the lowest Jp,
as it is a hydrophobic membrane. Subsequently, the flux of PSF was higher than that of
PVDF; moreover, the fluxes of PSF-SRP exceeded that of the PSF membrane, as PSF is
a hydrophilic material and the presence of SRPs increased the anti-fouling properties of
PSF [47–50].

Sequentially, the Jp of PSF-SRP membranes under TMP variations showed typical
behavior, with Jp values increasing with TMP; however, each membrane presented different
Jp fluxes. PSF-NIPA-AAc showed the highest Jp values (2.5–3.5 mL/scm2), as its MWCO
corresponds to the MF range; however, the maximum TMP result was observed at 4 bar. In
turn, PSF, PSF-SPEES, and PVDF displayed less Jp (1–2 mL/scm2), as their MWCO was in
the UF range, observing a maximum at TMP of 5 bar, whereas PSF-NIPA did not present
permeation under TMP of 2–5 bar. Instead, water flux was detected at 6–8 bar, due to its
NF range of filtration, with a maximum at TMP of 7 bar.
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Furthermore, the water fluxes Jp of PSF-SRP membranes increased with increasing
feed temperature (20–40 ◦C); however, the PVDF membrane control did not show ob-
servable change with feed temperature. PSF-SPEES and PSF-NIPA displayed notorious
Jp increments when the feed temperature increased, suggesting a positive effect due to
presence of SPEES and NIPA in PSF, as the MWCO of PSF-SPEES and PSF-NIPA was lower
than that of PSF, suggesting that the Jp was increased due to temperature stimuli. Zhu
et al. [44] reported a similar behavior for NIPA-grafted PES membranes, showing a sudden
flux increase when they reached 32–40 ◦C.

In turn, the Jp behavior of PSF-SRP membranes under pH variations suggested the
influence of the SRPs in the PSF membranes. Particularly, PSF-SPEES showed a constant be-
havior in relation to the pH, suggesting that SPEES provided stimuli-responsive properties
in PSF, including a change in pore size and enhanced transport properties [8].

Furthermore, PSF-NIPA-AAc showed the highest Jp values; however, this performance
was observed at acidic pH, whereas, under basic conditions, the Jp was decreased. This
result was associated with the presence of AAc as, at basic pH, AAc produces a high
charge density of carboxyl groups, reducing the membrane pore size and, consequently,
the water flux.

The dependence of AAc on the pH has been reported by Zhu et al. [50], who con-
firmed that AAc increases the membrane hydrophilicity and positively alters membrane
permeation. Luo et al. [33] also reported the change of water flux in PES membranes due to
the presence of AAc. The authors observed that, at acidic pH, the membrane fluxes were
high, whereas, at pH > 4, the flux was low. This is because, at acidic pH, the protonation
of carboxyl groups of AAc led to the opening of the pores of the membrane, causing high
fluxes. In contrast, at neutral or weak alkaline pH, the carboxyl groups of the AAc chains
are dissociated and negatively charged, producing small fluxes.

With pH variation, NIPA also produced water flux changes in PSF. At basic pH, NIPA
showed a low water flux. The result was associated with the presence of hydrophobic
groups from NIPA and pore structure modification in the PSF membrane. The stimuli
response of NIPA has been previously reported by Zhu et al. [36], who demonstrated
that NIPA produces double-responsive pore size and separation ability in PSF, as it is a
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thermo-responsive polymer. At basic pH or low temperature, the membrane surfaces and
pore walls swell, leading to a small pore size, low water permeability, and low MWCO. On
the contrary, when the solution pH is acidic or the temperature is higher, NIPA produces a
large pore size, and an increase in water permeability can be observed in the membrane.

Ghassemi et al. [19] recently showed that NIPA has a great influence on the membrane
flux. The authors grafted NIPA onto the surface of a PES membrane, enhancing the flux
by 13% and enabling a 26% increase in the flux recovery ratio. Furthermore, an important
rejection and antifouling ability was achieved, with a >98% rejection rate for both oil–water
emulsion and BSA being reported.

Additionally, SPEES has been reported as a good material for the manufacture of
SRP-blended membranes in terms of enhancing the water flux in ion exchange membranes,
as the ionic nature of SPEES allows for increased conductivity; however, there are scarce
data on its behavior in other types of separation membranes.

Khan et al. [45] used SPEES blended with carbon nanotubes to produce a hydrophilic
ion exchange membrane. The property was associated with high concentrations of sulfonic
acid groups.

3. Salt rejection and fouling analysis of PSF-SRP membranes. Figure 7a presents the
salt rejection ability of PSF-SRP and PVDF membranes during the treatment of a saline
industrial effluent containing 10,000–20,000 mg/L TDS equivalent to salts. Figure 7b
indicates the membrane resistances, including resistances due to fouling (HFR), reversible
fouling (RFR), and irreversible fouling (IFR). The data correspond to membrane operating
conditions of 8 bar of TMP and room temperature.
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Figure 7. (a) Rejection percentage of salts from PSF-SRP and PVDF membranes during the treatment
of a saline industrial effluent containing 10,000–20,000 mg/L of total solids (TS) at 25 ◦C, pH 9, and
8 bar of TMP; (b) membrane resistance (nm), including HR, RFR, and IFR.

In general, the incorporation of SRPs in PSF increased the salt rejection percentage of
the PSF-SRP membranes.

The PVDF and PSF membranes showed salt rejection ranges of 70–80% and 60–70%,
respectively, whereas PSF-NIPA, PSF-NIPA-AAc, and PSF-SPEES obtained 70–90% salt
rejection, thus enhancing this property by 10–20% with respect to PSF and PVDF. However,
PSF-AAc was the exception, showing reduced salt rejection (10–20%) due to the formation
of channels in PSF with the addition of AAc, thus hindering the retention of salts.
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The salt rejection enhancement in PSF-SRP membranes was attributed to the pore size
reduction in the membranes and the presence of hydrophilic polymers NIPA, AAc, and
SPEES, thus increasing the hydrophilicity and salt rejection ability of the membranes.

Similar experiments under different pH (range: 4–8) demonstrated that the highest
salt rejection percentage for PSF-NIPA, PSF-SPEES, and PSF-NIPA-AAc membranes was
observed at pH 8; meanwhile, PSF-AAc, PVDF, and PSF maintained a similar behavior,
showing the lowest salt rejection at pH 4.

The increase in salt rejection by PSF-SRP membranes was linked to the presence of
SPEES, NIPA, and AAc, given that they act as pH-responsive materials.

Sequentially, Figure 7b shows hydraulic membrane resistance (HR) and reversible
(RFR) and irreversible fouling resistance (IFR) data for the PSF-SRP membranes.

As a result, it can be concluded that the presence of SRPs in the PSF membrane
modified the original resistance behavior, leading to different values of HR, RFR, and IFR.

The lowest HR was observed in PSF-AAc and PSF-NIPA-AAc membranes, indicating
high water transport due to the presence of AAc. In this case, it can be suggested that AAc
reduced the original resistance of PSF. On the contrary, the highest HR was observed in
PSF-SPEES; therefore, SPESS increased the HR in PSF.

The incidence of SRP in PSF membranes also changed the RFR and IFR performances.
The highest predisposition to membrane saturation was observed in PSF-SPEES and PSF, in
accordance with the lowest FRR and IFR, whereas PSF-NIPA presented a balance between
HR, FRR, and IFR, suggesting an equilibrated resistance behavior.

The capacity of AAc as an antifouling polymer in membranes has been reported in
several previous studies. Saini et al. [7] used AAc to modify PSF membranes, increasing the
fouling resistance to BSA molecules. Borzęcka et al. [6] modified the surface of polypropy-
lene (PP) membranes with AAc using a grafting process. As a result, they observed that the
presence of AAc on the membrane surface may decrease fouling, due to the mass of silica
particles deposited on the membrane surface. Principally, this tendency was visible at a pH
of 10, which was confirmed through simulation of the repulsive force between brushes and
foulant particles.

In a similar context, Saini et al. [51] synthesized an antifouling PVDF membrane
through incorporating an amphiphilic copolymer, namely poly(vinylidene fluoride)-graft-
Poly(2-N-morpholino)ethyl methacrylate (PVDF-g-PMEMA). The presence of PMEMA
produced thermo- and pH-responsive properties and improved the antifouling characteris-
tics of the PVDF membrane, avoiding fouling during the treatment of oil wastewater.

Seah et al. [52] fabricated a thin film nanocomposite membrane using graphene oxide
and AAc for the treatment of textile wastewater, resulting in a 25% enhancement of pigment
retention and high saline permeation, allowing for its reuse.

4. Conclusions

PSF, PSF-SPEES, PSF-NIPA, PSF-AAc, and PSF-NIPA-AAc membranes were synthe-
sized to produce responsive PSF-SRP membranes with high salt rejection response and
water permeation, thus allowing for the desalination and purification of effluents derived
from the food industry. In addition, a PVDF membrane was utilized as a control mem-
brane for comparison, considering its thermal and mechanical resistance, as well as its
hydrophobic characteristics.

The incorporation of SRPs in PSF altered the original membrane’s structure, porosity,
and performance. The principal results were observed in terms of the surface characteristics,
porosity, MWCO, thermal and mechanical responses, and membrane performance.

PSF-SPEES and PSF-NIPA showed homogeneous structures and increased porosity in
comparison with PSF. In turn, their pore radii were decreased, placing them in the UF–NF
membrane range, with a high proportion of 1–10 kDa pores. Furthermore, PSF-NIPA was
placed in the NF range, with a majority of pores at 1 kDa, whereas SPF-SPEES was placed
in the UF range, with a similar predominance of pores to PSF (10 kDa). Meanwhile, a more
drastic change was observed in the presence of AAc; PSF-NIPA-AAc was placed in the MF
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range, with prevailing pores of 100 kDa, whereas PSF-AAc resulted in an asymmetrical
structure, showing the formation of canals and minimal pores. The dextran retention tests
also indicated the null retention and low pore predominance of the latter.

The analysis of the membrane performance of the PSF-SRP membranes indicated
that PSF-NIPA and PSF-NIPA-AAc gained thermo-responsive properties, increasing the
water flux by 60% with respect to PSF, which was maintained in the temperature range
of 20–40 ◦C; meanwhile, the behavior of PSF-SPEES was similar to that of PSF. Therefore,
SPEES did not alter the thermic behavior of PSF.

In turn, PSF-NIPA and PSF-SPEES provided pH-responsive properties, showing a
similar water flux behavior in the pH range of 4–8. However, PSF-NIPA-AAc drastically
reduced the water flux at pH 8.

Regarding the applicability of the membranes, PSF-SPEES and PSF-NIPA presented
high desalination responses, enhancing the salt rejection ability by 30–40% with respect
to PSF.

The antifouling characteristics of the PSF membranes were also enhanced; the highest
resistance to reversible and irreversible fouling was presented by PSF-NIPA, whereas PSF-
SPEES showed high hydraulic resistance, but low resistance to reversible and irreversible
fouling during the desalination of industrial effluent.

As an important observation, the PSF-SRP membranes showed higher fluxes than
the PSF and PVDF (control) membranes, indicating that the SRPs provided an impor-
tant enhancement in comparison with commercial membranes manufactured using PSF
or PVDF.

The obtained data contribute to the literature on the synthesis and application of
membranes in sustainable processes involving the desalination of industrial effluents for
water recovery and reuse, thus providing environmental and economic benefits.
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