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Increased population and rapid industrialization are depleting and polluting the fresh water resources at
an alarming rate, leading to freshwater scarcity. Water pollution caused by heavy metal ions and dyes
has become a major problem and has numerous adverse effects on human health. In recent years,
nanotechnology has gained much attention in the field of water purification but new approaches in
nanomaterials are still required to boost their removal efficiency. This study deals with membrane
fabrication by using a novel hybrid polysulfone (PSF)/polyaniline (PANI) nanotube with zinc oxide (ZnO)
nanorods via the phase inversion method. Two different schemes were employed for membrane
fabrication, i.e. PSF/PANI blend and ZnO-(PSF/PANI). Nanomaterials were characterized by FTIR, UV,
SEM and XRD. Membrane properties such as porosity, pure water flux (PWF), contact angles, solvent
contents, protein rejection and flux recovery ratio (FRR) were studied. Incorporation of PANI and ZnO as
nanofillers significantly improved solvent content, lowered water contact angles and enhanced anti-

fouling properties. The FRR reached about 87.4% and PWF also increased from 20 to 1363 L m™2 h~t
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removal of 95.18% MB and 96.21% Mn’" at 0.1 MPa. Based on the above results, the PSF/PANI and ZnO-
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1. Introduction

Water reuse and innovative wastewater treatment technologies
may provide viable solutions to assist in developing resilience
against the escalating challenges posed by water scarcity. The
wastewater excreted by textile, dyeing, printing, paper manu-
facturing and leather industries is immensely enriched with
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(PSF/PANI) nanocomposite membranes are recommended for practical use in wastewater treatment.

ions of heavy metals and organic dyes.' These metal ions and
organic dyes are poisonous, carcinogenic, and non-biodegrad-
able.” The release of untreated wastewater with such qualities
into the environment is absolutely prohibited. The use of such
hazardous water implies an imminent danger to the entire
ecological system. Much of the organic pollutants and heavy
metal ions are successfully removed by conventional waste-
water treatment methods such as sedimentation, adsorption,
and oxidation.> Heavy metal ions and residual organic pig-
ments are frequently present in treated water owing to their
intricate structure.” Therefore, it is crucial to develop strategies
that can effectively and simultaneously eliminate these residual
organic dyes and heavy metal ions from wastewater. Membrane
separation technology’ has garnered significant interest
because it may produce filtered effluent of higher quality, use
fewer chemicals, and occupy smaller physical space than tradi-
tional techniques.®

In general, membrane materials are classified as either
organic or inorganic.” Polysulfone (PSF) is an organic polymer,
renowned for its exceptional thermal stability, robust mechanical
properties and chemical resistance.® Due to these characteristics,
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the PSF ultrafiltration (UF) membrane is often used as the primary
building block for fabricating composite membranes which are
implemented in numerous sectors, including reverse osmosis,
chemical processing, water treatment and biomedicine.’ This
attractiveness is attributed to its extensive accessibility, cost-
effectiveness, uncomplicated manufacturing process, resis-
tance to thermal, chemical and microbiological factors and
ability to operate effectively in a broad pH range.'® Pervasive
implementation of these membranes in industrial applications
is impeded by their conspicuous fouling issues and limited
flux, which are caused by their hydrophobic properties.
In addition, the limited porosity and hydrophobic surface of
these membranes negatively affect the performance of compo-
site membranes.""*?

A variety of strategies have been used to improve the hydro-
philicity, fouling resistance, and mechanical robustness of
membranes, enabling them to be tailored with desired attri-
butes.'® These approaches encompass surface coating, artificial
graft alteration and physical mixing. Specifically, incorporating
mixing modifications is a simple yet effective strategy for large-
scale industrial processes."® This production method offers an
attractive approach for creating ultrafiltration (UF) membranes,
impacting both the surface and internal pore structure of the
membrane."?

A variety of hybrid ultrafiltration (UF) membranes based on
PSF have been created by integrating different additives
through mixing adjustment for environmental applications.'®
Previously, carbon-based nanofillers were employed to boost
the characteristics of membranes.">"”'® Nasseri et al. created a
PSF-ZnO nanocomposite membrane using the phase inversion
approach to remove arsenate from water.”® The maximum
arsenate rejection was 83.685% at 4 bar. Ghasemi et al. used
a ZnO-doped PSF nanocomposite membrane to remove MB dye
from water, which resulted in increased hydrophilicity and a
greater rejection rate than the original PSF membrane.*® Sulfo-
nated ZnO was incorporated in a PSF membrane by Kang
et al.*' to improve the membrane’s hydrophilicity, permeability
and antifouling characteristics. Kumar et al.>* created a ZnO-
PSF nanocomposite membrane by incorporating TiO, nano-
particles. The purpose was to enhance fouling resistance and
facilitate the separation of humic acid from water. A nanofiltra-
tion PSF membrane was developed by Qi et al.>* using modified
polyethyleneimine which increased its positive charge. This
improvement increased the membrane’s capacity to effectively
remove heavy metal ions and dyes.>*

Polyaniline (PANI) is an organic conductive polymer* that
possesses notable attributes such as robust environmental
durability,® remarkable ability to resist metal corrosion,>”:*®
cost-effectiveness,”® and facile synthesis, and therefore, shows
considerable potential for an extensive selection of applications
in different industry sectors. PANI nanoparticles with amino
groups disperse more effectively than inorganic nanomaterials.
The hydrophilic modification of polymeric membrane materials is
thought to be favorably affected by these groups.”® Yuan et al.
devised a PSF membrane through the integration of PANI, a
beneficial additive that increased the membrane’s transparency
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and clogging resistance.’® The PANI/PSF blended membranes
(PPMs) showed improved performance compared to natural PSF
membranes. The pure water flux increased by 2.4 times, and the
tensile strength also increased. Goel et al*' conducted a study
which showed that modifying the surface of the polysulfone
(PSF) membrane through solution polymerization of aniline
utilizing FeCl;, CuCl,, and APS catalysts enhances its physio-
chemical characteristics such as permeability, protein rejection
and antifouling.*” The PSF/PANI-CuCl, membrane has the most
favorable performance, characterized by elevated pure water flow
and protein solution penetration flux, as well as exceptional
resistance to biofouling. A porous nanofibrous membrane
was designed by Song et al.>* using a solution-blowing approach
and a combination of PSF/N,N-dimethylacetamide (DMAc) and
tetrahydrofuran (THF). The nanofibers were polymerized with
polyaniline (PANI) and polydopamine (PDA) to modify their
properties. As THF concentration increased, the nanofibers’
surface area and pore size increased, and they effectively
removed methyl orange and methylene blue dye from waste-
water. In water treatment, fouling of membranes is a major
concern, and therefore, monitoring techniques are required to
prevent membrane damage or replacement. In order to monitor
fouling online, conductive composite ultrafiltration membranes
comprised of polyaniline nanofibers and MWCNTs were imple-
mented by Yuan et al** In addition to increased conductivity
and water flux, the blended membranes rejected 94.2% of bovine
serum albumin and reduced resistance significantly. Another
study demonstrated a method to improve membrane antifouling
characteristics by integrating polyaniline (PANI) with TiO, parti-
cles. These nanoparticles were infused into polysulfone (PSF)
to create ultrafiltration nanocomposite membranes, serving as
both internal and external additives. Nanocomposite mem-
branes possess greater porosity, diminished macro-voids and
enlarged surface holes as compared to conventional PSF mem-
branes. Moreover, a higher nanoparticle concentration resulted
in notable particle agglomeration and reduced antifouling char-
acteristics of the nanocomposite membranes. Thus, polymer
blending is a preferable approach to enhance the conductivity
of PSF membranes and increase their overall performance.
To remove both metal ions and dyes at the same time, the PSF
membrane needs to be modified with such additives that show
enhanced hydrophilic, conductive and permeation properties.
The incorporation of zinc oxide (ZnO) nanoparticles into the
PANI/PSF membrane significantly enhances its performance by
improving membrane’s hydrophilicity, reducing the adhesion of
organic dyes and thereby increasing dye removal efficiency.
Additionally, it modifies the membrane’s microstructure, result-
ing in larger pore size and increased porosity, which facilitates
better water transport and more effective dye adsorption. The
interaction between PANI and ZnO also enhances the mechan-
ical strength of the composite membrane, making it more robust
under operational conditions, which is essential for consistent
long-term performance. Furthermore, the combination of PANI
and ZnO provides additional active sites for adsorption, improv-
ing the capture of dye molecules and heavy metal ions. The
functional groups in both materials contribute to electrostatic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interactions that enhance the membrane’s ability to reject metal
ions effectively, leading to superior separation capabilities com-
pared to membranes without ZnO.

This work introduces a novel polysulfone (PSF) composite
membrane including polyaniline (PANI) and zinc oxide (ZnO)
nanoparticles. The membrane is specifically engineered to
efficiently eliminate heavy metal ions and dyes by means of
simultaneous adsorption. The ZnO-(PSF/PANI) composite
membrane is readily fabricated by incorporating ZnO into
PANI-PSF membranes using the phase inversion approach
under ambient environmental conditions. Subsequently, these
membranes are subjected to a methodical analysis using UV-
visible spectroscopy. Fourier transform infrared (FTIR) spectro-
scopy was shown to be quite useful in the analysis of the
functional groups that are present in the synthesized mem-
branes. The X-ray diffractometer (XRD) was used to analyze the
chemical composition of the membrane surface, while contact
angle measurement was used to assess its hydrophilic charac-
teristics. The outer and cross-sectional textures of the membranes
were observed using a scanning electron microscope (SEM).
The performance evaluation involved assessing the membrane’s
porosity, solvent content, pure water flow rate and ability to reject
BSA. The antifouling characteristic was verified by conducting
ultrafiltration studies using BSA as a representative protein.
The fabricated PPZ membranes presented a pragmatic method
for boosting the fouling resistance of hybrid membranes and for
improving permeability, and offered an innovative approach for
efficient elimination of metal ions and dyes simultaneously from
water.*>

2. Experimental
2.1 Materials

Polysulfone (PSF) (average molecular weight 80000 g mol *,
density 1.24 gmL ™" at 25 °C, T, 190 °C) (Sigma-Aldrich), aniline
(C,HsNH,) (Sigma-Aldrich), zinc nitrate (Zn(NOs)) (Sigma-
Aldrich), potassium permanganate (KMnO,) (Sigma-Aldrich),
ammonium persulphate (APS) (Sigma-Aldrich), N,N-dimethyl
formamide (DMF), >99.0%, molecular weight 73.09 g mol ",
density 0.944 ¢ mL ™" at 25 °C, bp 153 °C (Sigma-Aldrich), acetic
acid (CH3COOH) (Sigma-Aldrich), hydrochloric acid (HCI)
(Sigma-Aldrich), sulphuric acid (H,SO,) (Sigma-Aldrich), methy-
lene blue (MB) (Sigma-Aldrich), sodium hydroxide (NaOH)
(Sigma-Aldrich), methanol (CH3;0H) (Scharlu), propanol (C;HgO)
(Scharlu), acetone (C3HgO) (Sigma-Aldrich) and ethanol (C,H;OH)
(Sigma-Aldrich) were used.

2.2 Synthesis of PANI nanotubes

A solution designated as A was prepared by mixing 50 milliliters
of distilled water with 1 milliliter of aniline monomer (0.2 M) in
a flask and stirring the mixture for 45 minutes. In another flask,
a mixture referred to as solution B was prepared by combining
50 mL of distilled water, 0.25 M ammonium persulfate (APS)
and 2 mL of acetic acid, and then agitating the mixture
for the same duration.®® After 45 minutes, both solutions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were combined and stirred for a further half an hour at room
temperature. Thereafter, the combination was left unattended
for a whole day.®® After this time, a dark, green-colored
product was transferred to a separating funnel containing
30 mL each of acetone and distilled water to eliminate any
unreacted components. This separation process yielded two
distinct layers; the predominant layer was collected and
further washed with acetone and distilled water.*” Subse-
quently, the collected layer was filtered using filter paper
and the product was dried by exposure to air before under-
going PANI characterization.

2.3 Synthesis of ZnO nanorods

Initially, a 50 mL solution (labeled as solution A) containing
0.9 M NaOH in water was prepared and stirred for 30 minutes
within the temperature range of 55-60 °C. Subsequently,
a 50 mL solution of Zn(NOs), (0.45 M) in water was gradually
introduced into solution A. The resultant mixture was allowed
to settle for 24 hours at room temperature after being agitated
for 90 minutes at a temperature of 55-60 °C. The reaction
mixture was then allowed to settle for three hours without
being stirred and the supernatant solution was then carefully
discarded.?® Upon the formation of a white precipitate, it was
transferred to a separating funnel containing 30 mL of distilled
water and ethanol for rinsing.* The collected precipitates were
subjected to calcination in an oven at 80 degrees Celsius for
2 hours and were subsequently utilized for characterization
purposes.

2.4 Synthesis of ZnO-(PANI/PSF) composite membranes

Due to their inherent hydrophobic nature and tendency for
fouling, pristine PSF membranes have limited applications in
water purification processes. To enhance their efficacy in the
water treatment process, various types of hydrophilic additives
are added. In this work, a very well-known hydrophilic nano-
filler (Zn0)*° is incorporated to enhance the hydrophilicity,
antifouling character and pollutant rejection efficiency of the
membranes. This incorporation is done by using the phase
inversion method for varying concentrations from 0.05 to
0.3 wt%. A suitable amount of ZnO and PANI nanofiller was
taken in a sample vial containing 3 mL of DMF and sonicated
for 3 minutes by using a probe sonicator at 20 kHz and 100 W,
and then transferred to the reaction mixture containing PSF
for in situ membrane fabrication. The preparation of the PPZ
membranes via the phase inversion method involves several
key steps. First, a polymer solution is created by dissolving PSF
in a solvent like N,N-dimethylformamide (DMF) at a concen-
tration of 17.6 wt%, to which PANI and ZnO nanoparticles are
added for uniform dispersion. This solution is then cast onto a
flat support using a casting blade with a thickness typically
between 100 and 300 micrometers. The cast film is immersed
in a coagulation bath composed of approximately 70% water
and 30% ethanol for a phase inversion time of 5 to 30 minutes,
allowing for solvent exchange and the formation of a porous
structure. Finally, the membrane is subjected to post-treatment,
including washing with distilled water to remove residual solvents

Mater. Adv., 2024, 5, 9471-9487 | 9473
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Fig. 1 Fabrication of ZnO—(PANI/PSF) composite membranes by phase inversion.

Table 1 Optimized compositions of ZnO/(PSF-PANI) nanocomposite
membranes

S.no. Codes  ZnO (wt%) PSF (wt%) PANI (wt%) DMF (wt%)
1 PPZO 0 15 0 85
2 PPZ 0.05 0.05 14.7 0.25 85
3 PPZ0.1 0.1 14.65 0.25 85
4 PPZ 0.15 0.15 14.6 0.25 85
5 PPZ0.2 0.2 14.55 0.25 85
6 PPZ 0.25 0.25 14.5 0.25 85
7 PPZ0.3 0.3 14.45 0.25 85

and drying under controlled conditions. In this way, different
ZnO-(PSF/PANI) blend nanocomposite membranes were fabri-
cated, as shown in Fig. 1, and their composition with their
specific codes (PSF-polyaniline-ZnO = PPZ) is given in Table 1.

2.5 Adsorption studies

For adsorption studies of membranes towards cationic methy-
lene blue as a model dye, PANI/PSF nanocomposite membranes
are used. These experiments were conducted in 100 mL beakers
containing 40 mL dye solution with 0.5 g of dye content. These
samples were placed in an isothermal bath for 1 hour at room
temperature. UV-visible spectroscopy was used to determine
the initial and final concentration of dyes and metal ions.*'
Various factors, including pH and dye concentration with time,
were also measured during dye adsorption investigations.
Optimized pH for dyes was 3-11, time 0-24 h and concen-
tration of dyes 20-200 mg L ". The following equation was used

9474 | Mater. Adv,, 2024, 5, 9471-9487

for adsorption measurement:

Adsorption (g.) = (Com;ce) )]
The concentration of dyes is represented by C, and the equili-
brium concentration of dye is represented by C. (mg L™"), M is
the mass of the composite membrane and V is the volume of
the composite membrane.*” The pH range (3-11) of dyes was
adjusted with 0.1 M HCl and 0.1 M NaOH solutions and the dye
concentration was 100 mg L. In order to conduct the kinetic
adsorption test, 0.5 g of ZnO-(PSF/PANI) composite mem-
branes was dipped in various concentrations of dye solution
and removed after predetermined amounts of time.** This
experiment was repeated at room temperature and at 35 °C
and 45 °C. The amount of adsorption at time ¢ was then
computed using the following equation:

Adsorption (¢,) = W (2)
The initial and equilibrium dye concentrations are denoted by
Co and C; (mg L"), respectively, and the composite membra-
ne’s mass is denoted by m.

2.6 Characterization

X-ray diffraction (XRD), Fourier transform infrared spectro-
scopy (FTIR), scanning electron microscopy (SEM), and atomic
force microscopy (AFM) were among the characterization
methods used in this investigation. A digital pH meter called
the pH master dynamica was used to determine the pH of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MB solution. ZnO, PANI, and PSF functional groups were
analyzed using FTIR spectroscopy (ALPH 1 Bruker) in the
400-4000 cm ™" spectral region. To get information on crystallo-
graphic structure, X-ray diffraction (XRD) analysis was per-
formed on fillers and composite membranes using a JEOL
JDX-3532 X-ray diffractometer (JEOL, Tokyo, Japan) utilizing
Cu Ko radiation. Scanning electron microscopy was used to
study the morphology of PSF, PANI, and ZnO using a JSM5910
device (JEOL, Tokyo, Japan). The thermal stability of ZnO,
synthesized PANI, and manufactured membranes was assessed
by thermogravimetric analysis (Diamond series TG/DTA Perkin-
Elmer, USA) across a temperature range of 40-800 °C. Atomic
force microscopy (AFM) using a Nanosur Mobile scanning
probe optical microscope (Switzerland) was used to assess the
surface roughness of composite membranes.

2.7 Membrane performance/stability tests

2.7.1 Porosity. After being divided into 1 cm?® pieces, the
membranes were left in deionized water for a whole day. Both
before and after soaking in water, the weight of the membrane
was measured.**

Porosity was calculated using the following equation:

(Wr — Wi)p,
p1Wa+ (py — p) Wi

Porosity % = 3)
where W; = weight of the membrane before wetting, W, =
weight of the membrane after wetting, p, (1 g cm™?) = density
of water, and p, (1.26 g cm *) = density of PSF.

2.7.2  Solvent content. A 1 cm? piece of the membranes was
submerged in various solvents (water, methanol, ethanol, and
propanol) for 24 hours. After this period, the weight of the
membrane was recorded both before and after immersion in
the solvents.*®

The solvent content was calculated using the following
equation:

Wy, — W,
2

Solvent content % = x 100 (4)
where W; = weight of the membrane before wetting and W, =
weight of the membrane after wetting.

2.7.3 Pure water flux. A membrane vacuum filtration pump
was employed to evaluate the flow of clean water. The water
permeability of both pure and composite membranes was
measured. Following this, the membranes were immersed in
distilled water for an entire day. After soaking, any excess water
was removed from the surface of the membranes, which were
then compacted by passing 5 liters of deionized water through
them at a pressure of 0.1 MPa. The performance of the
manufactured membranes was assessed based on the pure
water flow per minute.*®

The water flux was calculated using the following equation:

Pure water flux (/) = Ag (5)
t

where Q = permeate volume, ¢ = time, and A = membrane
surface area in cm?.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7.4 Antifouling property. The antifouling properties of
the membranes were assessed using bovine serum albumin
(BSA) as the model protein.*” Both the pristine and composite
membranes were employed to filter a BSA solution with a
concentration of 0.8 g L™' at a pressure of 0.2 MPa for a
duration of 40 minutes. The measurements J,,, and J, (in
L m > h™' bar ') were utilized to determine the flux recovery
ratio (FRR).** The FRR is calculated using the following for-
mula:

Jwi

w

FRR % = x 100 (6)
Jw, = initial water flux of the unfouled membrane, J,, = water
flux of the washed membrane after fouling.

BSA rejection % values were measured by using the follow-
ing formula:

% Rpsa = (1 — %> x 100 (7)
Cr
The concentration of the penetrated BSA solution is repre-
sented by Cp,, while the concentration of the feed BSA solution
is represented by Ct.

In antifouling studies of ZnO-(PANI/PSF) membranes,
surface flow rates are typically set around 20 L m~> h™', with
a standard cleaning duration of approximately 30 minutes.
Common cleaning agents include 0.2 M NaOH and citric acid
solutions, which effectively break down both organic and
inorganic foulants.

2.7.5 Determination of dye rejection performance of ZnO-
(PANI/PSF) NC membranes. To measure dye rejection, methy-
lene blue (MB) dye and the actual sample were filtered through
composite membranes using a filtration assembly. The vacuum
filtration process utilizing a ZnO-(PANI/PSF) membrane for
removing methylene blue (MB) dye typically involves specific
parameters to optimize its effectiveness. MB dye concentration
(10 mg L") was used for testing. The process employs a
vacuum pressure of approximately 75 kPa (563 mm Hg) to
enhance filtration efficiency, and the vacuum is usually main-
tained for about 15 minutes. The concentration of the permeate
and feed solutions was then measured using a UV-vis spec-
trophotometer.*®

The following formula is used to determine the percentage
of dye removal:

% Rejection of MB = <CPC7“) % 100 (8)
feed

2.7.6 Determination of metal ion rejection performance of
ZnO-(PANI/PSF) nanocomposite (NC) membranes. Due to the
toxic effects of heavy metal ions on human health, their
removal is necessary from wastewater. In this study, potassium
permanganate (KMnO,) containing manganese (VII), Mn’", is
studied as a model heavy metal ion.*® For heavy metal rejection
experiment, aqueous solution of 50 mg L™" (50 ppm) of KMnO,
was prepared. This heavy metal ion (HMI) solution containing
Mn’* ions was filtered through all PANI/PSF and ZnO-(PANI/PSF)

Mater. Adv., 2024, 5, 9471-9487 | 9475
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NC membranes by using a vacuum pump at 0.03 MPa for
20 minutes each.’® The UV-visible spectrophotometer was used
to measure both initial and final concentrations of the filtrates at
Amax = 525 nm.

The following formula was used to measure the percentage
of HMI removal:**

% Rejection of HMI = (Cpci“”) x 100 )
feed

3. Results and discussion
3.1 Surface topographical analysis

The study utilized scanning electron microscopy (SEM) to
examine both the pristine PSF membrane and the effects of
incorporating ZnO nano fillers into the PANI/PSF composite
membrane. Fig. 2 illustrates SEM images of PANI/PSF mem-
branes containing varying concentrations of ZnO nanotubes.
Fig. 1a shows that the pure PSF membrane has no obvious
pores and has no disorganized and dense internal structure.”
Fig. 2b shows the surface morphology of PPZ-0.05. The pore
size of the PPZ-0.05 surface is 80 nm to 90 nm and the
membrane surface is flat and smooth."*”? The shape and size
of pores in PSF membranes can be affected by the presence of
ZnO and PANI, which may also speed up the process of phase
inversion.>® PANI and ZnO have strong coordination with PSF
which prevents the agglomeration of nanoparticles.>®> As shown
in Fig. 2¢, the pore size of the PPZ-0.1 membrane increases with
increasing ZnO content.”® The increased concentration of ZnO

Fig. 2
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in the PPZ membranes from PPZ-0.15 to PPZ-0.2 also enhances
their asymmetric structure with distinct macropores.®” Agglom-
eration due to ZnO addition began and the number of pores
decreased and pore size reduced. SEM images clearly indi-
cate that these changes result from the formation of pores
within the membrane structure. The increased hydrophilicity,>®
improved water flow and increased surface roughness of the
membrane are believed to facilitate better dispersion of nano-
fillers (ZnO) within PANI/PSF.”° Adding ZnO to PANI/PSF
promotes nucleation and growth processes, thereby enhancing
membrane roughness. Furthermore, the inclusion of ZnO/PANI
in the polymer enhances the membrane’s ability to resist
fouling.

These images obtained from SEM reflect the effective filter-
ing and adsorptive removal of MB dyes by employing mem-
branes that are selective depending on the diameters of
their pores.

3.2 Analysis of membrane structure, composition and
physiochemical properties

The incorporation of ZnO at optimized concentrations into
PANI/PSF was investigated using Fourier transform infrared
(FTIR) spectroscopy in the range of 4000 to 400 cm ™' to analyze
the presence of various functional groups on the membrane
surface. The FTIR spectra were obtained for PANI (Fig. S2a,
ESIt), ZnO (Fig S2b, ESIY), pristine PSF and the composite
membranes PPZ-0.05, PPZ-0.1, PPZ-0.15, PPZ-0.2, PPZ-0.25 and
PPZ-0.3.

The composite membranes displayed distinctive absorption
bands, such as one at 871 cm " linked to the phenyl group,

SEM images of (a) pristine PSF, (b) PPZ-0.05, (c) PPZ-0.1, (d) PPZ-0.15, (e) PPZ-0.2, (f) PPZ-0.25, and (g) PPZ-0.3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a benzoid ring stretching vibration band at 1252 cm™ " and a
broad peak at 1401 cm™ " indicating N-H bending in polyani-
line, confirming its presence and interaction with PSF.**®°
Moreover, when a moderate amount of ZnO is added (PPZ-
0.05), no shoulder peaks or peak shifting occurs, but in
composite membranes with higher ZnO content (PPZ-0.1 to
PPZ-0.3), the O-H stretching peak shifts from 3499 cm™ "' to
3428 cm™ " due to surface hydroxyl groups®! on ZnO, indicating
increased hydrogen bonding with PANI and PSF. This can
broaden and shift O-H and N-H stretching vibrations.®*®?
Furthermore, the absorption bands related to sulfone groups
in PSF show minor shifts and changes in intensity, while a peak
at 1280 cm ' confirms agglomeration within the composite
membranes due to higher ZnO content.®*%*

These findings highlight the significant impact of incremen-
tally adding ZnO to the PANI/ZnO/PSF composite membrane.
Extreme concentrations of ZnO in PANI/PSF composite mem-
branes induce agglomeration,”® impeding polymer chain mobi-
lity and causing steric hindrance, thereby compromising
effective bonding and risking phase separation. Agglomerated
ZnO clusters in membranes obstruct water passage, reducing
permeability and yielding uneven permeation. These clusters
diminish water flow, reducing permeance and affecting
membrane functionality. Additionally, elevated surface rough-
ness enhances hydrophobicity, increasing the contact angle
and negatively affecting uniformity and properties of the com-
posite membranes.

Compositional and structural analysis of ZnO, PANI, pristine
PSF and as-synthesized ZnO—-(PANI/PSF) membranes of all com-
position was done with the help of X-ray diffractogram. Fig. S3
(ESIT) shows the XRD of ZnO and PANI The XRD of pristine
PSF and nanocomposite membranes PPZ-0.05, PPZ-0.1, PPZ-0.15,
PPZ-0.2, PPZ-0.25, and PPZ-0.3 is shown in Fig. 3b. PSF exhibited
a broad peak ranging from 12° to 24°, corresponding to amor-
phous structure of the PSF membrane.®® For the nanocomposite
membranes, no additional peaks were observed except the
characteristic diffraction for hexagonal ZnO and PANI.

View Article Online
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3.3 Membrane permeation properties

Using a gravimetric approach, the porous nature of the nano-
composite membranes was evaluated.®® Initially, the mem-
branes were weighed, soaked in water for 24 hours and then
tested. The introduction of hydrophilic polyaniline (PANI) and
ZnO nanoparticles to PSF membranes notably increased their
porosity, as depicted in Fig. 4a. The use of nano-fillers, which
created holes in the polymer matrix during the phase inversion
manufacturing process, is attributed to this enhancement.
On the other hand, membrane porosity was reduced when
ZnO nanoparticle concentration was increased from 0.05
weight percent to 0.3 weight percent, possibly as a result of pore
obstruction.®” Because of the swelling of the polymers, the
addition of ZnO nanoparticles further increased the thickness
of the membrane. More specifically, for the PPZ-0.3 membrane
with the highest nanoparticle loading, the thickness increased
from 100 pm for the pristine PSF to 120 pm. Overall transport
resistance was not considerably affected by swelling, even with
this increase in thickness.*®

The integration of nanoparticles into PSF membranes influ-
enced their porosity.® Pristine PSF exhibited a porosity percen-
tage of 75.5%, which increased to 77% with PANI addition.
Within the ZnO-(PANI/PSF) ternary composite membrane,
adding ZnO nanoparticles (NPs) further increased the porosity
to 80% for PPZ-0.05. However, as ZnO NP content went up from
0.1 to 0.3, porosity gradually declined to 57% due to nanopar-
ticle clustering.®®

The ZnO-(PANI/PSF) membrane showed outstanding stabi-
lity and durability in acidic and basic medium, as confirmed by
consistent FTIR results pre and post exposure to acidic solu-
tions with subsequent washing.”® This confirms that there was
no leakage of PANI or ZnO from the membrane matrix, validat-
ing its structural integrity and resilience against extreme
chemical conditions. The successful blending of ZnO-(PANI/
PSF)components further accentuates the membrane’s stability
and ability to endure severe pH environments without compro-
mising its physiochemical traits.”*
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(a) FTIR spectra of pristine PSF and composite membranes PPZ-0.05, PPZ-0.1, PPZ-0.15, PPZ-0.25, and PPZ-0.3. (b) X-ray diffractogram of

pristine PSF and composite membranes PPZ-0.05, PPZ-0.1, PPZ-0.15, PPZ-0.25, and PPZ-0.3.
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Fig. 4 (a) Porosity, (b) water contact angle, (c) solvent content, and (d) pure water flux.

Fig. 4b depicts the water contact angle study. The water
contact angle measurements show how hydrophilic the compo-
site membranes are. Lower WCA values mean better hydrophi-
licity,”” which helps prevent membrane fouling.”” Adding PANI/
ZnO to the membranes made the WCA go down from 51.5° to 45°
for the PPZ-0.05 sample, making the membrane easier to wet. But
as more PANI/ZnO was added, the WCA went up slowly, reaching
60° for samples PPZ-0.1 to PPZ-0.3. The -NH groups of PANI and
the functional groups of ZnO helped reduce the natural hydro-
phobicity of PSF, aiding in solvent adsorption and filtration.”*
However, this positive impact lessened with higher amounts of
PANI/ZnO included.”

Solvent absorption tests (Fig. 4c) using four different sol-
vents with different polarity indicated that an increase in filler
content improved water permeability and hydrophilicity.”®
However, due to particle aggregation, subsequent incorpora-
tion of ZnO nanoparticles resulted in a shift towards hydro-
phobic behavior, improving the material’s antifouling and
adsorption properties.”®”®

In Fig. 4d, with the addition of 0.05 weight percent ZnO to
PANI/PSF membranes, the pure water flux (PWF) of the mod-
ified membranes was significantly enhanced by improving the
water flux rate and adsorption and filtration capabilities.””
Conversely, higher concentrations of ZnO (0.1 wt% to 0.3 wt%)

9478 | Mater. Adv.,, 2024, 5, 9471-9487

resulted in pore blockage, which negatively impacted the PWF by
reducing the membrane’s permeability.

The results show that a considerable increase in water flux
occurs in PPZ-0.05 when there is a combination of lower water
contact angle and higher porosity.”® The fact that greater water
permeability becomes feasible by the increased porosity and
faster water flow through the membrane is shown by the
reduced contact angle, which also implies improved membrane
wettability.”® The importance of optimising membrane charac-
teristics for effective water transport applications is highlighted
by this synergistic effect.">*°

3.4 BSA resistance and antifouling characteristics of
nanocomposite membranes ZnO-(PANI/PSF)

Membrane fouling and flux reduction are significant challenges
in membrane technology due to the build-up of solute particles
during filtration. One effective approach to combat fouling is
enhancing membrane hydrophilicity by adding hydrophilic
fillers.*" In this study, the addition of ZnO nanofillers to
PANI/PSF membranes increased hydrophilicity and reduced
fouling. Experimental filtration was conducted using compo-
site membranes and bovine serum albumin (BSA) as a fouling
agent.®” The flux recovery ratio demonstrated the efficacy of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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composite membranes in lowering fouling and enhancing flux
recovery both before and after the BSA solution was filtered.®

Fig. 5a demonstrates a significant improvement in BSA
rejection as nanofillers are gradually incorporated into the
hydrophobic PSF membrane.?* Because it is hydrophobic, pure
PSF has a low protein rejection rate of about 57%. However, the
rejection rate increases to 60% when ZnO is added gradually at
a weight percentage of 0.05, a trend that is further emphasized
in the PPZ-0.15 and PPZ-0.25 membranes, where rejection rates
vary from 69% to 78%. In the case of the PPZ-0.3 membrane,
there is a slight decrease to 76% due to agglomeration leading
to pore blocking resulting from improper distribution of ZnO
nanofillers within the membrane.*> BSA molecules show less
deposition on ZnO incorporated membranes as they tend to
adsorb more easily on hydrophobic surfaces rather than hydro-
philic surfaces. Therefore, the presence of ZnO nanotubes in
the membranes hinders the adsorption of BSA, making the
membranes more hydrophilic. The flux recovery ratio (FRR)
values of all membranes are higher compared to the pristine
PSF membrane (Fig. 5a). A higher FRR value (Fig. 5b) indicates
better antifouling properties of the membranes. It is worth
noting that FRR values increase with the presence of ZnO
nanotubes. The PSF membrane without any ZnO concentration
exhibits the lowest FRR value due to hydrophobic interactions
between PSF and protein molecules.®® However, membranes
containing ZnO and PANI show improved fouling resistance,
suggesting that protein molecules adsorbed during BSA filtration
can be easily removed when flushed with water. Based on FRR
values and water flux measurements, it is evident that membranes
incorporating ZnO and PANI exhibit superior antifouling proper-
ties compared to pristine membranes. The enhanced antifouling
ability can be attributed to the increased hydrophilicity resulting
from ZnO presence. The combination of ZnO and PANI effectively
prevents protein adsorption on surfaces due to the presence of
hydrophilic functional groups.*”

3.5 Performance evaluation of membranes

Practical applicability of ZnO-(PANI/PSF) membranes was investi-
gated for simultaneous removal of organic dyes (decolorization)

© 2024 The Author(s). Published by the Royal Society of Chemistry

and heavy metal ions (desalination) from wastewater. MB dye is
used as a model dye to test membrane removal efficiency and
potassium permanganate (KMnO,) containing manganese(vii)
(Mn"") is studied as a model heavy metal ion.

3.5.1 Dye rejection studies of ZnO-(PANI/PSF) NC mem-
branes. It is clear from Fig. 6 that the pristine PSF membrane is
unable to remove MB dye efficiently from water as compared
to PANI-PSF NC membranes and ZnO incorporated PANI-PSF
membranes. Dye removal efficiency of the pristine PSF mem-
brane is 67.5%°° which is increased up to 91.2% when PANI is
incorporated in the PSF membrane. This trend is further
enhanced when a small amount of ZnO is added in PANI-PSF
membranes, wherein the removal efficiency reaches up to
95.18%. Both ZnO and PANI are hydrophilic and responsible
for the increased surface area of the NC membranes. Addition
of PANI in PSF membranes increased the surface area of
membranes and provided greater number of binding sites
(amine and imine nitrogen).®®% As a result, strong electrostatic
interactions were generated between PANI-PSF membranes
and MB molecules which increases the removal effectiveness
of PANI-PSF membranes. Hydroxyl groups and O®~ ions pre-
sent on the surface of ZnO nanotubes® when incorporated into
PANI-PSF membranes further enhanced the removal efficiency
of membranes (i.e. 95.18%).

3.5.2 Heavy metal ion (HMI) rejection studies of ZnO-
(PANI/PSF) NC membranes. Specific KMnO, solution was fil-
tered through these membranes and the concentration present
in feed and permeate solutions was determined by using a
double beam UV-visible photo spectrophotometer at a wave-
length of 525 nm. The results of these experiments are shown
in Fig. 7. It can be concluded from heavy metal ion removal
results by PSF/PANI NC membranes that the pristine PSF
membrane shows 67% removal while upon PANI nanotube
incorporation, HMI (heavy metal ion) removal efficiency increa-
sed maximum up to 94.3% by the PP 0.25 membrane.”’ HMI
removal by PANI/PSF membranes is due to the presence of lone
pairs present on oxygen atoms and (imine and amine) nitrogen
atoms having lone pairs which show increased interaction
toward heavy metal ions.”® A slight increase in %age removal

Mater. Adv., 2024, 5, 9471-9487 | 9479
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efficiency was seen when ZnO nanofillers were incorporated
in PANI-PSF NC membranes. This improved removal efficiency
from 94.3% to 96.21% for PPZ-0.15 is due to hydroxyl groups
present on the ZnO nanorod structure.”®

3.6 Proposed mechanism for ZnO—(PANI/PSF) NC membranes

ZnO-(PSF/PANI) membranes are effective for removing con-
taminants like methylene blue (MB) and manganese (Mn’")
ions from contaminated water, simultaneously. Various forces
of interaction cause ZnO and PANI to disperse uniformly
when they are incorporated in the PSF. PSF has sulfone groups
(-SO,-) within its polymer backbone. These sulfone groups act
as hydrogen bond acceptors because the sulfur atom, bonded
to two oxygens, creates a region of partial negative charge.”?
ZnO surfaces have hydroxyl groups (-OH) due to the reaction of
ZnO with moisture or hydroxide ions. These hydroxyl groups
act as hydrogen bond donors because the hydrogen atom of the
hydroxyl group is partially positively charged.®® When ZnO and
PSF come in contact, the hydrogen atoms of the hydroxyl
groups on ZnO form hydrogen bonds with the oxygen atoms
of the sulfone groups on PSF as illustrated in Fig. 8.°> Moreover,

9480 | Mater. Adv., 2024, 5, 9471-9487

when PANI is incorporated into the PSF matrix, the alignment
and orientation of the functional groups facilitate the for-
mation of hydrogen bonding.*® The hydrogen atoms on the
amino groups of PANI also form hydrogen bonds with the
oxygen atoms in the sulfone groups of PSF. This occurs when
the hydrogen bond donor (the -NH, group of PANI) interacts
with the hydrogen bond acceptor (the -SO,- or -O- groups of
PSF). Along with hydrogen bonding, m-n interactions also
dominate.”® Both PSF and PANI contain aromatic structures.
PSF has benzene rings in its backbone, while PANI has aniline
rings.”” These aromatic rings possess n-electron clouds that can
interact with each other. In n-n interactions, aniline rings of
PANI align parallel to the benzene rings of PSF. This parallel
alignment allows for overlapping n-electron clouds, which leads
to a stabilizing interaction between PANI and PSF. These
interactions help to create a more integrated membrane struc-
ture and enhance the compatibility and adhesion between
nanofillers and PSF, leading to better dispersion of ZnO and
PANI within the PSF matrix.”® Thus, improved interaction
improves the mechanical properties, stability and performance
of the nanocomposite PSF membrane.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorption and resulting in efficient removal of contaminants
from polluted water.”® MB is a cationic dye; the positively
charged dye molecules are attracted to the negatively charged
or neutralized regions on PANI, leading to effective adsorp-
tion.'®*'°! PANI also contains aromatic rings in its structure.
These rings can engage in n-n stacking interactions with the
aromatic structures in MB. The conjugated m-electron systems
of both PANI and MB can interact, facilitating the adsorption
of MB onto PANI. The PSF membrane fabricated with ZnO
nanoparticles and PANI possesses numerous active sites and
a substantial surface area, which allows it to adsorb MB dye.
This process involves physical adsorption, where van der
Waals forces and electrostatic interactions secure the dye
molecules to the membrane surface.®® Meanwhile, Mn’" ions
in the solution tend to adsorb on the membrane surface by
forming coordinate bonds with ZnO and PANI. The ZnO
surface is negatively charged in neutral and basic solution,
attracting the Mn’" (positively charged) ions electrostatically
to the membrane surface.®* Additionally, the hydroxyl groups
(-OH) on the ZnO surface can coordinate with Mn”* ions.
Mn”" ions, being highly oxidizing and having a strong affinity
for electron-pair donors, can form coordinate bonds with the
electron pairs on the hydroxyl groups. This interaction helps
to stabilize the Mn”" ions on the ZnO surface.'®® ZnO can also
form more complex structures through direct coordination.
The ZnO surface creates a binding site for Mn”* ions where the
Mn”" ions interact with the oxygen atoms of the ZnO lattice
or with the hydroxyl groups attached to the surface."® The
interaction between ZnO and Mn’" ions can lead to the for-
mation of surface complexes, where Mn”" ions are bound to
the ZnO surface through both electrostatic and coordination
interactions. These complexes can alter the solubility and
chemical reactivity of the Mn”" ions, aiding in their removal
from the aqueous solution. When Mn’" ions contact the
surface of the ZnO-(PANI/PSF) membrane, they can form
surface complexes through electrostatic and coordination
interactions. Electrostatic interactions occur when negatively
charged ZnO attracts positively charged Mn”"* ions, leading to
their binding. Additionally, Mn”* ions can coordinate with
oxygen atoms on the ZnO surface, sharing or transferring
electron pairs to create a more stable complex. This binding
significantly reduces the solubility of Mn”" ions in solution,
effectively removing them from the aqueous phase and
decreasing their concentration. The interaction with ZnO also
influences the chemical reactivity of Mn”" ions, potentially
stabilizing them and making them less reactive or altering
their reactivity based on the surrounding conditions. Ulti-
mately, these interactions enhance the removal efficiency
of Mn”" ions during processes like filtration or adsorption
by preventing them from remaining in solution. Hence, the
combination of electrostatic forces, m-n interactions and
coordinate complex formation with the ZnO-(PANI/PSF)
membrane enhances the membrane’s adsorption capacity,
attracting and holding dye molecules and heavy metal ions
for effective removal from water. The PSF matrix provides
structural support, while PANI and ZnO’s unique adsorption
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properties contribute to a composite membrane with enhanced
performance for MB dye removal.

4. Conclusion

The goal of this work was to enhance water filtration efficiency
of hydrophobic polysulfone (PSF) membranes with the addition
of zinc oxide (ZnO) and polyaniline (PANI). The optimal mixture
was discovered to be 0.5 weight percent ZnO-(PANI/PSF). This
alteration improved membranes’ capacity to simultaneously
absorb impurities and filter dyes.

The principal conclusions are as follows:

1. In comparison to pure PSF membranes, ternary composite
membranes exhibited decreased shrinkage and increased sur-
face roughness, which improved dye adsorption and filtering.

2. By adding ZnO and PANI, the membranes’ hydrophilicity
was enhanced, resulting in a decline in the water contact angle
from 51.5° to 45°.

3. The water flow improved from 111to 135 L m > h™ " bar ",
and the BSA rejection rate increased from 57% to 78%.

4. Ternary composite membranes showed notable efficacy in
rejecting the Mn”* metal ion (96.21%) and MB dye (95.18%).

These results indicate that the developed membranes can
effectively remove metal ions and dyes from wastewater at an
affordable cost. The membranes’ dual function of adsorption
and filtration can enhance water quality and prolong
membrane life, which makes them appropriate for real-world
water treatment applications.
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