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–polyethersulfone nanofiltration
membranes: effect of in situ polymerization time on
structure and desalination performance

Ayyaz Shahbaz Butt, a Asif Ali Qaiser, *b Nida Abidb and Umer Mahmoodb

In this research, novel polyaniline-layered nanofiltration membranes were prepared by phase inversion of

base polyethersulfone (PES) membranes and subsequent in situ solution-phase deposition of polyaniline

as a thin surface layer. In these composite membranes, the impact of the polyaniline deposition time on

steric hindrance and electrostatic interactions during permeation was elucidated. The chemical structure,

thermal stability, and mechanical properties of the PES and PANI-PES membranes were investigated

using Fourier-transform infrared spectroscopy (ATR-FTIR), thermogravimetric analysis (TGA), and

dynamic mechanical analysis (DMA), respectively. The membranes' porosity and pore size decreased as

PANI deposition time increased. As PANI deposition time increased, PANI layered nanofiltration

membranes exhibited improved thermal stability but deteriorated mechanical characteristics due to free

radical destruction from prolonged exposure to the oxidant. These PANI–PES membranes showed 43%

rejection (NaCl) at 1.7 bar coupled with a flux of 11.59 L h−1 m2 that is quite promising when comparing

with similar Nanofilteration (NF) membranes in the literature and commercial NF membranes, as well. As

the deposited layer, PANI is partially doped; hence, permeation results have been interpreted in terms of

steric hindrance and electrostatic repulsion by electrochemical PANI layering.
1. Introduction

Water is a valuable resource for human life that is becoming
increasingly scarce day by day. It is also crucial for the survival
of all species on earth, as well as for economic, social progress,
and environmental sustainability.1 Rapid industrialization,
agricultural activities, natural salt deposits, and population
growth are major causes of water shortage and the driving force
for the advancement of technologies for exploiting alternate
water resources, such as desalination of saline water.2–4 Desa-
lination is also used to improve the quality of freshwater.
Thermal and membrane-based technologies such as ash
evaporation, reverse osmosis, electrodialysis, and nanoltration
are the most commonmethods used for desalination of water.5,6

Nanoltration (NF) has emerged as one of the most prom-
ising membrane technologies owing to its multiple advantages
such as low operating pressure, high permeation ux, high
retention of multivalent ions and organic molecules with
molecular weight between 100 and 1000 Da. In addition, low
capital investment and operational/maintenance expenses have
made NF an attractive purication process for industry. As
a result of these advantages, the usage of NF has grown around
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the world and now accounts for 10% of the global brackish
water market.7–9 The augmentation of nanoltration
membranes into other desalination methods such as reverse
osmosis, forward osmosis, electrodialysis, multi-stage distilla-
tion, multiple-effect desalination, membrane distillation, and
ion exchange improves the quality of freshwater and reduces
both operating pressure and membrane fouling. There have
been signicant efforts put into the synthesis of low-pressure,
low-cost, and easy-to-prepare NF membranes.10–12

Nanoltration membranes are categorized into two major
groups that are (1) integrally skinned asymmetric membranes
and (2) thin-lm composite (TFC) membranes. TFCmembranes
are prepared by layer-by-layer deposition, interfacial polymeri-
zation (IP), in situ oxidative or electrochemical polymerization,
electron beam irradiation, spin coating, dip-coating, plasma-
induced polymerization, and UV-induced gra polymerization
methods.13,14

Commercial nanoltration (NF) membranes comprise of
a thin lm composite (TFC) structure with an ultra-thin poly-
amide layer on a microporous polysulfone substrate. The
structural and physicochemical features of this ultra-thin
polyamide lm are directly associated with the separation
performance of TFC-NF membranes in terms of permeability
and selectivity. Interfacial polymerization (IP) is used to create
a selective polyamide layer at the interface through the reaction
of two insoluble monomers.15,16 In contrast, the efficiency of this
method is lower because of a non-uniform pattern of charge
RSC Adv., 2022, 12, 33889–33898 | 33889
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and polymer density of this selective layer. Furthermore, the
interfacial polymerization process increases surface roughness
of the membrane thus making the surface more prone to
fouling.17

Composite membranes comprising of intrinsically conduct-
ing polymers (ICPs) such as polyaniline have also been used in
a variety of applications such as electrodialysis, solvent sepa-
ration, and acid-base separation.18–20 Polyaniline (PANI) is one
of the most widely used ICPs in membranes and has high
electrical conductivity, electrochemical activity, excellent envi-
ronmental and solution stability, low synthesis cost, and the
ability to electrochemically switch between conductive and non-
conductive states through a doping/dedoping process.21–24

Nanoltration and ultraltration (UF) membranes for water
treatment have been synthesized using polyvinylidene uoride
(PVDF), polyvinyl alcohol (PVA), polyacrylonitrile (PAN), poly-
propylene (PP), polysulfone (PSF), and polyethersulfone (PES).
PES membranes have been widely employed because of their
high mechanical strength, good chemical resistance, high
thermal stability, environmental tolerance, and ease of fabri-
cation.25,26 The smaller size of the salt ions relative to the surface
pore size of the membranes makes PES-based UF membranes
unsuitable for desalination. PES-based UF support membrane
can be used for desalination by depositing a thin hydrophilic
polymer layer on this base.27,28 On the other hand, PES blends
with various nanoparticles (ZnO, TiO2, GO, Fe3O2, ZrO2, and
Al2O3, etc.) have shown signicant improvement in water
permeability and salt rejection.29–31

Polyaniline (PANI) based composite membranes have been
fabricated and trialed for various applications including desa-
lination, solvent separation, electrodialysis, wastewater treat-
ment etc.32–35 Zhi Wang et al., prepared PANI/polysulfone (PSU)
nanocomposite membranes to study their effectiveness for
desalination. These nanocomposite membranes were prepared
through the ltration of PANI nanober aqueous dispersion
with PSU substrate membrane. In these membranes, PANI
nanobers are assembled evenly on the PS membrane surface
and porous structures were formed.36 Performance of poly-
sulfone membranes was improved by blending with PANI
nanobers in wt% ranging 1–15%. PANI nanobers assembled
as nger like structure in these PANI–PS membranes. The
blended membranes had higher porosity and pore size as
compared to base PSU membranes.37 Permeation ux and salt
rejection of polysulfone based ultraltration membranes were
improved with nanostructured polyaniline. These composite
membranes were prepared by blending PANI nanoparticles in
PSU dope solution. The negatively charged PANI increased
porosity, and hydrophilicity that improved permeability and
surface charge on membrane resulted in improved salt rejec-
tion.38 Adsorptive behavior of polyaniline has been utilized to
capture various heavy metals and ions such as chromium,
arsenic, mercury and various radioactive metal ions in waste-
water treatment to meet the safe water quality standards.39

These membranes were synthesized by blending polyaniline
particles, with a polymer for solution casting of the
membranes.40 These membranes had a dense morphology with
smaller and fewer pores and the incorporation of PANI led to
33890 | RSC Adv., 2022, 12, 33889–33898
a progressive expansion of pores and an increase in porosity.
The effects of in situ polymerization of aniline and its condi-
tions on the deposition extent of PANI on various base
membranes and their electrochemical and electrodialytic
performance have been discussed using various substrates
including poly(vinylchloride-co-vinylacetate), polyvinylchloride,
thermoplastic polyurethane, and cellulose acetate.41–45

The present research employed in situ polymerization to
deposit polyaniline as a thin lm on base polyethersulfone
nanoltration membranes. The synthesis of PANI layered
membrane using PES nanoltration substrate through in situ
oxidative polymerization has been reported rst time in litera-
ture for nanoltration desalination applications. PANI–PES
membranes were synthesized using a three-stepmethodology to
facilitate PANI layering at the substrate membrane; (1) fabri-
cation of polyethersulfone asymmetric nanoltration
membrane by phase inversion method (2) surface activation of
asymmetric nanoltration membranes using sodium hydroxide
and (3) conversion of hydrolyzed asymmetric nanoltration
membrane into PANI layered nanoltration membrane by
depositing polyaniline through in situ solution-phase polymer-
ization. The synthesis was followed by mechanical, chemical,
thermal, and morphological characterizations, and testing
membranes performance in a dead-end stirred cell for desali-
nation. The results showed a signicant effect of PANI deposi-
tion and polymerization time on the composite membranes
structure, mechanical properties, and desalination
performance.
2. Experimental
2.1. Materials

Polyethersulfone (PES, Ultrason® E7020P, molecular weight =
92 000 g mol−1) was kindly provided by BASF Pakistan. N-
Methyl-2-pyrrolidone (NMP) acquired from VWR (Belgium) was
used as a solvent to prepare PES dope solution. Sodium
hydroxide (NaOH) was purchased from DaeJung (Korea) and
sodium chloride (NaCl) was acquired from Merck (USA).
Hydrochloric acid (37% conc.) and aniline were purchased from
Sigma Aldrich (USA) and used as received. Ammonium persul-
fate (APS) was obtained from Merck (USA). The nonwoven
backing layer (thickness = 180 mm, Novae 2471) of
polypropylene/polyethylene (PP/PE) was acquired from Freu-
denberg (Germany). For all experiments, RO treated water of
<5 ppm TDS was used.
2.2. Fabrication of polyethersulfone nanoltration
membranes

PES membranes were synthesized using phase inversion tech-
nique. Polyethersulfone (PES) was dried at 150 °C for 4 hours in
a vacuum oven and PES dope solution was prepared by dis-
solving 24% (w/w) PES in NMP using a hot plate with contin-
uous stirring at 40 °C for 15 hours. The solution was then
degassed for 48 hours to ensure to remove entrapped air. The
degassed dope solution was poured on non-woven fabric
support made of PE/PP (thickness = 180 mm, Novae 2471) and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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cast at 37 °C with 35% relative humidity using Sheen® lm
applicator. The solvent from the wet membrane was partly
evaporated in the open air for 1.5 minutes. The membranes
were then placed in a water bath for 24 hours to separate the
phases. The water in the coagulation bath was continuously
replenished to guarantee that the NMP was entirely
removed.32,33
2.3. Surface activation of PES membranes

A solution of 2 M NaOH was used as a surface activator to
provide hydrophilicity to polyethersulfone membranes. The
membranes were soaked in NaOH solution at 37 °C for 17
hours, and then washed with an excess of RO treated water to
remove any extra NaOH on the surface.34,46–48
2.4. Deposition of polyaniline on surface activated PES
membranes

To prepare PANI layered nanoltration membranes, in situ
polymerization of aniline was carried out on the surface of
surface-active hydrolyzed PES membranes (HPES). A thin layer
of PANI was deposited on the surface of HPES by soaking it in
a 4% v/v solution of aniline in 1 M HCl for 24 hours at 25 °C.
Aer that, a 0.55 M APS solution (in 1 M HCl) was added to
aniline solution at 25 °C for varying polymerization time (30–
150 mins). The free monomers were rinsed with a solution of 1
M HCl, and the membranes were washed three times with
water.22,38 The steps involved in PANI–PES membranes fabrica-
tion are shown in Fig. 1.

In the following text, PANI–PES membranes are designated
using PANI-XXM-P nomenclature where PANI shows polyaniline
coating on PES substrate, XXM species polymerization time of
aniline in minutes aer APS addition, and P indicates in situ
polymerization reaction, respectively.
Fig. 1 Schematics of PANI–PES membranes fabrication and performanc

© 2022 The Author(s). Published by the Royal Society of Chemistry
2.5. Membranes characterization

Membranes porosity was measured using dry–wet (gravimetric)
method. Themembranes were weighed aer drying and wetting
with water using an electronic balance (model: HL-323A+).

The porosity of the membranes (3) was calculated using the
following equation:49,50

3 ¼ Wwet �Wdry

Vmembrane � rwater
(1)

whereWdry andWwet are the weights of dry and wet membranes
in kg, Vmembrane is volume of the membrane (m3) and rwater is
the density of water (kg m−3) at room temperature.

The average pore size, RM has been estimated using filtration
velocity method that involves measuring pure water flux (PWF)
of membrane by applying pressure (15 bar) for a specied time.
Based on pure water flux (eqn (3)) and porosity data, the
Guerout–Elford–Ferry equation (eqn (2)) was used to calculate
membrane mean pore radius (RM, m):32,51

RM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:75 3Þ � 8mQlM

DP3AM

s
(2)

where m, Q, P, 3, AM and lM denote water viscosity (Pa s), volu-
metric ow rate of permeate (m3 s−1), operating pressure (Pa),
membrane porosity, membrane effective area and membrane
thickness, respectively.

Membranes surface chemistry was studied by Fourier
transform infrared spectroscopy (FTIR) using JASCO FT/IR-4600
spectrometer in attenuated-total-reectance (ATR) mode with
zinc selenium (ZnSe) crystal as the background operating in
400–4000 cm−1 wavenumber range.

Thermal stability of PANI–PES membranes was character-
ized using SHIMADZU TGA-50 Thermogravimetric Analyzer. A 5
mg sample was placed on an aluminium (Al) pan and heated to
e evaluation.

RSC Adv., 2022, 12, 33889–33898 | 33891
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600 °C at a rate of 10 °C min−1 in a nitrogen environment (35
mL min−1).52,53

Mechanical properties of the membranes were evaluated
using TA Q800 DMA (dynamic mechanical analyzer) operated in
tensile (UTM) mode using 10 mm × 50 mm samples. The test
temperature was kept at 37 °C with a constant strain rate of 100
mm min−1 and tensile strength, elastic modulus, and elonga-
tion-at-breakpoint (%) were measured.
2.6. Nanoltration performance of PES and PANI–PES
membranes

Desalination performance of the membranes was evaluated
using a dead-end ltration cell. This laboratory setup comprised
of a gas cylinder, pressure control valve, membrane cell,
magnetic stirrer, and a feed spacer (Fig. 1). The cell was lled with
feed water and pressurized with nitrogen gas. The permeate
stream was collected into a permeate cylinder. Before each
experiment, the membranes were soaked in treated water for 2
hours to provide saturation and wettability. Each membrane was
initially pre-compacted in treated water for 30min at 12 bar. Pure
water permeability (PWP) was determined at 15 bar and the
following equations were used to calculate PWP, solvent ux (JS),
and salt rejection (SR) respectively:

PWP ¼ Vpermeate

AMDtDP
(3)

Jsolvent ¼ Vpermeate

AMDt
(4)

SR ð%Þ ¼
�
1� CP

CF

�
� 100 (5)

where CP, CF and are the concentrations of permeate and feed
in ppm whereas Vpermeate (liter) is the volume of permeate
collected in time Dt (h).
3. Results and discussion
3.1. Porosity and pore size

The values of porosity of PES–PANI membranes are given in
Table 1. The porosity decreased from 73.41% for pristine PES
membrane to 55.86% for PANI–PES membranes (Table 1).
Pristine PESmembrane had an average pore size of 5.90 nm that
reduced to 4.24 nm on polyaniline deposition. The porosity and
pore size of the membranes reduced as PANI deposition time
increased that increased PANI layering extent on HPES
Table 1 Porosity and mean pore size of membranes

Membrane samples
Porosity
(%)

Mean pore size
(nm)

Pristine PES 73.41 5.90
PANI-30M-P 64.05 4.78
PANI-60M-P 62.88 4.52
PANI-90M-P 61.42 4.72
PANI-120M-P 59.96 4.45
PANI-150M-P 55.86 4.24

33892 | RSC Adv., 2022, 12, 33889–33898
membrane, attributed to a strong attraction between –NH
groups of polyanilines and –OH groups of HPES.54,55

3.2. FTIR-ATR spectroscopy

Fig. 2 shows FTIR spectra of PES, HPES, and PANI–PES
membranes. The IR band at 3637 cm−1 is attributed to O–H
stretching of water molecules.56–58 IR peaks relating to aromatic
rings can be assigned to 839–1011 cm−1 (C–H bending in para-
substituted aromatic ring), 1484 and 1577 cm−1 (C]C stretch-
ing), and around 3091 cm−1 (C–H stretching). The sulfone
group (O]S]O stretching) shows characteristic peaks at 1149,
1238, and 1300 cm−1, whereas aromatic ether shows peaks at
1103 cm−1 (C–O–C stretching) and at 705 cm−1 for C–S
stretching.59

The peak shi from 3637 to 3433 cm−1 HPES membrane
indicated hydrophilic character of polyethersulfone membrane
when treated with sodium hydroxide due to the presence of
hydrogen-bonded O–H stretching.47,60

The successful deposition of PANI on HPES membranes is
indicated by quinonoid at 1564 cm−1, benzenoid at 1471 cm−1

and polaron moieties at 1137 cm−1 respectively. The aromatic
amine nitrogen (C–N stretching vibration) was indicated by
peaks at 1240 and 1300 cm−1.61,62 As PANI deposition time on
PES base membranes increased, the distinctive peaks of PANI
became more pronounced.

3.3. Thermogravimetric analysis (TGA)

Fig. 3 shows TGA thermograms of pristine PES, HPES, and
PANI–PES membranes.

Pristine PES membrane exhibited three weight loss regions
at 65–75 °C, 185–250 °C, and 553–588 °C, respectively. The rst
weight loss may be attributed to entrapped water from the
coagulation bath. The second weight loss could be attributed to
entrapped solvent (i.e. NMP) and the third weight loss
Fig. 2 FTIR-ATR spectra of unmodified PES, HPES, and PANI–PES
membranes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TGA analysis of pristine PES, HPES and PANI coated PES
membranes.

Fig. 4 Stress–strain curves of unmodified PES and PANI–PES
membranes.

Table 2 Mechanical properties of PES and PANI–PES membranes

Membrane identity
Tensile strength
(MPa)

Elastic modulus
(GPa)

Elongation at
break (3B) (%)

Pristine PES 9.00 3.46 16.20
HPES 10.00 2.46 52.21
PANI-30M-P 7.84 1.67 51.00
PANI-60M-P 8.32 2.75 35.86
PANI-90M-P 8.42 2.75 37.86
PANI-120M-P 8.77 3.25 32.13
PANI-150M-P 9.17 3.46 21.00
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conrmed the decomposition of PES backbone structure.52,63

The TGA curve of surface-activated PES also showed three-step
thermal degradation. The rst step shown between 43 and
100 °C (water evaporation), the second at 400 to 500 °C that is
attributed to the decomposition temperature of the self-
associated hydroxyl group (–OH),64 and the temperature at 500
to 580 °C is decomposition temperature of polyethersulfone
backbone.

For polyaniline-coated PES membranes, a three-step thermal
degradation mechanism was shown. The initial weight loss at
125–275 °C is attributed to loss of water residing in the
membrane structure and loss of dopant anions whereas, the
second degradation step from 360–490 °C can be attributed to
the degradation of the PANI main chains.65,66 The third step at
>500 °C indicated degradation of main PES molecular chains.

Increasing PANI deposition time shied TGA curves towards
a slightly higher degradation temperature of polyethersulfone.
Moreover, the decomposition behavior of polyethersulfone in
pristine PES and PANI–PES membranes remained identical.
Table 3 Salt rejection and flux of PES and PANI–PES membranes

Membrane samples
Water ux
(L h−1 m−2)

% NaCl
rejection

Pristine PES 25.73 36.84
PANI-30M-P 20.45 38.68
PANI-60M-P 17.46 39.47
PANI-90M-P 16.19 40.84
PANI-120M-P 14.11 41.84
PANI-150M-P 11.59 43.42
3.4. Mechanical characterization of the membranes

The stress–strain curves of pristine PES, HPES, and PAN–PES
are shown in Fig. 4 where Table 2 shows values of tensile
strength (sT), Young's modulus (EM), and elongation at break
(3B) calculated from these curves. Young's modulus was deter-
mined from the initial slope within Hooks law limit of the
stress–strain curve.

Sodium hydroxide-modied PES membranes showed
signicantly higher elongation probably because of a self-
associated hydroxyl group (–OH) that increased lm's
mechanical properties.47

Prolonging PANI deposition time on PES membranes
reduced elongation to break values and tensile strength as well.
This decrease can be attributed to the brittle character of PANI
along with possible molecular chain scission of base PES by
© 2022 The Author(s). Published by the Royal Society of Chemistry
free-radical attack generated from the decomposition ammo-
nium persulfate that was used as oxidant in polymerization
reaction.67
3.5. Separation performance of PANI–PES NF membranes

The salt rejection study of PANI–PES membranes using a feed
(1900 ppm NaCl) was carried out using a dead-end stirred cell at
17 bar.68,69 This feed concentration represents low-salinity fresh
and brackish water feeds. Table 3 shows ux and % salt rejec-
tion from PES and PANI–PES membranes. Pristine PES
membrane showed 36.84% salt rejection, whereas PANI–PES
membranes showed 43.42% rejection. This increase in
membrane salt rejection is because of the deposition of a thin
RSC Adv., 2022, 12, 33889–33898 | 33893

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05735b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

0/
17

/2
02

5 
4:

45
:4

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
polyaniline layer on PES membrane surface through in situ
oxidative aniline polymerization that reduced membrane
porosity and average pore diameter (Table 1). During in situ
polymerization, PANI particles grew in size forming a globular
structure following a well-dened nucleation and growth
mechanisms.70 This growth of PANI rst created a very thin
layer, which developed in thickness due to the second nucle-
ation as a result of the prolonged polymerization period. It is
assumed that PANI layering at the surface of PES membranes
offered a signicant resistance to salt solution permeation by
blocking pores and reducing porosity.19 The increase in salt
rejection can also be attributed to the adsorptive behavior of
polyaniline and its negatively charged surface.71 The adsorptive
behavior tends to capture salt ions on the membrane surface
forming a thin salt layer that offers further hindrance to
permeating salt and water molecules thus increasing the salt
rejection but at the expense of reducing water ux. The Na+ ions
has also been captured by negative charges of PANI surface
layer. Moreover, the increase in negative charge on membrane
surface due to the presence of anion-doped polyaniline repelled
negatively charged Cl− in feed.72 Polyethersulfone membranes
have a negative surface charge and their separation mechanism
is inuenced not only by steric hindrance but also by electro-
static interactions (i.e., Donnan exclusion).32 The existence of
Fig. 5 PANI–PES interaction and electrostatic effects of pristine PES an

33894 | RSC Adv., 2022, 12, 33889–33898
strong electrostatic repulsive force between the negatively
charged membranes and divalent anions led to a relatively high
rejection of hydrated divalent anions.73 Therefore, smaller pore
size increases the rejection of salts through both size exclusion
and electrostatic repulsion mechanisms.32,58 An overall 18%
increase in salt rejection was achieved that is a cumulative effect
of size exclusion or Donnan effect due to porosity and pore size
reduction and charge exclusion imparted by permanent
membrane negative charge.74 The signicant decrease in ux is
in line with the surface coverage of the base membrane with
PANI that increases with an increase in polyaniline deposition
time. As permeability of the nanoltration membranes follows
both pore ow and solution diffusion models, the ux of PANI–
PES membranes can be explained by both models sepa-
rately.75,76 In case of pore ow mechanism, higher the porosity
and larger the pore size, less resistance is offered to permeating
molecules. The rate of ux decrease is directly linked to the
surface layer deposition extent and density. Denser and thicker
PANI layer on prolonging polymerization time exponentially
reduces membrane ux as can be seen in Table 3.77,78 On the
other hand, explaining salt and water permeation through
nanoltration membranes using solution–diffusion mecha-
nism necessitates that the surface of nanoltration membranes
should be hydrophilic in nature that can facilitate water
d PANI–PES membranes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of present PANI–PES membranes performance with nanofiltration membranes in literature

Membrane type Flux (L m−2 h−1) % NaCl rejection Permeation conditions Ref.

Pristine PES membrane 25.73 36.84 P = 1.7 MPa Present study
Feed = 1900 ppm

PANI–PES membrane 11.59 43.42 P = 1.7 MPa Present study
Feed = 1900 ppm

PES NF membranes 54.88 22.0 P = 2.0 MPa 32
Feed = 10 500 ppm

Nanotube/polyethersulfone nanocomposite oxidized
multiwalled carbon (asymmetric NF membrane)

8.0 20.0 P = 0.4 MPa 81
Feed = 200 ppm

Multiwalled nanotubes with amine-functionality
(asymmetric NF membrane)

5.241 20.0 P = 0.4 MPa 82
Feed = 200 ppm

NF90 (Filmtech, Dow, TFC) 80.0 22.0 P = 1 MPa 83
Feed = 800 ppm

DS-5 DL (nanoltration TFC) 19.2 1.31 P = 1.4 MPa 84
Feed: seawater

NE2540-70 (nanoltration TFC) 18.0 7.20 P = 1.4 MPa 84
Feed: seawater

PES–PA–PANI blended TFC NF 55.2 28.5 P = 0.6 MPa 87
Feed: 2000 ppm
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molecules to be (1) absorbed on the surface, (2) diffused
through the thickness on the basis of chemical potential
difference on either sides and (3) desorbed on the downstream
side. PES is intrinsically hydrophobic in nature therefore the
modication with NaOH imparts some hydrophilicity. This
generated hydrophilic part of PES membranes has been utilized
by polyaniline molecules during deposition mechanism where
PANI grew on the surface by bonding with the hydrophilic
surface functionality. Similarly PANI is intrinsically hydrophilic
in nature in its doped form and surface hydrophilic content
depends on dopant nature and dopant loading.79 In PES–PANI
membranes, PANI was doped with HCl that makes it partial
hydrophilic80 thus helps in water molecules absorption and
diffusion during permeation at slower rate. Because of HCl
leaching, PANI becomes dedoped and loses its hydrophilicity as
well as the surface charge character15 becoming less effective for
water molecules permeability and loss of surface charge also
reduces the salt rejection as compared to doped PANI (Fig. 5).
Moreover, during PANI deposition, the PES membrane surface
and pores are initially wetted with anilinium solution that
subsequently reacts with oxidant therefore pore blockage is
possible along with predominant surface deposition. The loss
in membrane permeability is a combined effect of surface
deposition, pore blockage, and hydrophilicity loss owing to HCl
leaching (Fig. 5).

PANI layering on PES support led to a positive charge accu-
mulation thus repels co-ions (cations) and to preserve charge
neutrality, a few negatively charged ions remained in the solu-
tion. This electrostatic mechanism allows membranes to
reverse the effect of increased pore size, porosity, the hydro-
philicity of membranes which increases water permeability.59,60

Table 4 shows a comparison among different NF membrane
systems with that of the present PANI–PES membranes in terms
of permeation ux and NaCl rejection at various feed condi-
tions. This comparison shows that the NF membranes
© 2022 The Author(s). Published by the Royal Society of Chemistry
desalination performance is a function of membrane
morphology and functional llers added to the base membrane
matrix thus indicating the validity of both pore-ow and solu-
tion–diffusion models discussed above. The similar compari-
sons are given in literature85 where the effect of feed
concentration showed negligible effect on membrane rejection
performance.85,86 In addition, the ux and rejection values of
pristine PES indicate the asymmetric membranes structure with
decreasing pore size at the surface thus blocking the passage of
salt ions. Layering of PANI through in situ deposition enhanced
these blocking effects as discussed above and shown in Table 3
as a function of aniline polymerization time.
4. Conclusion

In situ aniline polymerization was used to deposit electroactive
polyaniline (PANI) over polyethersulfone (PES) base membranes
to create PANI layered membranes. The effects of polymerization
time on PANI layering and performance of the membranes were
elaborated. The base PES membranes were prepared by phase
inversion coagulating in a non-solvent bath. The PANI-layered
membranes showed improved thermal stability as measured by
TGA. However, the mechanical properties decreased by
increasing PANI deposition time because of macromolecular
chains scission by free radical generated in the polymerization
reaction. The FTIR-ATR spectra indicated increased PANI layer-
ing by prolonging aniline polymerization time with PANI
deposited as conductive emeraldine salt. The porosity and pore
size, both, decreased by increasing PANI deposition time. PES–
PANI membranes showed the highest rejection of NaCl at 150
minutes of aniline polymerization time. However, the effect of
PANI deposition was more pronounced on permeation ux as
compared to the salt rejection. A comparison with other NF
membranes indicated promising membranes performance by
PANI layering on base PES NF membranes.
RSC Adv., 2022, 12, 33889–33898 | 33895
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