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ABSTRACT

The present study deals with the synthesis of polyethersulfone (PES)-based membrane using
a biopolymer sericin and polyvinylpyrrolidone (PVP) by phase inversion process. The syn-
thesized membranes were characterized for hydrophilicity, pure water permeability (PWP),
membrane stability, and surface functional group analysis. The synthesized membranes
were used to study the effective removal of cadmium ions using poly(diallyldimethylammo-
niumchloride) and polyethyleneimine (PEI) by polyelectrolyte-enhanced ultrafiltration. PVP-
sericin-incorporated PES membrane resulted in the highest average pore radius (22 nm) and
PWP (34.11 Lm−2 h−1 bar−1). It also showed that higher antifouling resistance of 10 folds
than neat PES membrane retained the higher flux rate. Overall, PES/sericin/PVP membrane
has better characteristics, and maximum percentage of cadmium removal was obtained
when added with PEI ligand.

Keywords: Membrane modification; Polyvinylpyrrolidone and sericin; Hydrophilicity;
Cadmium ion removal; Maximum retention capacity

1. Introduction

Polyethersulfone (PES) is a commercial membrane
material which has an extensive application in various
industrial processes owing to their excellent chemical,
thermal, and mechanical stabilities. The main inherent
drawback of PES membrane is its hydrophobic nature,
which leads to the adsorption of solute particles
resulting in the fouling on the membrane surface [1,2].
This in turn reduces the flux and membrane perfor-
mance [3]. Membrane modifications have major influ-
ence on prerequisite properties for separation
processes such as minimize fouling, enhance hydro-

philicity, stability, and permeability. The modification
in PES membranes is achieved through methods like
coating, grafting, physical blending, and interfacial
polymerization by modifying the surface [4,5]. Most of
the membranes were prepared by blending/mixing
with additives for enhancing hydrophilicity and per-
meability. The additives can easily alter the pore struc-
ture in such a way that it is compatible with the
polymer [6]. Other methods used to modify the mem-
branes are very expensive and require harsh condi-
tions like acidic/alkaline conditions [7,8]. Hence, the
blending method is appropriate to form uniform struc-
ture and easy to synthesize.

Polyethyleneglycol and polyvinylpyrrolidone
(PVP), the hydrophilic water-soluble additives, are*Corresponding author.
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preferred greatly in altering the membrane morphol-
ogy by physical blending methods. PVP, apart from
being an excellent swelling and pore-forming agent,
also improves the membrane hydrophilicity. Such
properties enhance the flux and antifouling behavior
which widely improves water treatment and biomol-
ecule purification [9–13]. Al Malek et al. [14] studied
the effect of PVP on PES at different concentrations.
An improvement of pure water permeability (PWP)
was also observed with increase in PVP concentra-
tion from zero to 15 wt.%. Hydrophilic PVP has the
characteristics of dissolving in water (non-solvent)
under phase inversion process which aids in the for-
mation of micropores on the membrane surface.
However, a further increase in concentration of PVP
on casting dope solution results in the formation of
denser structure which leads ultimately to a reduc-
tion of water permeability [11]. Hence, in order to
improve the porosity of the membrane surface, trace
quantity of PVP can be added in the PES polymer
matrix [15].

Of late, sericin, a hydrophilic globular protein, is
being used as a modifier for polymers. Sericin
improves hydrophilicity, biocompatibility, UV resis-
tance, and antioxidant and antimicrobial properties.
For these reasons, they are used in the fields of bio-
medical engineering and cosmetics industries. Sericin
possesses a structure constituted by 18 amino acids.
It is rich in serine and aspartic amino acid residues.
These amino acids consist of polar groups such as
hydroxyl, carboxylic, and amino groups [16,17]. Ahn
et al. [18] observed that sericin has good miscibility
with polymers like polyacrylic acid (PAA) which
forms protein–polymer complexes that are used in
drug delivery applications. They are interconnected
through the hydrogen bonding between the hydroxyl
group of serine and carboxyl group of PAA. More-
over, permeability and hydrophilicity of polyvinyl
alcohol membrane can be improved using sericin as
a modifier. Sericin, being a good swelling agent,
cross-links with dimethylthiourea and the resulting
membrane can be used in ethanol and water separa-
tion [19]. In earlier work, modification of polymers
using PVP was studied widely [11,13,15], however,
modification of polymers using of sericin and syner-
gic effects of sericin and PVP on polymers are lim-
ited. Hence, an attempt for modification of PES using
sericin and sericin/PVP was intended to enhance the
performance of PES membrane. Moreover, antifouling
efficiency was evaluated in cadmium ion removal
using polyelectrolyte-enhanced ultrafiltration (PEUF)
process.

Cadmium has profound detrimental effects on
human beings. This toxic substance causes cancer,

weakening of bones, damages in kidney and liver, etc.
Common sources of cadmium pollutants include
industrial effluents (zinc smelters, paint sludge), dis-
carded batteries, and increasing e-wastes [20]. The pre-
scribed limit for cadmium in potable water as directed
by the World Health Organization is 0.005mg L−1.
Existing techniques employed in removal of cadmium
includes chemical precipitation, adsorption, electro-
chemical treatment, ion exchange, and reverse osmosis
[21,22].

High-pressure operations like nanofiltration and
reverse osmosis are currently used in the removal of
metal ions and salts. PEUF promises to be a cheap
low-pressure alternative in removing metal ions from
aqueous solutions. PEUF is extensively used in the
removal of metal ions like Hg2+, Ni2+, Cd2+, Cu2+,
Pb2+, Mn2+, and Zn2+. Polymers used in PEUF should
ensure high charge density, high molecular mass,
and low toxicity and binding capacity [23–25]. Caniz-
ares et al. [23] obtained a cadmium rejection of 98%
using PAA as binding agent. Ennigrou et al. [26]
reported the removal of cadmium using poly(ammo-
nium acrylate)-enhanced ultrafiltration through poly-
sulfone membrane. It was also observed that an
increase in poly(ammonium acrylate) ligand concen-
tration resulted in dominant concentration polariza-
tion. Li et al. [27] also investigated PEUF methods
for the removal of cadmium using polyethyleneimine
(PEI) as coupling agent. In addition, the use of vari-
ous organic ligands for cadmium ions removal with
PEI was also studied. In this study, water-soluble cat-
ionic polymers such as PEI and poly(diallyldimethy-
lammoniumchloride) (PDDA) were chosen as
macroligand for the removal of cadmium ion through
PEUF method. Thus, the obtained enlarged macroli-
gand–metal ion complex aids in separation of cad-
mium molecule through ultrafiltration by retention
on the membrane surface. Cadmium ion retention
over the synthesized membranes were compared for
the macroligands.

Based on the literature, the present study focuses
on effect of sericin and PVP on PES membrane for-
mation by phase inversion process. It also evaluates
the synergetic mechanism of sericin and PVP on
pore formation of PES membranes. Membrane prop-
erties like hydrophilicity, membrane morphology,
mechanical and thermal stability of neat PES, PES/
sericin, PES/PVP, and PES/sericin/PVP are
compared. Also, cadmium ion removal using PEUF
was investigated. Further, using enrichment method,
maximum retention capacity and antifouling property
of modified PES membranes for PDDA–cadmium
complex and PEI–cadmium complex were also
compared.
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2. Materials and methods

2.1. Materials

PES Grade 3000P was purchased in powder form
from M/s. Solvay Process India Ltd. Model proteins
of bovine serum albumin (BSA) (66.5 kDa) was sup-
plied by M/s. Merck Chemical India Ltd. Egg albumin
(44 kDa) and lysozyme (17 kDa) were procured from
M/s. Alfa Aesar, USA. PVP (K30) (MW: 40 kDa) and
cadmium sulfate were from M/s. CDH Laboratory
Reagent, India. Sericin protein was obtained from
M/s. Chinese Commercial Manufacturers, Levochem
Technologies Co., Ltd. N,N-dimethylformamide
(DMF), sodium dihydrogen phosphate, disodium
hydrogen phosphate, hydrochloric acid, sodium dode-
cyl sulfate (SDS), and sodium hydroxide were bought
from M/s. Merck Chemical India Ltd. All the experi-
ments were carried out using double-distilled water.
PEI (60,000 Da) and PDDA (400–500,000 Da) were pro-
cured from M/s. Alfa Aesar, USA and M/s. Aldrich
Chemical Co., (Milwaukee, WI), respectively.

2.2. Membrane preparation

2.2.1. Effect of sericin on PES membrane preparation

Sericin is a biopolymer having properties of hydro-
philicity, swelling agent, resilent material, and also
used as an organic additive. Serine, a functional com-
pound present in the sericin, helps in bonding of seri-
cin with organic polymer such as PES and PVP and
the interactions between them are well illustrated in
Fig. 1. Such interactions aid for the better performance
of the membrane. Hence in this work, sericin is chosen
as a modifier to evaluate the performance of PES
membrane. Total polymer casting solution constitutes
17.5 wt.% of PES along with varying compositions of

sericin and PVP which are dissolved in DMF and
membrane was synthesized using phase inversion pro-
cess. Dope solution is mixed by constant mechanical
stirring at 60˚C for a time period of 3–4 h. This homog-
enized solution is cast on a glass plate using a thin
film applicator which is set to a thickness of 400 μm.
An idle time of 30 s for the thin film on the glass plate,
allows partial solvent evaporation under room temper-
ature. Subsequently, it is immersed in cold water bath
maintained at 10˚C for a period of 12 h. The additive
compositions of membranes and corresponding mem-
brane labels are provided in Table 1.

2.3. Membrane characterization

Hydrophilicity is measured using contact angle
measurement. Contact angle is determined by sessile
drop method using goniometer (model 250-F1 Rame
Hart Instruments, Succasunna, NJ). About 5 μL drop
of water are injected on a dry membrane surface at
five different locations through a microsyringe. The
average of contact angle value was measured from the
individual droplets in the five regions which deter-
mine the hydrophilicity of membrane. Any presence
of chemical functional groups over the membrane sur-
face was identified using attenuated-total-reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy
(Thermo Scientific Nicolet iS5 FTIR spectrometer). The
spectra for all the dried membrane samples, PVP, and
sericin are observed in the wavelength range of
4,000–550 cm−1. Cross-sectional morphology of the
membranes are observed using SEM (JEOL JSM-5600
SEM) at 15 kV. Membrane samples are coated with
platinum powder on the surface. Thermal stability is
observed using thermal analyzer (model SDT 2000,
New Castle, DE). Thermal analysis-based membrane
characterization is executed under a temperature
range of 25–600˚C gradually ramped at a rate of 10˚C
per minute in a nitrogen-controlled atmosphere. To
test the maximum tensile stress, the membrane under
test is cut into two dumb bell-shaped pieces. For per-
forming this analysis, ASTM D412 standard method
was followed using uni-axial mechanical testing
machine (Instron, Canton, MA).

2.4. Porosity and average pore radius

To measure pore size and porosity, small pieces of
membrane are mopped with filter paper. These wet
membranes are then dried in an oven at a temperature
of 60˚C for 24 h. The porosity (ε) is calculated from the
wet and dry weights of the membrane using following
Eq. (1) [28].
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Fig. 1. Schematic illustration of (A) PES/sericin and (B)
PVP/sericin binding.
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e ¼ ðx1 � x2Þ=dw
ðx1 � x2Þ=dw þ ðx2=dpÞ

� �
(1)

where ω1 is the wet weight of membrane (g) and ω2 is
the dry weight of membrane (g). Density of the water
(dw) and polymer (dp) are 0.998 and 1.37 g/cm3,
respectively.

The average pore radius of the membrane is deter-
mined using the Guerout–Elford–Ferry Eq. (2) [28].

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:75eÞ � 8Qlg

e� A� DP

r
(2)

where Q the flow rate of the permeate (m3/s), A the
effective cross-sectional area of the membrane, ΔP the
transmembrane pressure (Pa), η the dynamic viscosity
of the water (Pa s), and l is the thickness of the mem-
brane (m).

2.5. Water permeability studies

Synthesized membranes are compacted up to reach
steady flux at a transmembrane pressure of 400 kPa
using dead end stirred cell ultrafiltration membrane
module. In this study, a dead end stirred cell ultrafil-
tration module (Ultrafiltration cell-S76-400-Model,
Spectrum USA) with a compressor is used for all the
experiment runs. Pure water flux of membranes is
measured by varying the transmembrane pressure
from 100 to 400 kPa. Water flux ðJwÞ is calculated
using the following Eq. (3):

Jw ¼ Q

A
(3)

Slope of the plot between pure water flux and
transmembrane pressure measures the membrane per-
meability ðLpÞ.

LP ¼ JW
Dp

(4)

The obtained modified Guerout–Elford–Ferry equation
derived from Eqs. (2)–(4) is presented below

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:75eÞ � 8LPlg

e

r
(5)

2.6. Ultrafiltration experiments

2.6.1. Protein rejection analysis

Characterization of the membrane is performed
using model proteins such as lysozyme, BSA, and egg
albumin at a 0.3 g/L concentration. Protein solutions
are dissolved in 0.05M phosphate buffer at pH 7.
Ultrafiltration experiments using model proteins such
as BSA (66 kDa), egg albumin (44 kDa), and lysozyme
(17 kDa) are carried out under a transmembrane pres-
sure of 400 kPa. Stirrer speed is maintained at 500 rpm
mainly to avoid build up of solutes on the membrane
surface. UV–visible spectrophotometer quantifies the
concentration of proteins in permeate (Cp) and reten-
tate (Cr) sample at 280 nm. The percentage rejection is
calculated using the following Eq. (6):

Rejection ð%Þ ¼ 1� Cp

Cr

� �� �
� 100 (6)

2.6.2. Cadmium removal

Characterized ultrafiltration membranes are used
in the study of cadmium ions removal using PEUF
with water-soluble ligands such as PDDA and PEI at
pH 7. Transmembrane pressure was varied from 100

Table 1
Composition and contact angle, PWP analysis of synthesized membranes

Membrane type

Polymer composition
(17.5 wt.%)*

Contact angle measurement
(˚)

Pore radius
(nm)

Water permeability
(Lm−2 h−1 bar−1)PES PVP Sericin

M1 100 – – 69.05 5.25 1.00
M2 95 5 – 64.70 7.02 3.08
M3 90 10 – 54.00 19.2 24.82
M4 95 – 5 52.50 18.9 17.83
M5 90 – 10 57.70 15.5 13.25
M6 90 5 5 48.75 22.2 34.11

*DMF is used as solvent at 82.5 wt.% for all polymer compositions.
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to 400 kPa for a concentration of 50mg L−1 cadmium
under different concentrations of 0.5 and 1.0% macr-
oligands (PDDA and PEI). For every experimental
run, initial water flux (Jiw) was measured at the trans-
membrane pressure of 400 kPa and then the feed solu-
tion was tested on to the ultrafiltration unit for 2 h.
Again, the water flux (Jfw) was measured at constant
operating conditions. Then, the membrane was
cleaned by passing 0.2% SDS solution at the trans-
membrane pressure of 400 kPa for 45min. In order to
remove the traces of SDS, water was flowed through
the membrane. Finally, the ultrafiltration module was
dismantled and membrane was stored in container.

2.6.3. Fouling analysis

Flux declines in the membrane separation process
is mainly because of fouling and concentration polari-
zation. Fouling is a combination of reversible fouling
which occurs due to concentration polarization or gel
layer formation whereas irreversible fouling is the
pore blocking of solutes through the physical and
chemical interactions of solutes in membranes. Cad-
mium removal by macroligands of different concentra-
tions was analyzed for fouling and concentration
polarization studies using the resistance in series
model approach by the following Eq. (7) [26,29].

Jw ¼ DP
gðRm þ RfÞ

� �
(7)

where Jw is the solvent permeate flux, η is the viscosity
of the permeate solution, ΔP is the transmembrane
pressure, Rm is the intrinsic membrane resistance, and
Rf is the fouling resistance. By introducing one more
resistance factor, Rcp is the polarizable layer resistance,
the Eq. (7) can be rewritten as

Jw ¼ DP
gðRm þ Rf þ RcpÞ

� �
(8)

Rm ¼ DP
gJiw

¼ 1

gLp
(9)

Rm þ Rf ¼ DP
gJfw

(10)

Rm þ Rf þ Rcp ¼ DP� rDP
gJv

(11)

where Jv is the feed flux, σ is the reflection coefficient,
and ΔΠ is the osmotic pressure which is assumed to

be negligible. The resistance resulting from fouling
can be calculated from the initial water (Jiw) and final
water flux (Jfw). Similarly, resistance owing to concen-
tration polarization was estimated using the above
Eq. (11).

To determine the maximum retention capacity (C)
of metal ions macroligand complex on the membranes
were calculated for two different concentrations of
ligands at the transmembrane pressure of 400 kPa for
2 h. The calculation based on enrichment method can
be given by Eq. (12) [30].

C ¼ MV

Pm

� �
(12)

where M is the initial concentration of cadmium
(mg L−1), V is the total permeate volume collected in
120min, and Pm is the amount of macroligands (g).

The enrichment factor binding efficiency (E) of
polymer with metal ions can be obtained from the cal-
culated maximum retention capacity. It can be
expressed as

E ¼ PC

M
(13)

where P is the concentration of macroligands (g/L).
The concentration of cadmium in permeate and reten-
tate were analyzed using atomic absorption spectrom-
eter (Perkin-Elmer precisely, Analyst 4000). Thus,
cadmium rejection can be calculated using Eq. (6).

3. Results and discussions

3.1. Membrane characterization

3.1.1. FTIR analysis

FTIR spectra for neat PES and modified PES mem-
branes are shown in Figs. 2 and 3. The spectral bands
of neat PES membrane (M1) were observed in 1,151
and 1,238 cm−1 which correspond to the sulfone group
(S=O2) and aromatic ether band. In addition, C=C
stretching at 1,485 and 1,577 cm−1 of aromatic benzene
ring band was also obtained in the ATR spectra. A
similar pattern for the PES membranes was also
observed by other researchers [8,31,32]. The new spec-
tral wavelength of 1,655 cm−1 belonging to primary
amide bond was noted in PVP-modified membrane
(M3). The higher peak intensity of C–O bond was
viewed at 1,105 cm−1 in all the additive-modified PES
membranes. Addition of 10 wt.% sericin-modified
membrane (M5), showed two distinct peaks of one
similar primary amide bond and other bands at the
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intensity of wavelength around 718 cm−1 which corre-
sponds to primary amide V group [17]. These spectral
band results clearly indicated the presence of PVP and
sericin in PES membrane matrix.

3.1.2. Effect of additives on porosity and average pore
radius

Average pore radius of the membranes are listed in
Table 1. Neat PES membrane (M1) has the lowest aver-
age pore radius of 5.25 nm. This was mainly due to the
dense porous structural arrangement. It was observed
that the loading of PVP from 5 to 10wt.% on a PES
dope solution has resulted in the increase of average

pore radius from 7.0 to 19.2 nm. PVP in dope solution
alters the exchange rate of solvent from the PES poly-
mer into non-solvent water bath during membrane for-
mation. Further, membrane with 5 wt.% sericin, vastly
affects porosity and average pore size of 18.9 nm. It is
interesting to note that addition of 10 wt.% sericin has
decreased the pore radius to 15.5 nm. Highest average
pore size of 22.2 of nm was observed for 90/5/5 wt.%
of PES/sericin/PVP combinations. It is certain that
PVP and sericin addition to the casting dope solution
has resulted in the formation of loose membrane matrix
enhancing porosity and pore sizes.

3.1.3. Effect of additives on mechanical properties of the
membranes

The tensile stress of neat PES and modified mem-
branes are shown in Table 2. The maximum tensile
stress of neat PES membrane is 8.68MPa. It decreases
to 4.11 and 4.35MPa, respectively, upon addition of 5
and 10wt.% of PVP in PES dope solution. The
decrease in tensile strength was attributed to the for-
mation of macrovoids in the PES matrix [14]. It was
found that sericin-incorporated membranes showed
the highest maximum tensile stress. It was mainly
because of silk sericin, which has the arrangement of β
sheets in its structure. The sericin moiety encompasses
amino acids which provide higher mechanical stiff-
ness. As reported by Dash et al. [17] silk sericin
improved the tensile strength. Furthermore, tensile
stress decreased to 7.54MPa on addition of PVP (5
wt.%) and sericin (5 wt.%) in PES (90 wt.%) membrane
(M6). It clearly indicated that the addition of PVP
reduces the mechanical strength on membranes.

3.1.4. Effect of additives on thermal properties of the
membranes

It is well known that glass transition temperature
(Tg) is one of the most important measurements for
the miscibility of blend components [33]. PES/PVP
membranes had a faster decomposition rate than the
neat PES and PES/sericin membranes which are
shown in Fig. 4. The glass transition temperatures (Tg)
for membranes are presented in Table 2. 10 wt.% of
sericin-modified PES membrane (M5), had the higher
thermally stability up to a temperature of 460˚C (Td).
It was attributed to the absorption of heat by sericin
causing the delay in decomposition of membrane. In
the case of 10 wt.% PVP on PES membrane (M3),
weight loss percentage was decreased to 403˚C when
compared to a neat PES membrane. A marginal shift
in Tg value was varied for additive-incorporated PES
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Fig. 2. FTIR-ATR spectra bands for neat PES, PES (90%)/
PVP (10%), and PES (90%)/sericin (5%)/PVP (5%) mem-
brane.
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membranes when compared to neat PES membrane. It
is due to the effect of interaction of additives with
PES. In addition, sericin has enriched amount of serine
which has the stronger interaction with the PES
through the sulfone and ether linkage. This polymer
chain forms porous membrane matrix. However, ther-
mal stability of membrane decreases with the addition
of mixed additives (PVP and sericin) in PES mem-
brane (M6). Therefore, thermogravimetric results of
membranes ensured that membrane morphology was
altered by the addition of additives.

3.1.5. Effect of additives on hydrophilicity and
permeability of membranes

Table 1 illustrates the results of PWP, and hydro-
philicity of neat PES and modified PES membranes.
Neat PES membrane has a maximum contact angle of
69˚ due to its hydrophobic nature. Contact angle value
was decreased to 54˚ for 10 wt.% PVP-added PES
membrane (M3). This suggested that the contact of

water molecules on membrane surface was enhanced
by the incorporation of PVP on PES membrane matrix
through polar amide group. It allows water molecules
to flow through the membrane pores owing to capil-
lary forces [34]. In the case of 5 wt.% sericin, contact
angle was observed as 52˚. The existence of various
polar function groups like hydroxyl, amino, and car-
boxylic groups in sericin makes the hydrogen bonding
and attraction to water molecules possible. The high-
est reduction in contact angle to 48.75˚ was observed
for the PVP- (5 wt.%) and sericin (5 wt.%)-modified
PES (90 wt.%) membrane (M6). It is clear that higher
hydrophilicity was observed for the combination of
both PVP- and sericin-modified membranes.

From Fig. 5, the permeability of membrane increases
from 3.08 to 24.82 Lm−2 h−1 bar−1 for 5 to 10wt.%
increase in PVP. It confirms that the addition of PVP
influences the formation of porous structure on the sur-
face of membrane. The loose porous structure on the
membrane matrix helps in enhancing the flow of water
inside the PES matrix. A similar trend was observed with
the change in PVP concentration from 0 to 15wt.% on
PES ultrafiltration membranes [14]. However, PWP of
neat PES membrane is 1.0 Lm−2 h−1 bar−1. In the case of
sericin, 5wt.% loaded membrane (M4) showed 17.83 and
13.25 Lm−2 h−1 bar−1 for 10wt.% membrane (M5). Over-
all, maximum permeability was obtained for the mixed
additives-modified PES membrane (M6) which was 34
folds higher than that of the neat PES membrane. Both
PVP and sericin increase the viscosity of PES dope solu-
tion which resulted in DMF-exchange rate during phase
inversion process. It is mainly due to: (i) PVP increases
the thermodynamic instability of the cast film because of
non-solvent property and so it causes instantaneous de-
mixing in the coagulation bath [11]; (ii) PVP and sericin
increase viscosity of the cast film due to inter and intra-
molecular entanglements of the polymer chains; and (iii)
the presence of both in cast film speeds up the diffu-
sional exchange rate of solvent (DMF) and non-solvent
(water) during solidification process and consequently
encourages in the formation of pore radius of higher

Table 2
Effects of mechanical and thermal properties for the additive-modified and unmodified PES UF membranes

Membrane type Tensile strength (MPa) Decomposition temperature (Td, ˚C) Glass transition temperature (Tg, ˚C)

M1 8.68 450 231
M2 4.11 410 232
M3 4.35 403 235
M4 10.31 452 239
M5 10.76 460 230
M6 7.54 425 225
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Fig. 4. TGA pattern for the modified and neat PES mem-
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magnitude [10]. Hence, adding hydrophilic additives, to
the casting solution has a dual effect on the membrane
morphology. The average pore radius, FTIR, and contact
angle measurement values were also supported with the
results of PWP. These result concluded that synergetic
effect of both additives favours to increase in hydrophi-
licity and PWP of PES membranes.

3.2. Membrane morphology

The cross-sectional view of neat and modified PES
membrane is shown in Fig. 6(a)–(d). It is well known
that the skin layer and porous sublayer in the mem-
brane determine the water permeation rate and sepa-
ration factor [35]. The thick and dense asymmetric
structures were observed on neat PES membrane
(Fig. 6(a)). Such morphology was responsible for the
lower pore radius and membrane permeability. In case
of modified PES membrane, interconnection between
skin top layer and substructure (bottom layer) were
improved and shown in Fig. 6(b)–(d). The phenome-
non mainly occurs due to increase in exchange rate of
solvent and non-solvent rates. Finger-like substruc-
tures and thin skin layer were clearly observed in
Fig. 6(b) with the addition of 10wt.% of PVP. So, the
permeability and pore radius were increased. Macrov-
oids were decreased with the loading of both PVP and
sericin. It is mainly due to synergetic effect of both
PVP and sericin which increases the volatility of the
casting solution. As the hydrophobic PES has lower
affinity in non-solvent (water) than the hydrophilic
PVP/sericin, it shows higher tendency for the PES to
move towards the solution (water)–air interface during
immersion in the coagulation bath [36]. Moreover,
extended porous sublayer for permeation was noticed
on the mixed additive-modified membranes.

3.3. Protein rejection analysis

As shown in Fig. 7, M1 membrane showed highest
rejection compared to modified membranes. Rejection
of lysozyme in the neat PES is around 93%. These
results clearly revealed that the neat PES membrane
had lower porosity and hence, the protein molecules
are not able to pass through the pores. BSA holds the
highest rejection in all the membranes due to higher
molecular weight. Next to that, egg albumin has
higher rejection. Low molecular weight lysozyme has
lesser rejection of 48% in the 5wt.% PVP-modified
PES membrane (M3) while in M3 and M5, the rejec-
tion was 68 and 58%, respectively. Similar effects of
protein rejection with the incorporation of PVP on var-
ious polymers were also observed [37]. Moreover,
additives enhanced the transport of protein molecules
in the membrane. These results agreed quite well with
the contact angle value of membranes. Finally, PVP-
and sericin-incorporated PES membrane (M6) combi-
nation showed lowest rejection of 42%. The reason for
reduction in the rejection was due to increase in pore
size on membrane surface. Rejection data clearly indi-
cate that sericin also acts as a pore former which is
similar to the effect of PVP. Thus, water-soluble poly-
mer PVP has a tendency to leach out from the mem-
brane surface in gelation bath during membrane
formation [9]. Thereby, it allows the transport of pro-
tein molecules through pores. The inferred result
showed that all synthesized membranes are of low
molecular weight cut-off range. From the above PWP
and protein rejection performance, M1, M3, M4, and
M6 were chosen for the metal ion removal studies.

3.4. Ultrafiltration performance of PDDA/PEI–cadmium
solution

The effect of transmembrane pressure variation
from 100 to 400 kPa on membranes using PDDA/
PEI–cadmium ions was studied at pH 7 and is shown
in Figs. 8 and 9. As observed in the case of neat PES
membrane, macroligand of 0.5% PEI–Cd2+ complex
solution had higher flux of 6.03 L/m2 h at the trans-
membrane pressure of 400 kPa. The flux was
decreased to 4.57 L/m2 h for increase in macroligand
concentration of PEI from 0.5 to 1.0 wt.%. Other macr-
oligand PDDA–Cd2+ complex solution had the maxi-
mum flux of 4.33 L/m2 h at their lower concentration.
The similar flux pattern was observed in all the other
membranes. With the addition of additives, 5 wt.%
incorporated sericin on PES membrane (M4) showed
the flux of 9.07 L/m2 h for the 0.5 wt.% PEI–Cd2+ com-
plex solution. On the other hand, PVP of 10 wt.%
modified PES membrane had the flux of 15.46 L/m2 h.

Fig. 5. Effect of transmembrane pressure on pure water
flux analysis in neat and modified PES membrane.
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The flux reduction was due to higher molecular
weight of PDDA, PEI, and their concentration. More-
over, the highest permeate flux of 50 L/m2 h was
observed at 400 kPa for PVP and sericin-modified PES
membrane. These data prove that PVP and sericin
additives had a major role in the enhancement of pore
size and hydrophilicity on membrane. Hence, it
resulted in reduction of the interaction forces between

feed solution and membrane surface [38]. Thus, the
flux performance for macroligand PEI–Cd2+ complex
solution got improved with the addition of additives.

3.4.1. Fouling analysis

Membrane fouling study on the ultrafiltration of
PDDA/PEI–Cadmium solution was evaluated at

Fig. 6. SEM cross-sectional image for membranes (a) PES (100%), (b) PES (90%)/PVP (10%), (c) PES (95%)/sericin (5%),
and (d) PES (90%)/sericin (5%)/PVP (5%).
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400 kPa using resistance in series model. The experi-
mental observation of resistance tends to fouling, and
concentration polarization was calculated from the
Eqs. (9)–(11) and listed in Table 3. The another impor-
tant parameter to assess the membrane performance
was made through fouling studies. For the neat PES
membrane, highest resistance of fouling was 29.64 ×
1013 m−1 for PDDA–Cd2+ complex solution at the
macroligand concentration of 1.0 wt.%. It is clearly seen
that fouling value got decreased to 10.47 × 1013 m−1 for
the same concentration of PEI. This result also indi-
cated that the resistance due to concentration polariza-
tion was higher than fouling for both modified and
unmodified PES membranes. This could be due to
macroligand characteristics and concentration of the
polyelectrolyte (PDDA/PEI) which has led to an
increase in viscosity which causes deposition of sol-
utes on the membrane surface. Investigators have also
found that concentration polarization was dominant in
the removal of metal ions using PEUF process [22,23].

About 10 wt.% PVP incorporated membrane
showed 3.6 folds of reduced fouling than a neat PES
membrane for 1.0 wt.% macroligand of PDDA–Cd2+

complex solution. In sericin-modified PES membrane
(M4), resistance due to fouling was 3.0 folds, whereas,
in the case of mixed additives resistance value was
reduced to maximum of around 10 folds than that of
in the neat PES membranes. In general, membranes

with hydrophilic and low pore size are preferred for
various industrial applications to alleviate the fouling
performance. From the present study, it was con-
cluded that PES membrane modified by mixed addi-
tive as PVP and sericin (M6) resulted in largest pore
size with better fouling resistance. The resistance in
series model data also confirms that the modified PES
membrane by both additives PVP and sericin show
higher flux and lower fouling resistance.

3.4.2. Cadmium rejection and maximum retention
capacity analysis

Figs. 10 and 11 shows the effect of PDDA and PEI
on cadmium rejection with respect to transmembrane
pressure at pH 7. The experimental results from PEUF
show that PEI is a favourable choice of formation of
macromolecular complex with cadmium ions than
PDDA. This is mainly due to the mechanism of cat-
ionic exchange of PEI with binding of Cd2+ ions to
form a stronger PEI–Cd2+ macromolecular complex by
the replacement of H+ ions in the PEI at higher pH
[27]. PES membrane with addition of both PVP and
sericin (M6) shows that the maximum rejection of 96%
for the 0.5 wt.% macromolecule ligand concentration
of PEI. The rejection of metal ions increased with
increase in transmembrane pressure up to 400 kPa on
all the membranes. The observed result of transmem-
brane pressure on membranes indicates that flux as
well as rejection was improves with the increase of
transmembrane pressure. It is due to that membranes
are of lesser in pore size and thus the complex formed
by macroligand are rejected on the membrane surface.

In addition, with the increase in macroligand con-
centration from 0.5 to 1.0 wt.%, rejection got
decreased. The fouling results also conclude that resis-
tance due to concentration polarization has increased
with increase in the concentration of macroligands.
Therefore, formation of macroligand–metal ion layer
over the membrane surface and it causes the decrease
in flux and rejection. PDDA also has a similar mecha-
nism of replacing chloride in the PDDA moiety to
form a PDDA–Cd complex. The mechanism of PDDA
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Table 3
Fouling and concentration polarization resistances for PDDA– and PEI–cadmium solution

Membrane

type

0.5% PEI 1.0% PEI 0.5% PDDA 1.0% PDDA

Rf (×10
13 m−1) Rcp (×1013 m−1) Rf (×10

13 m−1) Rcp (×1013 m−1) Rf (×10
13 m−1) Rcp (×1013 m−1) Rf (×10

13 m−1) Rcp (×1013 m−1)

M1 6.26 15.37 10.47 25.69 5.90 19.1 29.64 58.86
M3 1.65 2.52 2.95 3.91 5.70 10.18 8.16 16.2

M4 1.70 4.41 3.30 6.62 7.90 4.99 9.86 13.20

M6 1.89 1.95 3.17 6.43 1.10 2.57 2.99 5.60
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and PEI binding with cadmium are illustrated in the
Fig. 12. The rejection and flux pattern obtained mem-
branes using PDDA were similar of all membranes,
mixed additive of PVP and sericin-incorporated PES
membrane has showed better flux performance. Maxi-
mum retention capacity and enrichment factor for the
PDDA and PEI for the membranes are listed in Table 4.
Neat PES membrane has lesser flux rate owing to its
hydrophobicity. As a result, retention capacity as well
as the enrichment factor of macroligand–Cd2+ was not
improved while comparing with other modified mem-
branes. In comparison of two macroligand, the higher
maximum retention capacity was observed for the
PEI. The rejection is higher for the PEI–Cd2+ complex
due to the effective binding and formation of PEI and
Cd2+ macromolecular complex. This is due to PEI,
which has a stronger binding capacity for primary
imine group with the anionic cadmium, whereas, in
the case of PDDA, Cd2+ has a weaker interaction in
the formation of covalent complex due to the presence
of tertiary amine structure [39–41]. Thus, the rejection
got lowered. Later, the cadmium molecules with macr-
oligand occur in a free state and it may flow through
membrane in permeate. Thus, the cadmium ions rejec-
tion and retention capacity of the polymers was
decreased with an increase in the concentration of
macroligand loading of metal. Hence, the enrichment
factor of PEI–Cd2+ macroligand complex was higher
in the membranes at the lower concentrations. Overall,
the performance of PES membrane with mixed addi-
tives shows a higher enrichment factor and a rejection
of 5.83 and 96%, respectively.
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Fig. 12. Schematic representation of PEI and PDDA interaction with cadmium.
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4. Conclusion

The effects of addition of PVP/sericin combination
and PVP/sericin to the PES blend membrane on its
characteristics, performance, and stability were ana-
lyzed. It is found that PES/sericin membranes
improved the mechanical and thermal stability. On
the contrary, PES/PVP-modified membranes have
poor effects on the same. Both PES/sericin- and PES/
PVP-modified membranes improve the hydrophilicity
as indicated by the FTIR-ATR spectroscopy and con-
tact angle measurement analysis. In addition, ultrafil-
tration experiment results of PWP and flux
performance of PDDA/PEI–cadmium solution was
higher for both PVP and sericin-modified PES mem-
branes. It is evident that the hydrophilicity as well as
the pore radius of the membrane increased. PEI
enhanced ultrafiltration using PES/sericin/PVP-modi-
fied membrane provides efficient cadmium removal
(of 96%) when compared to utilizing PDDA (of 85%).

Nomenclature
rm — average pore radius of the membrane (nm)
Q — flow rate of the permeate (m3/s)
A — effective cross-sectional area of the membrane (m2)
ΔP — transmembrane pressure (kPa)
η — the dynamic viscosity of the water (Pa s)
l — the thickness of the membrane (m)
Jw — solvent permeate flux (L/m2 h)
Lp — permeability of the pure water flux (L/m2 h bar)
Cp — concentration of the permeate (g/L)
Cr — concentration of the retentate (g/L)
Rm — intrinsic resistance of the membrane (m−1)
Rf — resistance due to fouling (m−1)
Rcp — resistance due to concentration polarization (m−1)
Jwi — initial water flux (L/m2 h)
Jwf — final water flux (L/m2 h)
Jv — feed flux (L/m2 h)

Greek letters
ε — porosity of the membrane
σ — reflection coefficient
ΔΠ — osmotic pressure of the solution (pa)
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