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AbstractThis work deals with a simple and eco-friendly approach for the development of ultrafiltration membranes
for the separation of environmentally hazardous substances from the water source. Polysulfone and sulfonated polyphe-
nylsulfone blend ultrafiltration membranes were fabricated by the non-solvent induced phase inversion technique. Pre-
pared membranes were characterized for their morphology, hydrophilicity, porosity, filtration and antifouling properties.
The blend membranes with 15 wt% of sPPSU demonstrated the best performance with water flux of 190.33 Lm2h1

and flux recovery ratio of 86.56%. The effect of aq. glycine betaine (GB) coagulation bath on the membrane property
and performance was studied and compared with commonly used additives such as NaCl and NMP. The GB in coagu-
lation bath exhibited better flux and performance with protein rejection of 66.3%, 74.0% and 91.2% for trypsin, pep-
sin, and bovine serum albumin, respectively, and heavy metal rejection of 75.2% and 87.6% for polymer enhanced
ultrafiltration of Cd2+ and Pb2+ ions, respectively.
Keywords: Sulfonated Polyphenylsulfone, Glycine Betaine, Coagulation Bath, Protein Rejection, Heavy Metal Rejection

INTRODUCTION

Rapid industrial development and urbanization has led to the
contamination of water resources due to the uncontrolled and un-
scientific disposal of hazardous waste into the water bodies. These
non-biodegradable wastes such as heavy metals result in acute
health and environmental issues due to bioaccumulation. Addi-
tionally, the carcinogenic nature of the heavy metals makes their
removal from the water bodies a primary concern [1,2]. Proteins,
on the other hand, cause biocontamination of water and make it
unfit for potable use [3]. Moreover, the demand for protein removal
and separation is increasing in food and pharmaceutical indus-
tries as the purified proteins are extremely valuable reagent in the
biochemical and bio-organic applications [4,5].

Ultrafiltration (UF) membranes with high efficiency of separa-
tion, low operational cost, and mild operating conditions have made
them a potential candidate for pretreatment of water by removal
of proteins, chemicals, and toxic metals [3,6]. The UF process re-
moves the solutes such as heavy metals and proteins based on their
size and molecular weight by sieving mechanism [7,8]. The polyar-
ylsulfone based polymers are commonly used membrane materials

due to their excellent mechanical strength with increased chemi-
cal and thermal resistance. However, their poor hydrophilicity is a
major drawback which leads to membrane fouling, which is one
among the chief issues affecting the performance, life, and reus-
ability of the membrane [9]. However, functionalization of the aro-
matic structure of polymeric backbone with ionomeric groups,
like sulfonic acid, carboxylic acid, amine etc. has been reported to
improve its hydrophilicity [10-12].

The composition of casting solution and coagulation bath has
reportedly been shown to affect the morphology and performance
of the membrane. Asymmetric membranes are formed as a result
of phase separation that takes place at a controlled rate, where the
solvent and non-solvent interact to form the membrane with desired
characteristics [13,14]. The coagulation bath composition can con-
trol the sub-layer formation of the membranes and bring changes
in asymmetric structure [14-16]. Chun et al., reported that, the
addition of dimethylacetamide (DMAC) in the coagulation bath
delayed the liquid-liquid demixing during the phase inversion,
which reduced the porosity and the pore size of the skin layers [17].
Yang and Liu also demonstrated the effect of salts like NaCl and
Na2CO3 in the coagulation bath. They found increased membrane
permeability with an increase in the concentration of Na2CO3 in the
coagulant, while the permeability decreased with increased con-
centration of NaCl [18]. Yam-Cervantes et al. fabricated asymmet-
ric sPPSU membrane using different coagulation bath composition
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such as acetone/IPA, and AA-NaHCO3/IPA [19]. The AA-NaH-
CO3/IPA bath showed better morphology with spongy asymmet-
ric structure due to a lower isoelectric point of the solvents when
compared with AC/IPA coagulation bath, where finger-like struc-
ture is observed. NMP functioned as retardant when added to the
coagulation bath as it avoids macrovoid formation. Therefore, incor-
poration of an additive such as solvents, inorganic salts or poly-
mer to the coagulation bath can influence the mass transfer and
the rate of liquid-liquid demixing [20,21].

The use of various additives such as NaCl, Na2CO3, NaOH, eth-
anol, methanol, glacial acetic acid, DMF, and NMP in coagulation
bath has been reported in the literature [18,21,22]; however, the
effect of zwitterionic glycine betaine (GB) on coagulation bath has
not yet been studied. GB is a zwitterionic molecule which contains
a cationic quaternary ammonium group and an anionic carboxyl-
ate group. It is a non-toxic osmolyte which is abundantly available
both naturally and synthetically. It is also known to prevent pro-
tein aggregation and fouling interfaces as the trimethylglycine pre-
vents the nonspecific protein adsorption [23]. The ability of GB to
retain water makes it an ideal additive to improve the hydrophilicity
of the membrane. Moreover, the incorporation additive in coagu-
lation bath could overrule the drawbacks such as leaching, agglomer-
ation of additives when added to the dope solution.

In current work, we developed polysulfone (PSF)/sulfonated poly-
phenylsulfone (sPPSU) blend ultrafiltration membranes with supe-
rior hydrophilicity and antifouling property for the removal of pro-
tein and heavy metal. The effect of the composition of sPPSU on
morphology, hydrophilicity, hydraulic permeability and anti-foul-
ing property of the prepared membranes was analyzed by scan-
ning electron microscopy, contact angle measurement, and dead-
end filtration experiments. The effect of GB in coagulation bath
compositions on the membrane performances was also studied
and compared with commonly used additives such as NaCl and
NMP.

EXPERIMENTAL

1. Materials Used
PSF (Mw~35,000), GB (Mw~117.15), Cadmium nitrate tetra-

hydrate and lead nitrate were procured from Sigma-Aldrich Co.,
India. PPSU (Radel R-5000) (average Mw~50,000g mol1) was pur-
chased from Solvay Advanced Polymer (Belgium). NMP and conc.
H2SO4 were from Merck India, Ltd. Bovine Serum Albumin (BSA)
(Mw~67 kDa), Pepsin (Mw~35 kDa) and Trypsin (Mw~23 kDa)
were from CDH Chemicals, India. NaCl was from Nice chemi-
cals (P), Ltd. Polyethyleneimine (Mn~60,000) 50 wt% aq. Solution
(branched) was from Acros Organics, USA.
2. Synthesis of sPPSU

PPSU (5 g) was dissolved in Conc. H2SO4 (500 mL) at 50 oC for
five days under a nitrogen atmosphere (Scheme 1). The reaction
mixture was then precipitated using a large volume of distilled ice-
cold water with constant stirring. The white precipitate obtained
was left overnight. It was filtered and washed with distilled ice-cold
water to attain neutral pH. The sPPSU was dried under vacuum
for 4-6 h at room temperature [24]. The polymer was characterized
using ATR-FTIR and 1H-NMR. The degree of sulfonation (DS) of

the prepared polymer was determined by titration [25,26] and was
found to be 37.2±2.3%.

(1)

where ‘W’ is the weight of the sample, ‘CNaOH’ is the concentration
of the standard NaOH solution, ‘VNaOH’ is the amount of NaOH solu-
tion consumed, 388 is the molecular weight of the repeating unit
of PPSU, and 81 is the molecular weight of the -SO3H segment.
3. Membrane Preparation

The casting solutions composition in NMP (80 wt%) is given in
Table 1. Homogeneous solutions were obtained by stirring the blend
at 60 oC for 24 h. The polymer solution was filtered and degassed
for 15min in an ultrasonic bath (40kHz). The dope solution was cast
onto a glass plate with a doctor’s blade and dipped into a coagulation
bath of different composition for phase inversion [27]. The mem-
branes were then stored and characterized.
4. Membrane Characterization

The cross-sectional images of prepared membranes were ob-
tained by scanning electron microscopy (SEM) (JEOL JSM-6380L).
The membranes samples were prepared by freeze fracturing, i.e.,
the membrane sample was frozen in liquid nitrogen and broken
apart to obtain the internal structure of the membrane. The frac-
tured area of the sample was then sputter coated with gold to get
the block face for the SEM [28].

The membrane surface topography was measured using atomic
force microscopy (AFM). The AFM (Atomic force microscope)

DS  
0.388 CNaOH VNaOH

W  0.081 CNaOH VNaOH 
--------------------------------------------------------------

Scheme 1. Scheme for the sulfonation of PPSU.

Table 1. Compositions of dope solution and coagulation bath

Membrane
code

Compositions (wt%)
Casting solution (20)

Coagulation bath
PSF (%) sPPSU (%)

W 5 95 05 Distilled water
W 10 90 10 Distilled water
W 15 85 15 Distilled water
G 15 85 15 5% aq. GB
N 15 85 15 5% aq. NMP
S 15 85 15 5% aq. NaCl
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device used was an Innova SPM Atomic Force Microscope with
antimony doped silicon cantilever having a force constant in the
range of 20-80 N/m. The membrane samples were dried and set
on a substrate where the surface image was taken in tapping mode.
The surface roughness parameters of the membranes were calcu-
lated including, average roughness (Ra) and root mean square rough-
ness (Rq) [29].

The water contact angle (WCA) of the membranes was assessed
using FTA-200 dynamic contact angle analyzer by sessile droplet
method to analyze the membrane hydrophilicity. The average value
was reported by measuring the water contact angle of membrane
samples at three different sites [30].

The gravimetric method was used to study the water uptake
capacity and porosity of the membranes [31]. The membrane sam-
ples of area 1 cm2 were dipped in the distilled water for 24 h. The
membrane samples were weighed to obtain the wet weight after
removing the excess water present on the membrane surface. It was
then desiccated in a vacuum oven for 24 h, and the dry membrane
samples were weighed. The wet and dry weight were used to cal-
culate the water uptake and porosity of the membranes using the
following equation,

(2)

(3)

where ‘Ww’ and ‘Wd’ are the wet and dry weight of membrane, re-
spectively, ‘A’ is the area of the sample (cm2), ‘l’ is the membrane
thickness (cm), and ‘’ is the density of water (0.998 gcm3).

The mean pore radius was determined by the filtration velocity
method using Guerout-Elford-Ferry equation [32,33]:

(4)

where ‘’ is the viscosity of water, ‘Q’ is the volume of permeate

water per-unit time, and ‘P’ is the operational membrane pressure.
5. Filtration and Antifouling Study

The pure water flux (PWF) and rejection (R) ability of the pre-
pared membranes were evaluated by dead-end filtration at 0.3
MPa transmembrane pressure (TMP) as per Eqs. (5) and (6), respec-
tively. The PWF and protein flux of the membrane with an effec-
tive membrane area of 25 cm2 were measured by passing deionized
water and protein solution separately as feed through the mem-
branes [34].

The protein and complexed metal ion rejection studies were
carried out by separately passing a protein solution of BSA, pepsin,
and trypsin; and polyethyleneimine (PEI) complexed heavy metal
(Pb+2, Cd+2) solution through the membranes respectively. The per-
meate collected was analyzed for protein rejection using a UV-Vis
spectrophotometer at a wavelength of 280nm and heavy metal using
atomic absorption spectrophotometer (GBC 932 Plus).

(5)

(6)

where, ‘Jw1’ is PWF expressed in Lm2h1, ‘V’ (L) is volume of
water passing through an effective membrane area ‘A’ (m2) at time
‘t’ (h). ‘Cp’ and ‘Cf ’ (mgL1) are the concentration of the solute in
the permeate and feed, respectively.

The antifouling study was conducted by passing BSA solution
(1,000 ppm) for 80 min and the flux of BSA solution (Jp) was meas-
ured using Eq. (5). After BSA filtration, the membranes were washed
and then the PWF ‘Jw2’ (Lm2h1) of membrane was assessed again.
The membrane fouling property was determined by flux recovery
ratio (FRR), reversible (Rrev) and irreversible (Rirr) fouling ratio by
following equations.

(7)

% water uptake  
Ww  Wd

Wd
--------------------- 
  100

 %   
Ww  Wd

Al
--------------------- 
  100

rm  
2.9  1.75  8lQ

 A P
---------------------------------------------

Jw1 
V

t A
--------------

R  1 
Cp

Cf
------ 

  100

FRR %   
Jw2

Jw1
------ 100

Fig. 1. (a) FTIR spectra of PPSU and sPPSU (b) 1H NMR spectrum of sPPSU.
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(8)

(9)

RESULTS AND DISCUSSION

1. Polymer Characterization
The sPPSU was characterized by the ATR-FTIR and 1H-NMR

spectroscopy. The ATR-FTIR spectrum of sPPSU shows the pres-
ence of peak around 3,400 cm1 and 1,640 cm1 indicating the vibra-
tion of -OH from sulfonic acid groups interacting with molecular
water (Fig. 1(a)). The peaks at 1,089 cm1 are assigned to -SO3H
vibration, while 1,233 cm1 and 1,016 cm1 indicates SO3

 group in
sPPSU [35]. The 1H-NMR spectrum of sPPSU shows the charac-
teristic peaks at chemical shift between 7-8.5 ppm (Fig. 1(b)). The
presence of -SO3H was validated by the peak at 8.08 ppm [24].
2. Membrane Characterization

The cross-sectional SEM images displayed the asymmetric nature
of membranes with top dense layer and porous sub-layer with fin-
ger-like projections (Fig. 2). Increase in the concentration of sPPSU
in the dope solution led to the strong H-bond interaction between
the hydrophilic sulfonic group and water. This resulted in instanta-
neous demixing of solvent and non-solvent to give rise to elon-
gated finger-like pores with increased porosity and pore size (Table
2). The variation in membrane thickness with gelation time, i.e.,
the time gap between the dipping of the casted plate into the coag-
ulation bath and the emergence of opaque membrane film, is
shown in Table 2. The gelation time for the membrane increased
with the increase in sPPSU ratio, indicating the formation of thicker

membranes. However, the concentration of sPPSU was limited to
5-15 wt% as the membrane showed poor film forming ability at
higher concentration of sPPSU due to inhomogeneity in the blend
above the 15 wt%.

The membrane with casting composition of PSF/sPPSU (85 : 15)
was further studied for a better understanding of the effect of coag-
ulation bath composition, as the membrane morphology is expected
to change with the coagulation bath composition. The addition of
NMP and NaCl to the coagulation bath suppressed the formation
of macrovoid due to delayed liquid-liquid demixing [36], thereby
resulting in a thick and dense membrane with low pore intercon-
nectivity. The mass transfer of the solvent was observed to be slower
for coagulation bath containing NaCl and NMP than the water as
a coagulant. Moreover, the chemical potential of the coagulation
bath decreased with the addition of NaCl due to the salt effect,
thereby reducing the driving force for the film formation. How-
ever, the addition of GB to the coagulation bath displayed mem-
branes with better morphology due to its high dipole moment and
chemical potential [37]. GB in coagulation bath caused instanta-

Rrev %   
Jw2   Jp 

Jw1
-------------------- 100

Rirr %    
Jw1 Jw2

Jw1
----------------- 
  100

Fig. 2. Cross-sectional images of prepared membranes.

Table 2. Membrane characteristics
Membrane
code

Membrane
thickness (m)

Gelation
time (s)

Pore radius
(nm)

Porosity
(%)

W 50 158 07 06.43 69.52
W 10 173 09 09.66 74.47
W 15 177 11 12.16 80.40
G 15 149 10 11.20 84.56
N 15 194 14 14.32 76.13
S 15 197 18 15.42 66.42
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neous demixing of the polymer-rich phase and polymer lean phase,
resulting in a thin top layer and elongated finger-like projections.
The variation in coagulation bath composition also affected the
porosity of the membranes, which was in the following order: G 15>
W 15>N 15>S 15. During the phase inversion, the instantaneous
demixing with GB in coagulation bath resulted in porous mem-
branes, while the slow mass transfer with coagulation bath con-
taining NaCl and NMP caused dense membranes with lower
porosity [38]. The variation in the pore size with the change in

coagulation bath composition is in the order: G 15<W 15<N 15<
S 15, which is in accordance with the rate of demixing.

The hydrophilicity of the membranes was evaluated by the WCA
and water uptake capacity measurement (Table 3). The decrease in
WCA and increase in water uptake capacity can be observed by
increasing the concentration of sPPSU. This is due to the migra-
tion of hydrophilic group to the surface of the membranes during
the phase inversion, i.e., the hydroxyl group present in sulfonic
acid has a strong affinity to water and forms H-bond with the water

Table 3. Membrane properties

Membrane
code

WCA
(o)

Water uptake
capacity (%)

Flux (Lm2h1)
Pure water Trypsin Pepsin BSA

W 5 65.42 60.68 125.30 073.74 051.449 23.27
W 10 62.68 66.47 149.98 087.60 72.36 39.27
W 15 56.04 71.56 190.70 108.52 94.25 60.84
G 15 55.88 75.46 203.36 131.48 101.730 65.65
N 15 56.50 68.19 153.77 080.78 68.44 42.15
S 15 57.08 57.25 103.44 062.49 42.33 22.35

Fig. 3. 3D AFM images of prepared membranes.
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molecule, resulting in the increase in surface wettability and hydro-
philicity of the membranes. The hydrophilicity of the membranes
was further increased with the increase in the concentration of
sPPSU in the blend as the number of the sulfonic groups present
on membrane surface increased. However, the coagulation bath
did not bring any significant change in the WCA (Fig. S1 (support-
ing information)). However, there was a change in water uptake
capacity of the membrane on varying the composition of coagula-
tion bath. This is due to the morphological changes that have
taken place in the membrane during the phase inversion. That is,
the addition of GB to the coagulation bath improved the rate of
demixing, thereby resulting in the membranes with elongated pores.
The increased porosity of these membranes could enhance the
ability of the membrane to retain water, in turn increasing the water
uptake capacity. However, the water uptake capacity of the prepared
membrane in the coagulation bath containing NaCl and NMP was
observed to be lower due to their lower porosity and dense structure.

The surface roughness parameters of the membrane such as Ra

and Rq were determined from AFM images. The membrane sur-
face exhibited peaks (bright region) and valleys (dark region) when

subjected to surface scan over an area of 5×5m under tapping
mode [39]. It is clear from the images (Fig. 3) that the membrane
showed fewer peaks and valleys with an increase in the concentra-
tion of sPPSU, hence displaying a smoother surface. The rough-
ness of the membranes was further verified using the roughness
parameters (Table 4), which were in the order of W 15<W 10<W 5
[40]. This decrease in surface roughness value indicates smoother
surface, which is in correlation with the contact angle of membrane
surface [41].
3. Filtration and Antifouling Study

The membrane permeability was estimated by measuring the

Table 4. Surface roughness parameters of membranes

Membrane
code

Roughness parameters
Ra (nm) Rq (nm)

W 5 26.8 34.1
W 10 23.8 32.7
W 15 18.9 23.6

Fig. 4. (a) Heavy metal and (b) proteins rejection (c) flux vs. time for the membranes before and after passing BSA (d) fouling resistance by
the membranes at 0.3 MPa TMP.
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flux of water and protein solutions. The prepared membranes showed
improved pure water and protein flux as the hydrophilicity, pore
size, and porosity of the membranes increased with the increase in
sPPSU concentration (Table 3). Further, the change in coagula-
tion bath composition also affected the flux of the resulting mem-
branes. The G 15 membrane displayed higher permeability due to
greater porosity and water uptake capacity, as compared to W 15,
which was thicker and denser. However, the S 15 and N 15 mem-
brane showed lower flux due to their dense morphology and lower
porosity.

The polymer enhanced UF (PEUF) was carried out by complex-
ation of heavy metal ions with PEI [29]. The PEI-metal complex is
formed as the metal interacts with the lone pairs of electrons pres-
ent in the PEI, giving rise to macromolecules of larger size than
the metal ions. Pb2+ showed greater rejection than Cd2+ due to the
stronger binding of Pb2+ over Cd2+ in the PEI-metal complex, which
was related to the electronegativity of metal ions [27,42,43]. The
rejection of heavy metal ions declined as the pore size increased
with increase in the composition of sPPSU in dope from 5 wt% to
10 wt%. The rejection eventually increased with the increase in the
number of the negatively charged sulfonic group which dominated
the increase of pore size. The larger pore size of the membrane
prepared in a coagulation bath containing NMP and NaCl led to
the lower rejection. The size exclusion and membrane charge den-
sity caused the overall rejection of 76-90% and 65-79% for Pb2+

and Cd2+ metal ions, respectively (Fig. 4(a)). The elemental map-
ping result demonstrates the adsorption of Pb2+ and Cd2+ on the
membrane surface (Fig. 5).

The protein rejection was studied by measuring the amount of
solute rejected on passing feed solution containing BSA (Mw~66.5
kDa), pepsin (Mw~34.5kD) and trypsin (Mw~23.3kDa). The supe-
rior protein flux and rejection could be attributed to the electrostatic
repulsion of protein by the membrane surface, causing the reduced
pore blockage [44]. The membranes showed increased protein
rejection as the concentration of sPPSU in the dope increased. This
is because of increased negative surface contributed by the sul-
fonic acid groups in sPPSU. The BSA demonstrated the least flux
with the highest rejection, while trypsin showed the highest flux
with least rejection, which is in accordance with the molecular
weight of the protein. Trypsin with least molecular weight showed
the highest flux with least rejection, while BSA, which has larger
molecular weight, showed the highest rejection and least flux. The

sequence of protein rejection for the blend membranes with the
change in coagulation bath follows: S 15<N 15<W 15<G 15 (Fig.
4(b)). The G15 membrane showed the highest flux for all the three
protein samples with the maximum rejection of 66.3%, 74.0% and
91.2% for trypsin, pepsin, and BSA, respectively.

The antifouling behavior of the membranes was assessed by
passing BSA solution through the prepared membranes. The flux
decline was observed from Fig. 4(c), which is due to adsorption of
BSA which blocked the pores on to the membrane surface. The
order of fouling in the prepared blend membranes was W 15<W 10<
W 5, which is in accordance with the surface hydrophilicity of the
membranes. The extent of membrane fouling and reusability was
studied by FRR, Rrev and Rirr fouling value (Fig. 4(d)). The increased
FRR of the membrane was witnessed with the increase in the
amount of sPPSU in the polymer, which indicates easy removal of
adsorbed foulant. The weak interaction between the foulant and
the membrane surface due to the formation of hydration layer makes
it easier to wash away the foulant. The membrane with 15 wt% of
sPPSU in blend showed least Rirr and Rrev of 13.43% and 54.67%,
respectively. The presence of negatively charged -SO3H group on
the surface caused the electrostatic repulsion of the negatively charged
protein foulant, hence lower adsorption of foulant on the mem-
brane surface was observed [45]. The trend in membrane fouling
was also justified by the AFM results, where the average rough-
ness of the membrane was reduced with the increase in the ratio
of the sPPSU present in the blend. It is well-established that a mem-
brane with the lower surface roughness has better antifouling prop-
erty. Consequently, the membrane with the rougher surface is un-
desirable as the uneven surface of the membrane encourage depo-
sition of the foulant [46].

The effect of coagulation bath on the FRR was also studied,
where the G 15 membrane showed slightly higher FRR than the S 15
and N 15. This was due to the hydrophilicity and the pore size of
the membranes. The G 15 membranes with the highest hydro-
philicity and lower pore size showed least Rirr as the membrane
fouling due to clogging of the pore was reduced. While, S 15 and
N 15 membranes, which possess lower hydrophilicity and higher
pore size, showed lower FRR and increased Rirr.

CONCLUSIONS

The UF membranes prepared by blending PSF and sPPSU with

Fig. 5. Adsorption of Pb2+ and Cd2+ on the G 15 membrane.
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different blend composition showed superior hydrophilicity and
antifouling property. Incorporation of sPPSU into the dope solu-
tion gave rise to sulfonic acid groups on the surface of the mem-
brane, which led to superior membrane performance. The blend
membrane with 15 wt% concentration of sPPSU presented the best
performance with PWF of 190.33 Lm2h1 and FRR of 86.56%.
The lower fouling resistance of W 15 membrane demonstrated its
reusability having Rirr and Rrev of 13.43% and 54.67%, respectively.
The membrane morphology and performance varied on using dif-
ferent coagulation bath composition for phase inversion. The addi-
tion of GB to the coagulation bath resulted in a thinner membrane
with higher porosity. The G 15 membrane showed the highest flux
with 66.3%, 74.0% and 91.2% rejection of trypsin, pepsin, and BSA,
respectively. However, the addition of NMP or NaCl to the coagu-
lation bath affected the membrane performance adversely. The
PEUF of Pb2+ and Cd2+ ions exhibited the rejection of 76-90% and
65-79%, respectively.
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Fig. S1. Contact angle images of the prepared membranes.
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