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ABSTRACT

Membranes are increasingly used in the chemical and bioprocess industries replacing more
conventional separation techniques. Blending of various polymers has stimulated great interest
in membrane science to improve the performance of membranes, such as hydrophilicity and
flux and to reduce the fouling behavior. This paper deals with the preparation of flat-sheet
asymmetric blend ultrafiltration (UF) membranes by solution casting, followed by a phase sep-
aration method. Sulfonated styrene acrylonitrile (SSAN) was selected as the hydrophilic poly-
mer in the blend. The blend membranes were prepared with different compositions of CA and
SSAN. The prepared membranes were characterized for their UF performances, such as pure
water flux, water content, porosity, membrane hydraulic resistance, and morphology. The
average pore size and porosity of the membranes were revealed by pore statistics and molecu-
lar weight cut-off (MWCO) studies using different molecular weight of proteins. Observations
from scanning electron microscope provided qualitative evidence for the trends obtained for
pore statistics and MWCO results. The membranes were also characterized for their separation
performance with proteins and metal ion solutions. The rejection of proteins and metal ions
was marginally decreased, whereas the permeate flux was radically improved. The polymer-
enhanced UF technique has been shown to be a promising technique for removal of heavy
metals in solution. In this study, the process has been investigated for removal of toxic heavy
metals, such as Cu(II), Ni(II), Zn(II), and Cd(II), from synthetic wastewater solutions.

Keywords: Cellulose acetate; Sulfonated styrene acrylonitrile; Ultrafiltration; Molecular weight
cut-off; Wastewater treatment

1. Introduction

Metal ions play an essential role in many biologi-
cal processes and because of their competition with

essential metals in binding with proteins, heavy metal
ions act as potent enzyme inhibitors, exerting toxic
effects on living organisms. Cadmium, copper, lead,
mercury, nickel, and zinc are among the most hazard-
ous heavy metals and extraction of these pollutants
from contaminated sediments and liquid wastes is a*Corresponding author.
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task of the highest priority for the protection of the
natural environment. Therefore, there is continuing
interest in developing efficient methods for the selec-
tive separation and recovery of metal ions from waste
waters [1,2]. Heavy metal ions, such as Cr(VI), Cu(II),
Zn(II), etc., from wastewater streams could be sepa-
rated and concentrated through binding of the target
metal ions to water-soluble polyelectrolyte and subse-
quent ultrafiltration (UF) of the bound metals from
the unbound components [3,4].

In the last decade, UF has become a standard pro-
cedure for the separation of macromolecular solutions.
Separation of colloidal suspensions by UF can be
achieved by permselective membranes, which allow
the passage of solvent and small solute molecules but
retain macromolecules [5,6]. The separation of pro-
teins by membranes was found to be advantageous
because of the nondestructivity and limiting denatur-
ation of proteins in the process [7]. Intensive research
has been carried out by several researchers on the
transmission and rejection of proteins using cellulose
acetate (CA) and polysulfone (PSf) membranes and
confirmed the reliability of the process of UF in mac-
romolecular separations [8–11].

Membrane technology has become an attractive
alternative to many energy-intensive separation
processes because separation using membranes do not
require additives and they can be performed
isothermally at low temperatures with minimum
energy consumption [12]. The success of membrane
technology relies on the membrane material.

Continual development of new membrane material
is crucial to sustain and expand the growing interest
in this technology.

CA has been considered as an important mem-
brane material ever since the development of asym-
metric membranes because of the advantages, such as
moderate flux, high salt rejection properties, and
renewable source of raw material. The requirement of
more chemical and mechanical resistant membranes
and aggressive cleaning led to the necessity of modi-
fied CA-based membranes. The hydrophilic/hydro-
phobic balance, as well as the physico-chemical
properties of the CA membranes, can be improved by
the means of blending with a suitable polymer. CA
has been blended with several high-performance poly-
mers, such as poly(sulfone), poly(ethersulfone), poly
(etherimide), and styrene acrylonitrile [13], for
improving the CA membrane properties and was
found to be successful. A number of membranes using
SAN have been made for pervaporation due to its sol-
vent stability. Hence, SAN has been incorporated into
CA to bring about desirable properties in the resultant
blend membranes. This polymer pair exemplifies the

use of polymer blend membrane composing with
hydrophobic and hydrophilic polymers as that of
polyacrylonitrile (PAN) and polyvinylchloride and CA
and PSf in the literature [13].

The present study is one of our series of investiga-
tions into the preparation of sulfonated styrene acrylo-
nitrile incorporated CA UF membranes and its
characterization. This study focuses on the effects of
CA/SSAN blend composition on the rejection and
permeate flux of proteins, such as bovine serum albu-
min (BSA), egg albumin (EA), pepsin, and trypsin,
and separation of toxic heavy metal ions, such as
Cu(II), Ni(II), Zn(II), and Cd(II), from synthetic waste-
water solutions. Polyethyleneimine (PEI) was used as
the polyelectrolyte for binding with the metal ions,
thereby enhancing the separation [14]. Solute rejection
method has been used for determining pore statistics
and MWCO and the results are discussed. The mor-
phology of different membranes prepared with vari-
ous blend compositions and additive concentrations
used in the study has also been studied using scan-
ning electron microscopy.

2. Experimental

2.1. Materials

Commercial grade CA was procured from Mysore
Acetate and Chemical Co. Ltd., Mysore, India. The CA
was recrystallized from acetone and then dried in a
vacuum oven at 70˚C for 24 h prior to use. Analar
grade N,N´-dimethyl formamide (DMF) from SD Fine
Chemicals, India, was used as such without further
purification. Other solvents of Analar grade, such as
1,2-dichloroethane (DCE), isopropanol, N,N-dimethyl
acetamide (DMAc), and acetone from SD Fine
Chemicals, India, were used as such without further
purification. Styrene acrylonitrile (Luran 358 N) was
supplied as gift sample by the BASF, India. It
was used as received. Sulfonated styrene acrylonitrile
was prepared by the sulfonation of styrene acryloni-
trile. Chlorosulfonic acid (AR) was procured from
E. Merck Ltd. and was used as sulfonating reagent. N,
N-dimethylformamide (DMF) and sodium lauryl
sulfate (SLS) were obtained from Qualigens Fine
Chemicals, Glaxo India Ltd., India, which were of ana-
lytical grade. DMF was sieved through molecular
sieves (Type-4A˚) to remove moisture and stored in
dry condition prior to use. Acetone (AR) of analytical
grade procured from SRL Pvt. Ltd., India, was used as
such. PEI was procured from Fluka, Germany. Analyti-
cal grade copper sulfate, cobalt sulfate, zinc sulfate,
and cadmium sulfate were procured from Merck
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(India) Ltd. and used as received. Deionized and dis-
tilled water was employed for metal ion solutions.

2.2. Sulfonation of SAN

Styrene acrylonitrile (Luran 358 N) was sulfonated
by chlorosulfonic acid as the sulfonating agent as
reported earlier [15–17]. Twenty grams of SAN was
dissolved in 100ml of DCE at 60˚C and subsequently
the SAN solution was kept at 30˚C and was placed in
a three-necked, round-bottom flask. The solution was
stirred using a mechanical stirrer in a nitrogen atmo-
sphere. Then, 10ml of chlorosulfonic acid, diluted
with 200ml of DCE, was slowly added drop-wise to
the SAN solution by using a dropping funnel within
one h with vigorous stirring. After being reacted for
three h, the reaction product, which precipitated in
the reaction medium, was dissolved in DMAc at 50˚C,
coagulated with excess isopropanol, filtered, washed
with isopropanol, and dried at 40˚C in a vacuum
oven. The sodium salt form of the product was
obtained by soaking it in excess 0.1mol/L NaOH
aqueous solution for two days. The chemical structure
of SSAN is shown in Fig. 1.

2.3. Fabrication of blend membrane

The membranes were prepared by “phase inver-
sion” technique employed in our earlier works as
reported by other researchers. [17–19]. The casting
solution was prepared by dissolving CA in DMF sol-
vent in a round-bottom flask to which SSAN polymer
was added and was subjected to constant stirring for
4 h at room temperature. The homogeneous solution
thus obtained was allowed to stand at room tempera-
ture for at least six hours in an airtight condition to
get rid of air bubbles and cast at room temperature by
spreading them over a glass plate with the doctor
blade to form a thin film of membrane.

The thickness of the membranes was maintained
at 0.22 ± 0.02mm and verified with a micrometer
having precision of 0.01mm. The casting and gelation
conditions were kept constant throughout, since the
thermodynamic conditions would largely affect
the morphology and performance of the resulting

membranes [20]. The gelation bath consisting of 2.5%
(v/v) DMF and 0.2% (wt. basis) SLS in distilled water
was prepared. The former was added to reduce the
rate of liquid–liquid demixing and macrovoid forma-
tion, while the latter would reduce surface tension at
the polymer–non-solvent interface. The solution after
casting was exposed to atmosphere for 30 s for evapo-
ration of solvent and immediately immersed in the
coagulation bath and maintained at 18˚C. The mem-
brane was kept undisturbed in the gelation bath for
at least 1–3 h for complete precipitation and for the
leaching out of the solvent from the surface of the
membrane during its formation. The film casting and
gelation conditions for the fabrication of CA/SSAN
blend membranes given below in Table 1. Later, the
membranes were removed and washed thoroughly
with distilled water to remove excess DMF and sur-
factant and subsequently stored in 0.1wt.% of forma-
lin solution to avoid microbial attack [21]. The total
fraction of solids in membrane formulation was held
constant at 17.5wt.% and the blend compositions of
95/5, 90/10, 85/15, /80/20, and 75/25wt.% (CA/
SSAN) of total polymer concentration in the casting
solution were chosen for the preparation of CA/
SSAN blend membranes. The threshold limit of the
SSAN concentration was maintained to a maximum
of 25wt.% in CA polymer because beyond this con-
centration, there was no compatibility between the
polymers.

2.4. Experimental setup

The synthesized membranes are characterized
using a batch type dead end cell (UF Cell–S76–400-
Model, Spectrum, USA) with an internal diameter of
76mm, 450ml capacity, holdup volume of 100ml,
and effective membrane filtration area of 38.5 cm2

fitted with Teflon-coated magnetic paddle. The cell
was connected to a nitrogen cylinder with the pres-
sure control valve and gauge through a feed reser-
voir, and the applied pressure was 345 kPa. A
constant agitation speed of 500 rpm was used
throughout the study, in order to reduce the concen-
tration polarization.

2.5. UF characterization

The prepared CA/SSAN membranes were charac-
terized for compaction at a pressure of 414 kPa and
the water flux was measured every 1 h for the dura-
tion of 10min. Then, the compacted membranes were
used in UF experiments in the determination of pure
water flux (PWF), water content, and hydraulic
resistance of the membranes [22]. Further, membrane
morphology was also investigated using SEM.Fig. 1. Sulfonated styrene acrylonitrile.
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2.5.1. Compaction

The thoroughly washed membrane was cut into
desired shape and fitted in UF kit. The distilled water
was fed into the UF kit from the pressure reservoir
and the initial water flux was taken after the pressuri-
zation at 414 kPa [22]. The membranes were com-
pacted till the steady state was obtained. The
compacted membranes were used in the subsequent
UF experiments at 345 kPa.

2.5.2. Pwf

The compacted membranes were subjected to a
differential system pressure of 345 kPa and the perme-
ate was collected. The PWF was calculated using the
equation:

Jw ¼ Q

Dt� A
ð1Þ

where Jw is the PWF (lm�2h�1); Q is the amount of
permeates collected (l); Dt is the sampling time (h);
and A is the membrane area (m2).

2.5.3. Water content

Water content of the membranes was obtained
after soaking the membranes in water for 24 h and the
membranes were weighed after mopping it with blot-
ting paper. The wet membranes were placed in a vac-
uum drier at 75˚C for 48 h and the dry weights were
determined. The percentage of water content was cal-
culated based on the equation:

% Water content ¼ wet sample weight� dry sample weight

wet sample weight

� 100

ð2Þ

2.5.4. Membrane hydraulic resistance (Rm)

The membrane resistance is the resistance offered
by the membrane to the feed flow. It is an indication
of the tolerance of the membrane toward hydraulic
pressure and is calculated using the equation [21]:

Rm ¼ DP
Jw

ð3Þ

To determine membrane hydraulic resistance (Rm),
the PWF of the membranes was measured at different

transmembrane pressures (DP), viz. 69, 138, 207, 276,
and 345 kPa, after compaction. The resistance of the
membrane, Rm, was evaluated from the slope
obtained by plotting water flux vs. transmembrane
pressure difference (DP) (Table 1).

2.5.5. Protein separation studies

Protein solutions of BSA, EA, pepsin, and trypsin
were prepared (0.1wt.%) in phosphate buffer (0.5M,
pH 6.0) and used as a standard solution for the rejec-
tion studies. Filtration through each membrane was
carried out individually and the concentration of the
feed solution was kept constant throughout the run.
The permeate protein concentration collected over dif-
ferent time intervals was estimated using UV–visible
spectrophotometer (Hitachi, model U-2000) at a wave-
length of 280 nm. The percentage of protein rejection
was calculated from the concentration of the feed and
the permeate using the Eq. (4):

%SR ¼ 1� Cp

Cf

� 100 ð4Þ

where Cf and Cp are the concentration of protein in
the feed and permeate solution, respectively.

The protein solution permeate flux is determined
as follows [23]:

Jw ¼ Q

Dt� A
ð5Þ

where Jw is the protein flux (in lm�2h�1); Q is the
quantity of protein permeate in liters; Dt is the sam-
pling time (in h); and A is the membrane area (in m2).

2.5.6. Molecular weight cut-off (MWCO)

MWCO and pore size of the prepared membranes
were calculated by performing sieving experiments
with dilute protein solutions of different molecular
weights [24]. The MWCO has a linear relationship

Table 1
Film-casting and gelation conditions for the CA/SSAN
blend membranes

Casting solution temperature 42 ± 2˚C

Casting temperature 25 ± 1˚C

Casting relative humidity 50 ± 2%

Solvent evaporation time 30 s

Temperature of the gelation bath (˚C) 10–14

Period of gelation (h) >12

Thickness of the membrane (mm) 0.18–0.22
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with the pore size of the membrane. In general, the
MWCO of the membrane is determined by identifying
an inert molecule of lowest molecular weight that has
a solute rejection of more than 80% in steady-state UF
experiments. MWCO of individual membranes was
calculated by the values obtained from the knowledge
of rejection percent of different proteins by CA.

2.5.7. Pore statistics

From the protein rejection studies, the average
pore radius, surface porosity, and pore density of the
membrane were calculated. The average pore radius
was found from percent of solute rejection and e cal-
culated using the equation:

R ¼ a
%SR

� 100 ð6Þ

where R is the average pore radius (A
0
) of the

membrane; a is the average solute radius (A
0
); and is

constant for each molecular weight. The average sol-
ute radii is known as “stoke radii” and the value of a
can be found from the plot between the solute radius
and molecular weight of the solute given by Sar-
bolouki [25], which is shown in Table 2.

The surface porosity, e, of the membrane was cal-
culated by the orifice model given below assuming
that only the skin layer of the membrane is effective
in separation [26]:

e ¼ 3pgwJw1
R� DP

ð7Þ

where e is the surface porosity; gw is the velocity of
the deionized water (g/cms); Jw1 is the PWF (cm/s);
and DP is the applied pressure (dyn/cm2). From the

known values of e and R (in cm), the pore density in
the membrane surface can be calculated using
equation

n ¼ e

p� R
2 ð8Þ

where n is number of pores/cm2.

2.5.8. Metal-ion rejection

Synthetic wastewater solutions of Cu2+, Ni2+, Zn2+,
and Cd2+ with an approximate 1,000 ppm concentra-
tion were prepared in 1wt.% solution of PEI in deion-
ized water. The pH of these aqueous solutions was
adjusted to 6.25 by adding a small amount of either
0.1M HCl or 0.1M NaOH. Solutions containing PEI
and individual metal ions or metal chelates were
thoroughly mixed and left standing for five days to
complete binding [27,28].

The PEI and metal ions containing solutions were
filled in the feed reservoir. For each run, the first few
ml of the permeate was discarded. The permeate flux
was measured by collecting the permeate at a pres-
sure of 345 kPa. The concentration of each metal ion in
feed and permeate was measured by using atomic
absorption spectrophotometer (Perkin Elmer-2380).
The pH of feed and permeate were measured with
Elico pH meter. In the absence of metal ions, the con-
centration of PEI was also confirmed by UV–visible
Spectrophotometer (Hitachi, model U-2000) at
kmax = 269 nm.

2.5.9. Morphological studies

The cross-sectional images of the CA and CA/
SSAN blend membranes were taken by scanning elec-
tron microscope (LEICA Stereoscan, Cambridge, UK).
The membranes were cut into small pieces and
cleaned with blotting paper. The pieces were
immersed in liquid nitrogen for 60–90 s and were
frozen. These frozen fragments of the membranes
were stored in a desiccator. The dried samples were
gold-sputtered for producing electric conductivity
and photographs were taken in very high vacuum

Table 2
Characterization of the CA/SSAN blend membranes

Blend composition
(%) (17.5wt.%)

PWF at
345 kPa
(lm�2 h�1)

Membrane hydraulic
resistance Rm,
(kPa/lm�2 h�1)

Water
content
(%)

Average
membrane
radius R, (Å)

Surface
porosity
e� 10–5

MWCO
(kDa)

CA SSAN

100 0 4.7 34.13 76.67 26.88 1.73 20

95 5 15.6 24.39 78.90 41.30 2.51 45

85 15 24.6 18.38 80.23 47.85 4.33 69

75 25 34.2 11.53 82.35 65.25 5.17 69

K.S. Radha et al. / Desalination and Water Treatment 52 (2014) 459–469 463



operating conditions between 15 and 25 kV, depend-
ing on the physical nature of the sample.

3. Results and discussion

3.1. Compaction

In this investigation, CA was modified by blending
with SSAN at varying composition from 0 to 25wt.%.
The effect of SSAN on blend membranes can be visu-
alized from Fig. 2, where the graph is plotted between
compaction time vs. PWF of blend membranes. The
initial flux that was collected after 20 s of pressuriza-
tion showed a value of 34.3 lm�2 h�1 for 100wt.% CA.
As the compaction time increased, the value of PWF
decreased to 14.0 lm�2 h�1 after five h and attained the
steady-state value, which confirms the completion of
the compaction process. This is due to the fact that
during compaction of membrane under pressure,
reorganization of polymeric chains occurs which leads
to the change in the membrane structure with the
formation of uniform pores.

When the concentration of SSAN particle added to
CA increased from 0 to 25wt.%, the initial flux was
increased from 34.3 to 118.3 lm�2 h�1. This increase in
trend may be due to the increased free volume
between CA and SSAN in the polymer matrix, which
resulted in the formation of pores on the membrane
surface. Similar results were obtained by Nagendran
et al. [19]. The steady-state flux of 100wt.% CA and
25wt.% SSAN in the CA blend membrane resulted in
an increased value from 14.0 to 49.0 lm�2 h�1 Arthana-
reeswaran et al. [29] reported similar steady-state
observations. It is believed to form uniform, rigid
pores during compaction on the membrane surface

Fig. 2. Effect of compaction time on PWF of CA/SSAN
blend membranes.

Fig. 3. Effect of concentration of SSAN on protein
permeate flux.

Fig. 4. Effect of concentration of SSAN on protein rejection.
Fig. 5. Effect of concentration of SSAN on metal permeate
flux.
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and to obtain a steady-state flux. Similar trend was
obtained for the membranes with varying composi-
tions of 95/5, 90/10, 85/15, 80/20, and 75/25wt.% of
CA/SSAN blend composition.

3.2. PWF

After the completion of compaction, the PWF of
blend membranes was studied at 345 kPa pressure
and shown in Table 2. The low PWF value of
4.7 lm�2 h�1 is obtained for 100wt.% CA membranes.
This is because for pure 100wt.% CA, a very tight
polymer matrix is formed; thus, the pores formed on
the membrane surface will be in smaller size. When
the concentration of SSAN is increased from 10 to
25wt.% in the pure CA blend membrane, the PWF
showed an increased value from 19.8 to 34.2 lm�2 h�1.
The addition of SSAN in blend not only increases the
hydrophilicity of blend, but also enlarges the pore size
of membranes. The effect of relative increase in pore
size outweighs that of hydrophilicity, and hence
increases the flux at higher SSAN composition. Similar
trends were also reported by Malaisamy et al. [30].

3.3. % Water content

Water content of the membrane relates the hydro-
philicity of the membrane [31]. The water content
percent was calculated using Eq. (2) and the value of
the membranes are shown in Table 2. From Table 2,
the water content percent of 100wt.% CA membrane
showed a value of 76.67%. In case of 75/25wt.% of
CA/SSAN blend membrane, the water content percent
was 82.35%. When 25wt.% SSAN particles was

present in the CA membrane, the water content of the
blend membrane was increased. Similar increase in
water content was interpreted by Hwang et al. [32].
This trend is due to the electrostatic repulsion
between the polymers which restricts the polymer
chain from coming close to each other increasing the
void volume. Moreover, the thermo-dynamical incom-
patibility between the polymers further impedes the
chain from coming close to each other. Further, this
leads to increase in void volume, resulting in the for-
mation of bigger size pores on the membrane surface
and increases the water uptake in the pores.

3.4. Membrane hydraulic resistance (Rm)

In order to determine the membrane hydraulic
resistance, the PWF was measured by varying the
transmembrane pressure of the system to 414, 345, 276,
207, 138, and 69 kPa. The value of Rm is calculated by
Eq. (3), which reveals the resistance offered by the
membrane to the feed flow. From Table 2, it is evident
that the pure 100wt.% CA exhibited a higher value of
34.13 kPa/lm�2 h�1 due to low porosity of the CA
membrane. In the CA/SSAN blend membranes, when
the concentration of SSAN increased with 5wt.% incre-
ments to a maximum of 25 wt.% in the casting solu-
tion, Rm value gradually decreased to 11.53 kPa/
lm�2 h�1. The introduction of SSAN in the polymer
chains is expected to be effective in promoting inter-
face void formation during the membrane preparation.
The enhanced pore size of the CA/SSAN membrane
due to the extended free volume between polymer
chains by the addition of SSAN resulted in the
decrease of Rm value as pointed out by Bottino et al.
[33]. Similar decrease in Rm values was obtained for
other blend membranes with varying compositions of
CA/SSAN, such as 95/5, 90/10, 85/15, 80/20, and 75/
25wt.%.

3.5. MWCO

The MWCO of a membrane corresponds to the
molecular weight of solutes that has a rejection of
more than 80% [25]. MWCO of all the membranes of
varying composition of CA/SSAN was determined
individually based on the study of protein rejection
using proteins of different molecular weight and tabu-
lated in Table 2. MWCO of the 100wt.% CA is com-
pared with the blend membranes with compositions
of 95/5, 85/15, and 75/25wt.% of CA/SSAN. It is
evident from Table 2 that the MWCO of the pure
100wt.% CA membrane is 20 kDa. This is because the
membrane formed of pure CA has smaller pore size

Fig. 6. Effect of concentration of SSAN on metal ion
rejection.
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due to the tight polymer matrix. Malaisamy et al. [30]
obtained similar results for CA/sulfonated PSf blend
membranes. When considering the MWCO of the
newly formed blend membrane of 90/10wt.%, CA/
SSAN showed a higher value of 45 kDa. With the fur-
ther increase of 25wt.% SSAN to CA membrane, the
MWCO further increased to 69 kDa. The increase in
MWCO of the blend membranes may be due to the
increase in free volume and a decrease in polymer
chain segmental mobility by the presence of silica
material in the polymer casting solution [34].

3.6. Pore statistics

Pore statistics includes average membrane pore
radius (Å), surface porosity, and pore density. Average
pore radius (R) of the membrane is found from the sol-
ute rejection percent using the protein solutions pre-
pared from trypsin, pepsin, EA, and BSA of 0.1wt.%
in phosphate buffers. The pure 100wt.% CA mem-
brane was compared with the CA/SSAN blend com-
position of 95/5, 90/10, 85/15, 80/20, and 75/25wt.%.
It is observed that for pure 100% CA, the value of R is
found to be 26.88 Å. The relation between the average
membrane pore radius and the concentration of SSAN
in CA is given in Table 2 and it can be observed that

the membrane average pore radius is 65.25Å when the
concentration of SSAN is increased to 25wt.% in the
CA membrane. Surface porosity (e) given in Table 2
gives details about the total pore area per unit surface
area of the membrane and is calculated using Eq. (6).
The value of e is found to be 1.23� 10�5 when the con-
centration of SSAN is 0wt.% in CA membrane, which
is observed from Table 2. The e value showed a com-
paratively higher value of 5.17� 10�5 for 75/25wt.%
CA/SSAN blend membrane. It was concluded that
SSAN yield more polymer/polymer interfacial area
and provide more opportunity to disrupt polymer
chain packing.

3.7. Morphological studies

The SEM images were taken after testing the
compaction studies of CA and CA/SSAN blend
membranes. SEM micrographs of top surface and
cross-section of membranes, prepared from 100% CA,
are shown in Figs. 7(a)–(d). Figs. 7(a, c) depict a por-
ous layer with a uniform pore size distribution on the
top surface of membranes prepared with pure CA
and 75/25wt.% CA/SSAN. Further, the number of
pores is less in 100% CA in Fig. 7(a) when compared
to 75/25wt.% CA/SSAN membrane (Fig. 7(c)). The

Fig. 7. Sem micrographs of CA/SSAN membranes: Top surface (5,000�): (a) 100wt.% CA, (c) 75/25wt.% CA/SSAN:
Cross section (300�): (b) 100wt.% CA (d) 75/25wt.% CA/SSAN.
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finger-like structures shown in Figs. 7(b, d) are the
cross-sections of the above-mentioned respective
membranes. Similar finger-like structures are reported
[35] in the case of CA-inorganic salt membranes. A
comparison of Figs. 7(b)–(d) clearly shows that the
increase in pore size and finger-like voids is only due
to the increase in the polymer composition from 0 to
25wt.%. These SEM results confirm the effect of poly-
mer composition on PWF, water content, and hydrau-
lic resistance of the CA/SSAN blend membranes. This
may be attributed to the distribution of individual
domains of SSAN and CA with their respective mor-
phologies. The cross-sectional views of CA/SSAN of
the blend membranes have finger-like structures com-
monly found beneath the skin layer of UF membranes.
The large macrovoids extend through most of the sub-
structure, the medium-sized macrovoids extend
through one-third of the membrane, and the small
macrovoids are situated near the nodular layer. The
skin becomes porous and a spongy structure is
observed along the bottom of the penetrating cavity.

3.8. Separation of the protein solution

3.8.1. Effect of the concentration of SSAN on the
permeate flux

The effects of the concentration of SSAN on the
protein solution permeate flux through various CA/
SSAN blend membranes is shown in Fig. 3. It was
apparent that the permeate flux of a given protein
through the CA/SSAN blend membranes was higher
than that through the pure CA membrane. As the
SSAN concentration increased in the casting solution,
the permeate flux for all of the proteins increased. The
permeate flux of trypsin for the pure CA membrane
was found to be 4.2� 10�6m3m�2s�1 and for the
membrane prepared from the casting solution having
40wt.% SSAN, the permeate flux increased to
22.3� 10�6m3m�2s�1. This was because as the concen-
tration of SSAN in the casting solution increased, the
porosity of the membranes also increased [36]. Similar
trends were observed for the pepsin, EA, and BSA
protein solutions. SSAN is a charged hydrophillic
polymer; it is possible that electrostatic repulsion will
hold up the bundling of polymers, which could give
rise to larger pores or interconnected pores. Therefore,
the systematic addition of SSAN could be expected to
greatly increase the pore size, as we found experimen-
tally. We observed that the permeate flux increased
rapidly for all of the proteins when the concentration
of SSAN increased from 15 to 25wt.% in the casting
solution. This was in agreement with the morphologi-
cal structure and PWF results for the increase in

concentration of SSAN from 15 to 25wt.% in compari-
son to other systematic increases, as shown in Table 2.
The order of magnitude of permeate flux of the pro-
tein solutions was found to be trypsin>pep-
sin>EA>BSA for all of the membranes; this was due
to the differences in the molecular weights. The lowest
permeate flux was observed for BSA at a 0wt.% SSAN
concentration, which was 2.5� 10�6m3m�2s�1.

3.8.2. Effect of the concentration of SSAN on rejection

The effects of the concentration of SSAN on the
percentage rejection of proteins for all of the CA/
SSAN blend membranes are shown in Fig. 4. In gen-
eral, an increase in the concentration of SSAN resulted
in a decrease in the percentage rejection of all of the
proteins. The rejection of trypsin for the pure CA
membrane was found to be 80%, whereas for the
membranes prepared from the casting solutions hav-
ing 5–25wt.% SSAN, the rejection decreased up to
63%. Similar trends were observed for the rejection of
pepsin, EA, and BSA. The decreasing trend of rejec-
tion as the concentration of SSAN increased was due
to the fact that the porosity of the membrane
increased as the concentration of SSAN in the casting
solution increased, as revealed by the morphology
and other results. Interestingly, the extent of rejection
was on the order of BSA>EA>pepsin>trypsin for all
of the membranes. This was because BSA had a
higher molecular weight compared to the other three
proteins, and trypsin had a lower molecular weight
compared to BSA, EA, and pepsin. In general, it
seemed that the observed trend was reverse for the
permeate flux of the proteins.

3.9. Removal of metal ions

3.9.1. Effect of the concentration of SSAN on the
permeate flux

The permeate flux values of the synthetic metal-
ion wastewater solutions on increasing concentrations
of SSAN in the CA/SSAN blend membranes are
shown in Fig. 5. The permeate flux values of all of the
metal ions increased, as the concentration of SSAN
increased in the casting solution. The permeate flux
of Cu(II) for the pure CA membrane was
1.6� 10�6m3m�2s�1, whereas for the membrane pre-
pared from the casting solution having 25wt.% SSAN
the permeate flux increased to 9.1� 10-6m3m�2s�1.
There was a rapid increase in the permeate flux of all
of the metal ions as the concentration of SSAN in
the casting solution increased beyond 15wt.%, as
observed during protein-removal studies. The
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permeate flux of Cu(II) was lower than those of the
other metal-ion solutions and the order of the perme-
ate flux was Cd(II)>Zn(II)>Ni(II)>Cu(II). This was
because Cu(II) had a higher affinity for Ndonor
ligands, compared to Cd(II) and Zn(II) [37,38]. Hence,
it was possible that Cu(II) could have easily formed
more macromolecules than other metal ions chosen in
this study. This led to the reduced permeate flux for
Cu(II) and enhanced the rejection. Hence, the extent of
removal of the metal ion from the synthetic wastewa-
ter solutions depended on the formation of macromol-
ecules with the PEI complexing agent and on the
morphological structure of the membranes.

3.9.2. Effect of the concentration of SSAN on rejection

The effects of the concentration of SSAN on the
rejection percent of metal ions from synthetic waste-
water solutions for the CA/SSAN blend membranes
are shown in Fig. 6. In general, permeate flux and
rejection possess an inverse relationship, as seen in
protein-removal studies. Similar to the observations
made in the protein-rejection studies, the increase in
the concentration of SSAN resulted in a decrease in
the rejection of all of the metal ions. The rejection of
Cu(II) for the pure CA membrane was 99.2% and for
the membrane prepared from a casting solution hav-
ing 25wt.% SSAN, the rejection decreased to 92.1%.
The rejection of Cd(II) for the pure CA membrane was
93.5%, and this value was lower than that of Cu(II).
Similar observations were also found for the rejection
of other metal ions, such as Zn(II) and Ni(II). The
rejection of Cu(II) was found to be higher than that of
other metal ions for all of the membranes, and the
order of rejection was Cu(II)>Ni(II)>Zn(II)>Cd(II).
This may have been due to the higher binding ability
of Cu(II) with PEI. It has been shown that Cu(II) has a
higher complexation constant, compared to Zn(II) and
Cd(II) [39–41]. Furthermore, it is known that Zn(II)
and Cd(II) complexes have low ligand–field stability
because of the complete filling of d orbitals. Similar
observations were reported by Mandel and Leyte [42].
Similar observations on the higher rejection of Cu(II),
compared to Zn(II)>Co(II)>Cd(II) with PEI as a com-
plexing agent, were reported by Arthanareeswaran
et al. [29].

4. Conclusion

In this study, CA as a base polymer was
blended with SSAN contents ranging from 0 to
25wt.% with DMF as the solvent, to prepare modi-
fied CA membranes. Polymer solutions having

SSAN concentrations greater than 25wt.% did not
form membranes. The characterization of the pre-
pared membranes illustrated that the PWF and
water content increased, whereas the membrane
hydraulic resistance decreased as the concentration
of SSAN in the casting solution increased. The SEM
study showed a continuous increase in the pore size
in the support layer and a subsequent decrease in
the thickness of the skin layer as the concentration
of SSAN in the casting solution increased, which
was supported by the porosity data. The rejection of
proteins was on the order BSA>EA>pepsin>trypsin,
which was directly proportional to the molecular
weights of the proteins. The extent of rejection of
metal ions from the synthetic wastewater solutions
followed the order Cu(II)>Ni(II)>Zn(II)>Cd(II), which
depended on the complexation ability to form mac-
romolecules and ligand–field stability of the individ-
ual metal ions. The results suggest that both the
protein and metal-ion removal involved a sieving
mechanism influenced by the molecular weight of
the solute and the porosity of the membranes. The
blending of SSAN with the CA polymer matrix
resulted in substantially high permeability and a
reduction in the membrane resistance properties; this
led to a significant improvement in the flux and a
marginal reduction in the rejection.
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