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Abstract
Poly(ethersulfone) (PES) / poly(vinylpyrrolidone) (PVP) blend 
membranes modified with calcium chloride (CaCl2) were 
prepared by phase inversion method. Effect of CaCl2 on the 
morphology, filtration and performance characteristics of the 
PES/PVP membranes was studied in detail. Results indicated 
that CaCl2 blend membranes possessed better porosity and flux 
than the pristine PES membrane. Dye separation efficiency 
of CaCl2 blend membranes was also increased considerably. 
Especially, the PES/PVP blend membrane with 1 wt% CaCl2 
showed highest permeate flux and improved dye rejection. 
Fouling analysis carried out on CaCl2 blend membranes clearly 
showed that these membranes possessed better antifouling 
effect than pure PES membrane. Thus the CaCl2 blended PES/
PVP membranes are more promising for the treatment of dye 
polluted wastewater.
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1 Introduction
Membrane separation is one of the largely used advanced sep-

aration technologies for the separation of macromolecules from 
solutions [1]. Membrane based operations has several advan-
tages which includes compact nature, low energy consumption, 
room temperature operation, low investment and less pollution, 
as compared with other conventional separation methods [2, 3]. 
In general, organic polymers are more suitable starting mate-
rials for the preparation of industrial grade membranes, espe-
cially for effluent treatment [4]. Several polymers such as poly-
vinylidene fluoride [5-8], polysulfone [9-11], polyacrylonitrile 
[12, 13], polyethersulfone [14-17] and cellulose acetate [18-20] 
have been reported for the development of microfiltration (MF) 
and ultrafiltration (UF) membranes for various applications. 

Polyethersulfone (PES) is one among the better polymeric 
materials for membrane synthesis, specifically for water and 
wastewater treatment applications [21]. PES has many merits 
like wide range of pH tolerance, excellent chemical resistance, 
good mechanical strength, high thermal stability and ease of 
fabrication. PES has been successfully employed in the prepa-
ration of MF/UF membranes with different pore sizes and vary-
ing surface geometry [22, 23]. PES has been reported as one of 
the most suitable membrane material for separation processes 
including biological, pharmaceutical, and sterilization [24]. 
However, PES membranes suffer from the limitations of low 
flux and membrane fouling owing to its hydrophobic surface. 
The hydrophobic nature of the PES membrane leads to the 
adsorption or deposition of the solute molecules on membrane 
pores and causes serious fouling issues [25]. Also, the water 
permeability through pure PES membrane is greatly reduced 
due to its hydrophobic nature, resulting in very low fluxes [26]. 
These limitations of PES membrane is overcome by enhancing 
the surface hydrophilicity of the PES using different methods 
[27-29]. A number of research studies have been reported on the 
hydrophilization of PES membranes [30-38]. In these studies, 
a hydrophilic additive (usually inorganic or polymeric) is often 
added to the casting dope to prepare hydrophilic composite 
PES membranes. Although, addition of hydrophilic polymers to 
the PES matrix increased the permeate flux, serious issues of 
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polymer miscibility and uniform dispersion of additives were 
identified with these hydrophilic polymer blend PES membranes 
[39]. Polyvinylpyrrolidone (PVP) is one of the widely studied 
hydrophilic polymer additive for blending with PES membrane 
due to its good miscibility nature with PES [34, 35, 39]. PVP 
increases the cast solution viscosity and thus ensures better pore 
interconnectivity when added in the optimum amount [40]. 
PES membranes blended with inorganic additives, especially 
metal oxide nanoparticles, resulted in composite membranes of 
increased flux but decreased solute rejection [36-39]. This was 
mainly due to the enlargement of the surface pores caused by 
the agglomeration of the metal oxide particles and their subse-
quent leaching during phase inversion [39]. Thus, achieving a 
PES blend membrane with enhanced flux, improved rejection 
and better fouling resistance without affecting the other proper-
ties of PES is an important objective for the membrane industry.

In recent times, calcium salts are investigated as a poten-
tial inorganic additive for the polymeric membranes resulting 
in high flux and enhanced rejection [41-44]. Calcium chloride 
(CaCl2) blended with polyacrylonitrile resulted in membrane 
with high permeation and no loss on the protein rejection effi-
ciency [41]. Polyacrylonitrile and polyvinylidene fluoride mem-
branes mineralized with calcium carbonate (CaCO3) showed 
increased surface hydrophilicity and water flux as compared to 
the unmodified PES membranes. These membranes were identi-
fied to be suitable for dye and salt desalination [42, 43]. CaCO3 
nanoparticles incorporated polyvinylidene fluoride membrane 
was successfully applied for membrane distillation studies. The 
blend membrane resulted in a high permeate flux and produced 
a salt rejection of 99.99% [44]. In general, calcium salts, par-
ticularly CaCl2, would improve the hydrophilicity and flux of 
the resulting blend membrane [41]. Also, the chloride resistance 
of the resulting membrane would be enhanced due to the control 
of cleavage of the polymer chain [45]. This would be highly 
beneficial for the membranes to handle feed solution containing 
free chlorine and also during chemical cleaning processes.

In the present study, modification of PES membrane using 
CaCl2 as the inorganic additive and PVP as non-solvent additive 
has been carried out by phase inversion method. The concentra-
tion of CaCl2 was varied in the casting dope to study its effect on 
the performance of the membranes. Morphology analysis of the 
pure and blend membranes was analyzed using SEM and AFM. 
Membrane properties like porosity, hydrophilicity, mechani-
cal stability and pure water flux were evaluated for the virgin 
and blend PES membranes. Dye rejection capacity for all the 
prepared membranes was analyzed using various dye solutions. 
Fouling analysis for all the prepared membranes were done 
through flux recovery ratio calculation and by estimating the 
various mass transport resistances across the membrane. The 
obtained results for the characterization and performance analy-
sis of the composite membranes were compared with that of 
pure PES membrane.

2 Materials and methods
2.1 Materials

Polyethersulfone (PES, Veradel 3200P) in powder form was 
supplied by Solvay Specialities India Pvt. Ltd (India) and it was 
dried at 120 oC for 8 h before being used. Anhydrous calcium 
chloride (CaCl2, 96%) and Polyvinylpyrrolidone (Mw = 40,000) 
were purchased from Sigma-Aldrich Ltd (India). N, N-dime-
thyl formamide (DMF, 99%) solvent was procured from SRL 
Chemicals Ltd (India). Dyes such as Congo red (Mw = 696.7), 
Orange II (Mw = 350.3) and Crystal violet (Mw = 407.9) in pow-
der form, were obtained from local dyeing industries at Tirupur, 
Tamilnadu (India) as gift samples. The molecular structures of 
all the dyes are presented in Appendix. Freshly prepared deion-
ized water was employed for the preparation of gelation bath, 
dye solution preparation and membrane storage. All the rea-
gents used in the membrane preparation process were of ana-
lytic grade and were used as such in the experimental work.

2.2 Membrane preparation
PES flat sheet membranes were prepared using a combined 

dry and wet phase inversion method. The casting dope for each 
membrane consisted of fixed amount of PES and PVP while 
the concentration of CaCl2 was varied in regard to the DMF 
solvent, as shown in Table 1. Based on previously reported 
works, it was understood that the optimum concentration of 
PES and PVP for good miscibility and polymer interaction was 
18 wt% and 2.5 wt% respectively [39, 46]. Hence the PES and 
PVP concentration were fixed to 18 wt% and 2.5 wt% while 
the concentration of CaCl2 was varied from 0 wt% to 3 wt%. 
Cast solution was prepared by first dissolving the PES polymer 
in DMF and then by adding the additives (PVP and CaCl2) in 
a sequential manner into the polymer solution at 60 oC for 8 h 
using mechanical stirring at 400 rpm. Then the homogenous 
solution was allowed to stand for 4 h at room temperature for 
removal of air bubbles. Subsequently, the blend solution was 
cast on smooth glass substrate with the help of a doctor’s blade 
for a fixed thickness of 200 µm. The casted membrane was air 
dried on the glass plate for 30 sec and then it was immersed in 
the water bath (gelation medium) of 20 oC. After 12 h of gela-
tion, the membrane was removed from the non-solvent bath 
and washed with deionized water to remove any residual sol-
vent. The prepared membrane sheet was subsequently stored in 
deionized water till usage.

2.3 Membrane characterization
The visual information on the cross section morphology of 

the prepared membranes was provided by the scanning elec-
tron microscopy (SEM) (Quanta FEG 200, FEI Co., USA). The 
membrane sample was cut into small pieces, dried using a filter 
paper, snapped in liquid nitrogen (for 30 sec) and dried. The 
dried samples were sputtered with gold for producing electric 
conductivity and were subjected for SEM analysis.
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Table 1 Composition for the pure and composite PES membranes

Membrane ID

Membrane Composition (weight %)

PES PVP CaCl2

Solvent 
(DMF)

M0 18 0 0 82

M1 18 2.5 0 79.5

M2 18 2.5 0.5 79

M3 18 2.5 1 78.5

M4 18 2.5 2 77.5

M5 18 2.5 3 76.5

Surface roughness of the synthesized membranes was ana-
lyzed by atomic force microscopy (AFM) (SPM CP-II, Vecco 
Co., USA). Samples were cut into rectangular pieces of 10 mm 
by 30 mm and glued on glass substrate. AFM analysis was car-
ried out on an effective area of 15 μm × 15 μm for each sample 
by tapping mode.

Hydrophilicity (or) surface wettability of the pristine and 
composite membranes surface was measured in terms of 
water contact angle. The static contact angle on the membrane 
surface was measured using a goniometer (DGX Digidrop, 
France). De-ionized water was used as the probe molecule in 
all measurements. The mean contact angle of each membrane 
was obtained by averaging the static contact angle measured 
at four different positions on the membrane sample’s surface.

Mechanical stability of all the prepared membranes was 
analysed by measuring the tensile strength and elongation ratio 
of the membrane sample using a material test-machine (Zwick 
Z010, Germany) at a loading velocity of 100 mm/min. The 
reported values for tensile strength and elongation ratio were 
average values for three sample runs. 

Equilibrium water content (EWC) of the synthesised mem-
branes was calculated by observing the water uptake capacity 
of the respective membrane sample. Membrane sample (in rec-
tangular form) was soaked in deionized water for 24 hours. The 
wet weight was weighed after wiping the excess water on the 
sample surface using filter paper. Subsequently the wet sample 
was placed in a vacuum oven at 80 oC for 24 h. The dry weight 
of the membrane sample was then weighed until the weight 
became constant. EWC of the membrane sample was calcu-
lated using Eq. (1), where Ww (kg) and Wd (kg) are the wet and 
dry membrane weights respectively.

EWC W W
W
w d

w

=
−

×100

Porosity of the prepared membranes was calculated by dry-wet 
weight method in which the wet weight and dry weight of the 
respective sample was observed. Membrane porosity (ε) was 
calculated using Eq. (2).

ε
ρ

=
−

×
W W

V
w d

w m

100

where Ww (kg) and Wd (kg) are the wet and dry weight of the 
membrane sample, Vm (m3) is membrane volume on dry basis 
and ρw (kg m-3) is water density. The measurement process was 
repeated for three times and the average values were reported.

2.4 Pure water permeation and dye rejection
Pure water permeation and dye rejection studies were studied 

in a dead-end stirred cell filtration setup connected to a nitrogen 
gas cylinder. The stirred cell (Amicon, Model 8400, Millipore, 
USA) had an inner diameter of 76 mm and a volume capacity of 
400 mL with teflon coated magnetic paddle. The effective area 
of membrane filtration was 45.6 cm2. Nitrogen gas was used as 
a pressure source on the feed side of the stirred cell. Distilled 
water was used as the probe liquid to measure the pure water 
flux (PWF) of the membranes. All the membranes were com-
pacted at a transmembrane pressure of 414 kPa for 2 h and then 
the PWF measurements were evaluated at 30 oC. Pure water flux 
for each membrane was calculated using Eq. (3).

J Q
A Tw = ∆

where, Jw (L m-2 h-1) is the pure water flux, Q (L) is the volume 
of water collected; A (m2) is the effective membrane area and 
ΔT (h) is the sampling time.

Estimation of average pore radius (rm) for the synthesised 
membranes was carried out on the basis of filtration veloc-
ity method using Guerout–Elford–Ferry equation as given by 
Eq. (4) [47].

r lq
A Pm

w=
− ×
× ×

( . . )2 9 1 75 8ε η
ε ∆

where, ηw is the dynamic viscosity of water (Pa s), ‘l’ is the 
membrane thickness (m), q is the volume of the water perme-
ated per unit time (m3/s), A is the effective area of the mem-
brane (m2), and ΔP is the transmembrane pressure (Pa).

Separation performance of the prepared membranes was 
analysed through dye rejection studies. Congo red, Orange II 
and Crystal violet dyes were used as probe molecules for the 
rejection analysis. The feed concentration for all dye solutions 
was taken as 0.1 g L-1 and the rejection studies were carried out 
at a transmembrane pressure of 414 kPa in the dead-end stirred 
cell filtration setup. The permeate samples were collected over 
defined time intervals and analysed for dye concentration. Sol-
ute rejection percentage (%SR) was calculated using Eq. (5).

%SR
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where,  Cp  and  Cf  are the dye concentrations (g L-1) in the per-
meate and feed streams, respectively. The concentration was 
measured using a UV-Vis-NIR spectrophotometer (UV-3600, 
Shimazdu Corp., USA) at the respective maximum absorption 
band for each dye molecule, as mentioned in Appendix.

2.5 Fouling Analysis
Fouling resistance ability of the prepared membranes was 

evaluated in terms of flux recovery ratio. The necessary exper-
iments for the fouling analysis were carried out in the same 
setup used for pure water flux and dye rejection studies. For 
all the fouling studies, distilled water and Congo red (CR) dye 
solutions were used as the probe liquids. For a given mem-
brane sample, the pure water flux (Jw) was evaluated initially. 
Subsequently, the sample was subjected to CR rejection and 
the CR permeate flux (JCR) was measured. The membrane was 
then cleaned with deionized water for 15 min to remove traces 
of dye adsorbed on its surface. Consequently, the membrane 
was again subjected for pure water flux measurement and the 
water flux obtained was recorded as pure water flux through 
fouled membrane (Jw2). The flux recovery ratio (FRR) was cal-
culated using Eq. (6). All the flux measurements were made at a 
transmembrane pressure of 414 kPa and the membrane samples 
were well compacted prior to flux calculation.

FRR
Jws
Jws

= ×2 100

Fouling could also be quantified by estimating the various 
mass transport resistance terms for the solute transport across 
the membrane [25]. In general, the total resistance for the mass 
transport (Rt) could be obtained from the basis of Darcy’s law 
and is given by Eq. (7).

J P
Rt

=
∆
η

where J, ΔP, η and Rt are the permeate flux, transmembrane 
pressure (Pa), viscosity of the permeate (Pa s), and total resist-
ance for mass transport (m−1) across the membrane, respec-
tively.  This total resistance for mass transport (Rt) is composed 
of the inherent hydraulic resistance of the membrane (Rm) and 
the resistance to mass transport due to fouling (Rf). The fouling 
resistance (Rf) is made of reversible fouling resistance to mass 
transport (Rr) (concentration polarization effect) and irrevers-
ible fouling resistance to mass transport (Rir) (pore blocking) 
[47, 48]. Thus the components of total membrane resistance 
(Rt) is given through Eq. (8).

R R R Rt m r ir= + +

The intrinsic membrane resistance (Rm) is commonly esti-
mated from the initial pure water flux study and is given 
through Eq. (9).

R P
Jm

w w

=
∆
η

The reversible fouling resistance (Rr) and the irreversible 
fouling resistance (Rir) are given through Eq. (10) – (12).

R P
J

Rf
CR

m= −
∆
η

R P
J

Rir
ws

m= −
∆
η 2

R R Rr f ir= −

Equation (9) – (12) were used to calculate various types of 
resistances for the mass transport across the prepared membranes 
and thereby to quantify their respective fouling resistant ability.

3 Results and Discussion
3.1 Effect of CaCl2 on membrane morphology

SEM images of the cross sections of pure and blended PES 
membranes are shown in Fig. 1. The prepared membranes 
exhibited an asymmetric structure comprising of a very thin 
skin layer and a porous support layer. A comparison between 
the cross section SEM images of the membranes with and with-
out CaCl2 indicated that the CaCl2 blend membranes possessed 
a more porous support layer than the membranes without 
CaCl2. Analysis of the cross section SEM images of the CaCl2 
blend membranes clearly revealed the dual opposing effects 
of PVP and CaCl2 addition to the dope solution.  It has been 
reported that the addition of hydrophilic additives to the poly-
meric solution increases the viscosity of the cast dope [39]. At 
low additives concentration (up to 1% CaCl2), the hydrophilic 
effect of the additives was dominant which caused the forma-
tion of more regular fingerlike voided support layer. However, 
at high additives concentration, the cast dope was less stable 
due to high viscosity. This dominant viscous effect delayed the 
polymer demixing rate during membrane formation resulting in 
more spongy support layer (Fig. 1f).

The surface AFM images of the pure and blended PES mem-
branes are presented in Fig. 2. In these images, the bright areas 
denote the ‘nodules’ while the dark region shows the ‘valleys’ 
or pores of the membrane surface. AFM analysis was confined 
to an effective area of 15 µm x 15 µm and the average surface 
roughness (Ra) was calculated using the XEI image processing 
software. The obtained results, as presented in Table 2, clearly 
indicated that the surface roughness of the membranes was 
increased due to the PVP and CaCl2 addition. Similar results 
have been reported by other related works [22, 40]. Also, the 
concentration ratio of the hydrophilic additives had an effect on 
the surface roughness enhancement of the blend membranes.

(6)

(7)

(8)

(9)

(10)

(11)

(12)
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Fig. 1 Cross section SEM images of membranes – a) M0, b) M1, c) M2, d) M3, e) M4 and f) M5

(a) (b) (c)

(d) (e) (f)

(a) (b) (c)

(d) (e) (f)

Fig. 2 AFM images of pure and blend PES membranes – a) M0, b) M1, c) M2, d) M3, e) M4 and f) M5
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At low values of CaCl2 to PVP ratio (up to 1% CaCl2), the 
increase in the surface roughness was small as compared against 
the high values of CaCl2 to PVP ratio. It has been reported that 
membranes with low surface roughness have stronger antifoul-
ing abilities [49]. Hence the blend membranes with low values 
of PVP to CaCl2 ratio were expected to have better fouling resist-
ances. Results of SEM and AFM analysis clearly showed that the 
addition of PVP and CaCl2 to the PES polymer has influenced the 
morphology of the blend membranes. Also, the morphology of 
blend membranes showed a drastic change at a cut-off concen-
tration of 1% CaCl2 indicating that this membrane was expected 
to have better permeability and comparatively fouling resistant.

3.2 Effect of CaCl2 on hydrophilicity, water uptake 
and mechanical stability

Surface contact angle (CA) is one of the most suitable meth-
ods for the measurement of hydrophilicity or surface wettabil-
ity of the membranes [50]. Low CA value of membrane surface 
indicates the pronounced hydrophilicity and low hydrophobic-
ity in the membrane. As shown in Table 2, the CA of PES mem-
brane was decreased due to the addition of PVP and CaCl2. A 
significant decrease in the CA value was observed at higher 
concentration of CaCl2 which clearly demonstrated that a more 
hydrophilic surface was obtained due to CaCl2 addition. This 
increase in surface wettability could be ascribed to the attach-
ment of the polar functional groups to CaCl2 molecules. It has 
been reported that the enhanced hydrophilicity of membrane 
surfaces would reduce membrane fouling to a larger extent 
[51]. Hence the CaCl2 blend membranes were expected to have 
better antifouling abilities than the pristine PES membrane.

Equilibrium water content (EWC) of an asymmetric mem-
brane is directly related to its support layer’s porosity [25]. As 
presented in Table 2, it could be seen that the EWC of the blend 
membranes was increased due to the addition of CaCl2. This 
increasing trend confirmed the higher porosity in the membrane 
support layer due to the addition of CaCl2 to the dope solution. 
As confirmed from the cross section SEM images, the large 
size macrovoids present in the support layer of the CaCl2 blend 
membranes attributed for the increased water uptake. However 

the EWC was decreased marginally when the CaCl2 concentra-
tion was increased from 2% to 3% CaCl2. This could be due to 
the formation of highly spongy support layer for the 3% CaCl2 
membrane caused by the delayed liquid-liquid demixing. In 
general, the EWC for all CaCl2 blend membranes was higher 
than the pristine PES membrane. 

Table 3 shows the results obtained for the mechanical stabil-
ity studies for all the prepared membranes. It was observed that 
the addition of CaCl2 to the PES matrix increased the breaking 
strength from 3.18 MPa to 4.12 MPa with a reduction in the 
elongation ratio from 9.9% to 8.3%. The increase in the break-
ing strength implied that there was a good interaction of the 
CaCl2 particles in the PES matrix and this boosted the rigidity of 
the polymer chain. The decrease in the elongation ratio clearly 
showed that the CaCl2 membranes were brittle due to the addi-
tion of CaCl2 as compared with the pure PES membrane.

Table 3 Effect of CaCl2 content on the mechanical stability of the membranes

Membrane ID Breaking strength (MPa) Elongation ratio (%)

M0 3.18 (±0.01) 9.9 (±0.03)

M1 3.35 (±0.01) 9.8 (±0.02)

M2 3.54 (±0.02) 9.6 (±0.01)

M3 3.81(±0.01) 9.35 (±0.02)

M4 3.97 (±0.02) 8.95 (±0.01)

M5 4.12 (±0.01) 8.3 (±0.02)

3.3 Effect of CaCl2 on porosity and average pore size 
of the membrane

Estimation of membrane porosity and average pore radius 
for all the synthesized membranes are presented in Table 2. 
Results clearly indicated that all CaCl2 blend membranes have 
better porosity than the pure PES membrane. This was in direct 
corroboration with the results of the SEM analysis and EWC 
evaluation. It was certain that the addition of CaCl2 in low con-
centrations to the casting dope has resulted in the formation 
of big macrovoids on the membrane structure which enhanced 
the membrane porosity. Conversely, at high concentrations of 

Table 2 Characterization results for the pure and composite PES membranes

Membrane ID
Surface roughness, 

Ra (nm)
Contact angle

(o)
Equilibrium water 

content (%)
Porosity, ε 

(%)
Pure water flux 

(L m-2 h-1)
Average pore radius, 

rm (nm)

M0 13.92 66.5 43.33 15.05 31.87 (±0.8) 21.91

M1 20.23 65 45.65 24.81 62.53 (±1.2) 23.07

M2 22.11 63.5 53.19 38.87 126.19 (±1.7) 24.84

M3 26.36 61 64.58 58.76 240.25 (±1.4) 25.6

M4 68.94 56 65.31 45.03 166.36 (±1.0) 25.85

M5 120.62 49.5 64.71 44.33 157.42 (±0.7) 25.42
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CaCl2 in the casting dope, the dominant viscous effects delayed 
the phase separation resulting in lower membrane porosity. The 
average pore size obtained on the basis of velocity filtration 
method revealed that the pore size of all the prepared mem-
branes were close to each other. This implied CaCl2 addition 
had a dominant effect on the pore size of the support layer 
rather than the membrane surface.

3.4 Effect of CaCl2 on pure water permeability and 
dye rejection

Pure water permeability of all the prepared membranes was 
measured using dead end stirred cell unit, as described above. 
As shown in Table 2, the PWF of CaCl2 blend membranes were 
higher than that of pristine PES and PES/PVP (0% CaCl2) 
membrane. Also, the 1% CaCl2 membrane recorded the highest 
PWF of 240.25 L m-2 h-1 which was nearly eight times greater 
than the pristine PES membrane. Addition of CaCl2 has two 
major effects during membrane formation: (i) enhanced hydro-
philicity and (ii) change in support layer morphology. It was 
seen that upto a CaCl2 concentration of 1%, both these effects 
resulted in high PWF through the blend membrane. Increase of 
CaCl2 concentration beyond 1% resulted in a drop of the PWF, 
indicating that the change in support layer morphology had a 
diminishing effect on PWF inspite of enhanced hydrophilicity. 
In other words, the change in the support layer morphology due 
to the CaCl2 addition has greater influence on pure water flux 
compared to surface hydrophilicity.

Rejection characteristics of an asymmetric membrane are 
mainly regulated by the skin layer which is composed of sur-
face pores [1-4, 39]. Figure 3 shows the rejection of dyes as a 
function of CaCl2 concentration in the casting dope. It could be 
seen that the dye rejections were increased for the blend mem-
branes due to the addition of CaCl2 and were higher than that 
of pristine PES membrane. Increase in the rejection could be 
explained by the adsorption of the dye molecules on the mem-
brane surface in addition to rejection by steric hindrance. CaCl2 
deposited on the membrane surface as well as along the pore 
wall of the blend membrane served as adsorption sites where 
calcium ions attracted these anionic dye molecules. This infer-
ence also explained the increase in the dye rejection along with 
the increase in the CaCl2 concentration in the blend membranes. 
Among the various dyes used, Congo red (CR) recorded the 
highest dye rejection of around 85% while the other dyes had 
a rejection efficiency of less than 70%. This observation was 
used to conclude that the molecular weight cut-off (MWCO) 
ratio for the CaCl2 membranes would be around 700. Rejection 
studies on the CaCl2 blended PES membrane clearly indicated 
that the possible separation principles for these membranes 
were steric hindrance and adsorption.

Steady state permeates fluxes for the dye rejection studies 
are presented in Table 4. The dye fluxes followed the similar 
pattern like that of PWF. All CaCl2 blend membranes had an 
increased dye flux than the membranes without CaCl2 addition. 
The hydrophobic tail of the dye molecules interacted with the 
membrane while the hydrophilic head was still available which 
resulted in the high permeate fluxes for the calcium blend 
membranes. As explained for the PWF, the enhanced hydro-
philicity and support layer morphology modifications favoured 
a high flux through the CaCl2 blend membrane upto a cut-off 
concentration of 1% CaCl2. The decrease in the dye fluxes for 
CaCl2 blend membrane with more than 1% CaCl2 was due to 
the collapse of the fingerlike macrovoids which made the sup-
port layer more tortuous. From the results, it could be seen that 
the CR dye flux was lowest in comparison with other two dyes 
indicating that this dye has a strong adsorption on the mem-
branes surface. Hence CR dye solution was selected as the 
probe liquid for fouling analysis.

Fig. 3 Effect of CaCl2 on dye rejection performance

Table 4 Dye permeate fluxes for the pure and composite PES membranes

Membrane 
ID

Steady state rejection flux (L m-2 h-1)

Congo Red Orange II Crystal Violet

M0 12.55 (±0.7) 26.7 (±0.5) 21.59 (±0.7)

M1 32.19 (±0.4) 48.12 (±0.3) 41.06 (±0.4)

M2 67.62 (±0.4) 83.65 (±0.2) 75.92 (±0.3)

M3 101.38 (±0.3) 147.33 (±0.1) 118.29 (±0.2)

M4 72.45 (±0.4) 120.82 (±0.2) 83.47 (±0.2)

M5 63.29 (±0.3) 103.33 (±0.2) 78.89 (±0.3)
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3.5 Fouling analysis of the pure and modified PES 
membranes

Fouling recovery ratio is one of the easiest ways to analyze 
fouling mitigation for a membrane surface. A high value of 
FRR denotes the better antifouling ability of the membrane 
[25]. The FRR, dye and water fluxes for all of the prepared 
membranes are presented in Table 5. FRR studies clearly 
showed that the 1% CaCl2 membrane possessed the maximum 
resistance against fouling than the pure PES and other modi-
fied membranes. As the average surface pore size was almost 
constant for all the prepared membranes, it could be concluded 
that FRR values were regulated by the adsorption effect and 
hydrophilicity of the membrane. Addition of CaCl2, favored 
antifouling nature by increasing the permeate flux through 
enhanced hydrophilicity. On other hand, it led to increased 
adsorption effect of the dye along the pore wall and eventually 
for pore blocking. For a concentration of 1% of CaCl2 in the 
casting dope, a trade-off between these opposing features of 
CaCl2 addition must have been achieved which has resulted 
in the high FRR value for the 1% CaCl2 blend membrane 
among the synthesized membranes. In general, FRR analysis 
indicated the enhanced antifouling nature of the CaCl2 blend 
membranes, especially for the 1% CaCl2 membrane.

Table 5 FRR, dye and water fluxes for fouling analysis

Mem. 
ID

Jw x10-6

(m3 m-2 s-1)
JCR x10-6

(m3 m-2 s-1)
Jw2 x10-6

(m3 m-2 s-1)
FRR 
(%)

M0 8.85 3.49 3.59 40.56

M1 17.37 8.94 9.61 55.33

M2 35.05 18.78 24.29 69.3

M3 66.74 28.16 48.8 73.12

M4 46.21 20.13 30.08 65.09

M5 43.73 17.58 25.72 58.82

To have a further insight towards the antifouling effect of 
the membranes, various resistances for mass transport across 
the membrane, namely, the intrinsic membrane resistance (Rm), 
reversible fouling resistance (Rr) and irreversible fouling resist-
ance (Rir) were determined using Eq. (10) – (12) for all the pre-
pared membranes. The obtained results are presented in Fig. 4. 
It could be seen that the enhanced hydrophilicity of the CaCl2 
blend membranes resulted in comparatively low Rm than the 
membranes without CaCl2. As expected from the PWF meas-
urements, the Rm of the 1% CaCl2 was the lowest among the 
synthesized membranes. 

Analyzing the fouling tendency of the membranes, it was seen 
that the addition of CaCl2 increased the mass transport resist-
ance due to Rr. This could be explained by the increased surface 
roughness of the calcium blend membranes. Increase in surface 
roughness caused more accumulation of the dye particles in the 

‘valleys’ of the membrane surface leading to high Rr values. 
As indicated in Table 2, the increased surface roughness of the 
CaCl2 blend membranes led to more reversible fouling resistance 
in them. This reversible fouling effect could be easily removed 
by membrane washing and thus does not affect the membrane 
performance on a long run [39]. Further analysis on the fouling 
tendency indicated that the mass transport resistance due to irre-
versible fouling (Rir) was dramatically reduced with the addition 
of CaCl2 and reached a lowest value for a CaCl2 concentration 
of 1% in the casting dope. Further increase in concentration of 
CaCl2 resulted in an increase of Rir value for calcium blends. 
The reason for such a behavior has already been explained in 
FRR discussion. The minimum pore blocking due to adsorption 
and the enhanced hydrophilicity effects were optimally pro-
nounced at the 1% CaCl2 concentration, making it more resistant 
for irreversible fouling effects. Ultimately, this resulted in the 
lowest Rir value of 2.85 x 1012 m-1 for the 1% CaCl2 membrane. 
The obtained results for the fouling analysis, as presented in 
Fig. 4, clearly indicated that the calcium blend membranes had a 
remarkable antifouling tendency, especially towards dye desali-
nation, in comparison with the PES membranes without CaCl2.

Fig. 4 Various types of membrane resistances for mass transport 
across the prepared membranes

Analysing the results of the membrane characterizations, 
dye rejection performance and fouling studies, it was clear that 
the 1 wt% CaCl2 blend membrane was possessing better sepa-
ration characteristics and antifouling properties in comparison 
with the other CaCl2 blend membranes. 

4 Conclusions
Modified PES composite membranes were prepared by 

phase inversion method by blending PES with PVP and vary-
ing amounts of CaCl2. Synthesized membranes were character-
ized by studying the membrane morphology, surface hydrophi-
licity, equilibrium water content, mechanical strength, porosity 
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and pure water flux. All the prepared membranes possessed 
asymmetric morphology and the inclusion of CaCl2 in PES 
matrix influenced the support layer morphology remarkably. 
Contact angle and water uptake measurements proved that the 
CaCl2 addition enhanced the hydrophilicity of modified PES 
membranes. Mechanical stability studies clearly indicated the 
boosted strength of composite PES membranes due to CaCl2 
addition. Porosity analysis implied that the CaCl2 addition has 
no significant effects on the average surface pore radius of the 
prepared membranes. Performance examination showed that 
the pure water flux of the calcium blend membranes was greatly 
enhanced to a maximum of eight times as compared with pris-
tine PES membrane. Dye rejection studies using several dye 
solutions clearly confirmed the improved rejection capacity 
of the CaCl2 blend membranes. Steric hindrance and adsorp-
tion were identified as the dominant separation mechanisms in 
the blend membranes. Fouling analysis indicated the excellent 
antifouling ability of the CaCl2 blend membranes. High FRR 
values were achieved for the CaCl2 blend membranes than the 
PES membranes without CaCl2. The irreversible fouling effect 
due to dye rejection was greatly reduced in the CaCl2 modi-
fied PES membrane than the unmodified PES membrane. The 
reversible fouling effect was easily removed by water cleaning 
and the CaCl2 blend membranes can be reused for several con-
tinuous runs with high flux recovery. A very close analysis on 
the obtained results revealed the better performance character-
istics of 1% CaCl2 membrane among the synthesized series. The 
performance of the prepared CaCl2 blend membranes in terms 
of real time industrial effluent treatment is to be subsequently 
carried out as an extension of the current research work. Thus 
the CaCl2 and PVP blended PES composite membrane seems 
to be a promising candidate for treatment of dye polluted waste 
water, ensuring high fluxes and elevated rejection rates.

Acknowledgement
The authors thank Dr. G. Arthaneeswaran of National Insti-

tute of Technology (NIT) – Tirchy, Tiruchirappalli for permit-
ting to use NIT’s membrane research laboratory facilities. The 
authors would also like to thank Solvay Specialities India Pvt. 
Ltd (India) for providing the polyethersulfone polymer towards 
the research study.

References
[1] Mulder, M. "Basic Principles of Membrane Technology." Springer Sci-

ence & Business Media, 1996. DOI: 10.1007/978-94-009-1766-8
[2] Escobar, I.C., Bruggen, Vd. (eds.) "Modern applications in membrane 

science and technology." American Chemical Society Books, 2011.
 DOI: 10.1021/bk-2011-1078
[3] Escobar, I.C., Schäfer, A. (eds.) "Sustainable water for the future: Water 

recycling versus desalination." Elsevier, 2010.
[4] Cheryan, M. "Ultrafiltration and microfiltration handbook." CRC press, 

1998.

[5] Srivastava, H. P., Arthanareeswaran, G., Anantharaman, N., Starov, V.
 M. "Performance of modified poly (vinylidene fluoride) membrane for 

textile wastewater ultrafiltration." Desalination. 282, pp. 87-94. 2011. 
DOI: 10.1016/j.desal.2011.05.054

[6] Damodar, R. A., You, S. J., Chou, H. H. "Study the self cleaning, anti-
bacterial and photocatalytic properties of TiO2 entrapped PVDF mem-
branes." Journal of Hazardous Materials. 172(2), pp. 1321-1328. 2009. 
DOI: 10.1016/j.jhazmat.2009.07.139

[7] Daraei, P., Madaeni, S. S., Salehi, E., Ghaemi, N., Ghari, H. S., Khadivi, 
M.A., Rostami, E. J. "Novel thin film composite membrane fabricated 
by mixed matrix nanoclay/chitosan on PVDF microfiltration support: 
Preparation, characterization and performance in dye removal." Journal 
of Membrane Science. 436, pp. 97-108. 2013.

 DOI: 10.1016/j.memsci.2013.02.031
[8] Ngang, H. P., Ooi, B. S., Ahmad, A. L., Lai, S. O. "Preparation of PVDF–

TiO2 mixed-matrix membrane and its evaluation on dye adsorption and 
UV-cleaning properties." Chemical Engineering Journal. 197, pp. 359-
367. 2012. DOI: 10.1016/j.cej.2012.05.050

[9] Amini, M., Arami, M., Mahmoodi, N. M., Akbari, A. "Dye removal from 
colored textile wastewater using acrylic grafted nanomembrane." Desali-
nation. 267(1), pp. 107-113. DOI: 10.1016/j.desal.2010.09.014

[10] Maurya, S. K., Parashuram, K., Singh, P. S., Ray, P., Reddy, A. V. R. 
"Preparation of polysulfone–polyamide thin film composite hollow fib-
er nanofiltration membranes and their performance in the treatment of 
aqueous dye solutions." Desalination. 304, pp. 11-19. 2012.

 DOI: 10.1016/j.desal.2012.07.045
[11] Panda, S. R., De, S. "Preparation, characterization and performance of 

ZnCl2 incorporated polysulfone (PSF)/polyethylene glycol (PEG) blend 
low pressure nanofiltration membranes." Desalination. 347, pp. 52-65. 
DOI: 10.1016/j.desal.2014.05.030

[12] Bilba, D., Suteu, D., Malutan, T. "Removal of reactive dye brilliant 
red HE-3B from aqueous solutions by hydrolyzed polyacrylonitrile fi-
bres: equilibrium and kinetics modelling." Central European Journal of 
Chemistry. 6(2), pp. 258-266. 2008. DOI: 10.2478/s11532-008-0019-2

[13] Chen, X. N., Wan, L. S., Wu, Q. Y., Zhi, S. H., Xu, Z. K. "Mineralized 
polyacrylonitrile-based ultrafiltration membranes with improved water 
flux and rejection towards dye." Journal of Membrane Science. 441, pp. 
112-119. 2013. DOI: 10.1016/j.memsci.2013.02.054

[14] Golob, V., Ojstršek, A. "Removal of vat and disperse dyes from residual 
pad liquors." Dyes and pigments. 64(1), pp. 57-61. 2005.

 DOI: 10.1016/j.dyepig.2004.04.006
[15] Mansourpanah, Y., Amiri, Z. "Preparation of modified polyethersulfone 

nanoporous membranes in the presence of sodium tripolyphosphate for 
color separation; characterization and antifouling properties." Desalina-
tion. 335(1), pp. 33-40. 2014. DOI: 10.1016/j.desal.2013.12.008

[16] Lin, C. H., Gung, C. H., Sun, J. J., Suen, S. Y. "Preparation of polyether-
sulfone/plant-waste-particles mixed matrix membranes for adsorptive 
removal of cationic dyes from water." Journal of Membrane Science. 
471, pp. 285-298. 2014. DOI: 10.1016/j.memsci.2014.08.003

[17] Arthanareeswaran, G., Starov, V. M. "Effect of solvents on performance 
of polyethersulfone ultrafiltration membranes: Investigation of metal ion 
separations." Desalination. 267(1), pp. 57-63. 2011.

 DOI: 10.1016/j.desal.2010.09.006
[18] Yu, S., Liu, M., Ma, M., Qi, M., Lü, Z., Gao, C. "Impacts of membrane 

properties on reactive dye removal from dye/salt mixtures by asym-
metric cellulose acetate and composite polyamide nanofiltration mem-
branes." Journal of Membrane Science. 350(1), pp. 83-91. 2010.

 DOI: 10.1016/j.memsci.2009.12.014

http://dx.doi.org/10.1007/978-94-009-1766-8
http://dx.doi.org/10.1021/bk-2011-1078
http://dx.doi.org/10.1016/j.desal.2011.05.054
http://dx.doi.org/10.1016/j.jhazmat.2009.07.139
http://dx.doi.org/10.1016/j.memsci.2013.02.031
http://dx.doi.org/10.1016/j.cej.2012.05.050
http://dx.doi.org/10.1016/j.desal.2010.09.014
http://dx.doi.org/10.1016/j.desal.2012.07.045
http://dx.doi.org/10.1016/j.desal.2014.05.030
http://dx.doi.org/10.2478/s11532-008-0019-2
http://dx.doi.org/10.1016/j.memsci.2013.02.054
http://dx.doi.org/10.1016/j.dyepig.2004.04.006
http://dx.doi.org/10.1016/j.desal.2013.12.008
http://dx.doi.org/10.1016/j.memsci.2014.08.003
http://dx.doi.org/10.1016/j.desal.2010.09.006
http://dx.doi.org/10.1016/j.memsci.2009.12.014


190 Period. Polytech. Chem. Eng. K. Rambabu, S. Velu

[19] Gorey, C., Escobar, I. C. "N-isopropylacrylamide (NIPAAM) modified 
cellulose acetate ultrafiltration membranes." Journal of Membrane Sci-
ence. 383(1), pp. 272-279. 2011. DOI: 10.1016/j.memsci.2011.08.066

[20] Saljoughi, E., Mohammadi, T. "Cellulose acetate (CA)/polyvinylpyrro-
lidone (PVP) blend asymmetric membranes: Preparation, morphology 
and performance." Desalination. 249(2), pp. 850-854. 2009.

 DOI: 10.1016/j.desal.2008.12.066
[21] Lau, W. J., Ismail, A. F. "Polymeric nanofiltration membranes for textile 

dye wastewater treatment: preparation, performance evaluation, trans-
port modelling, and fouling control— a review." Desalination. 245(1), 
pp. 321-348. 2009. DOI: 10.1016/j.desal.2007.12.058

[22] Rahimpour, A., Jahanshahi, M., Khalili, S., Mollahosseini, A., Zirepour, 
A., Rajaeian, B. "Novel functionalized carbon nanotubes for improving 
the surface properties and performance of polyethersulfone (PES) mem-
brane." Desalination. 286, pp. 99-107. 2012.

 DOI: 10.1016/j.desal.2011.10.039
[23] Wang, H., Yu, T., Zhao, C., Du, Q. "Improvement of hydrophilicity and 

blood compatibility on polyethersulfone membrane by adding polyvi-
nylpyrrolidone." Fibers and Polymers. 10(1), pp. 1-5. 2009.

 DOI: 10.1007/s12221-009-0001-4
[24] Baker, R. W. "Membrane Technology and Application." John Wiley & 

Sons, 2004. DOI: 10.1002/0470020393
[25] Rahimpour, A., Madaeni, S. S. "Improvement of performance and sur-

face properties of nano-porous polyethersulfone (PES) membrane using 
hydrophilic monomers as additives in the casting solution." Journal of 
Membrane Science. 360(1), pp. 371-379. 2010.

 DOI: 10.1016/j.memsci.2010.05.036
[26] Pendergast, M. M., Hoek, E. M. "A review of water treatment membrane 

nanotechnologies." Energy & Environmental Science. 4(6), pp. 1946-
1971. 2011. DOI: 10.1039/c0ee00541j

[27] Van der Bruggen, B. "Chemical modification of polyethersulfone nano-
filtration membranes: a review." Journal of Applied Polymer Science. 
114(1), pp. 630-642. 2009. DOI: 10.1002/app.30578

[28] Lau, W. J., Ismail, A. F., Misdan, N., Kassim, M. A. "A recent progress 
in thin film composite membrane: a review." Desalination. 287, pp. 190-
199. 2012. DOI: 10.1016/j.desal.2011.04.004

[29] King, S., Escobar, I., Xu, X. "Ion beam irradiation modifications of a 
commercial polyether sulfone water-treatment membrane." Environmen-
tal chemistry. 1(1), pp. 55-59. 2004. DOI: 10.1071/EN04003

[30] Idris, A., Zain, N. M., Noordin, M. Y. "Synthesis, characterization and 
performance of asymmetric polyethersulfone (PES) ultrafiltration mem-
branes with polyethylene glycol of different molecular weights as addi-
tives." Desalination. 207(1), pp. 324-339. 2007.

 DOI: 10.1016/j.desal.2006.08.008
[31] Rahimpour, A., Madaeni, S. S. "Polyethersulfone (PES)/cellulose acetate 

phthalate (CAP) blend ultrafiltration membranes: preparation, morphol-
ogy, performance and antifouling properties." Journal of Membrane Sci-
ence. 305(1), pp. 299-312. 2007. DOI: 10.1016/j.memsci.2007.08.030

[32] Rahimpour, A., Madaeni, S. S., Mehdipour-Ataei, S. "Synthesis of a nov-
el poly (amide-imide)(PAI) and preparation and characterization of PAI 
blended polyethersulfone (PES) membranes." Journal of Membrane Sci-
ence. 311(1), pp. 349-359. 2008. DOI: 10.1016/j.memsci.2007.12.038

[33] Wei, Q., Li, J., Qian, B., Fang, B., Zhao, C. "Preparation, characteriza-
tion and application of functional polyethersulfone membranes blended 
with poly (acrylic acid) gels." Journal of Membrane Science. 337(1), pp. 
266-273. 2009. DOI: 10.1016/j.memsci.2009.03.055

[34] Lafreniere, L. Y., Talbot, F. D., Matsuura, T., Sourirajan, S. "Effect of 
poly (vinylpyrrolidone) additive on the performance of poly (ether sul-
fone) ultrafiltration membranes." Industrial & Engineering Chemistry 
Research. 26(11), pp. 2385-2389. 1987. DOI: 10.1021/ie00071a035

[35] Ismail, A. F., Hassan, A. R. "Effect of additive contents on the perfor-
mances and structural properties of asymmetric polyethersulfone (PES) 
nanofiltration membranes." Separation and Purification Technology. 
55(1), pp. 98-109. 2007. DOI: 10.1016/j.seppur.2006.11.002

[36] Basri, H., Ismail, A. F., Aziz, M., Nagai, K., Matsuura, T., Abdullah, M. 
S., Ng, B. C. "Silver-filled polyethersulfone membranes for antibacterial 
applications – Effect of PVP and TAP addition on silver dispersion." De-
salination. 261(3), pp. 264-271. 2010. DOI: 10.1016/j.desal.2010.05.009

[37] Huang, J., Arthanareeswaran, G., Zhang, K. "Effect of silver loaded so-
dium zirconium phosphate (nanoAgZ) nanoparticles incorporation on 
PES membrane performance." Desalination. 285, pp. 100-107. 2012.

 DOI: 10.1016/j.desal.2011.09.040
[38] Krishnamoorthy, R., Sagadevan, V. "Polyethylene glycol and iron ox-

ide nanoparticles blended polyethersulfone ultrafiltration membrane for 
enhanced performance in dye removal studies." e-Polymers. 15(3), pp. 
151-159. 2015. DOI: 10.1515/epoly-2014-0214

[39] Ahmad, A. L., Abdulkarim, A. A., Ooi, B. S., Ismail, S. "Recent develop-
ment in additives modifications of polyethersulfone membrane for flux 
enhancement." Chemical Engineering Journal. 223, pp. 246-267. 2013. 
DOI: 10.1016/j.cej.2013.02.130

[40] Al Malek, S. A., Seman, M. A., Johnson, D., Hilal, N. "Formation and 
characterization of polyethersulfone membranes using different concen-
trations of polyvinylpyrrolidone." Desalination. 288, pp. 31-39. 2012. 
DOI: 10.1016/j.desal.2011.12.006

[41] Yang, S., Liu, Z. "Preparation and characterization of polyacrylonitrile 
ultrafiltration membranes." Journal of membrane science. 222(1), pp. 
87-98. 2003. DOI: 10.1016/S0376-7388(03)00220-5

[42] Chen, X. N., Wan, L. S., Wu, Q. Y., Zhi, S. H., Xu, Z. K. "Mineralized 
polyacrylonitrile-based ultrafiltration membranes with improved water 
flux and rejection towards dye." Journal of Membrane Science. 441, pp. 
112-119. 2013. DOI: 10.1016/j.memsci.2013.02.054

[43] Zhi, S. H., Wan, L. S., Xu, Z. K. "Poly (vinylidene fluoride)/poly (acrylic 
acid)/calcium carbonate composite membranes via mineralization." 
Journal of Membrane Science. 454, pp. 144-154. 2014.

 DOI: 10.1016/j.memsci.2013.12.011
[44] Hou, D., Dai, G., Fan, H., Wang, J., Zhao, C., Huang, H. "Effects of 

calcium carbonate nano-particles on the properties of PVDF/nonwoven 
fabric flat-sheet composite membranes for direct contact membrane dis-
tillation." Desalination. 347, pp. 25-33. 2014.

 DOI: 10.1016/j.desal.2014.05.028
[45] Buch, P. R., Mohan, D. J., Reddy, A. V. R. "Preparation, characterization 

and chlorine stability of aromatic–cycloaliphatic polyamide thin film 
composite membranes." Journal of Membrane Science. 309(1), pp. 36-
44. 2008. DOI: 10.1016/j.memsci.2007.10.004

[46] Irfan, M., Idris, A., Yusof, N. M., Khairuddin, N. F. M., Akhmal, H. 
"Surface modification and performance enhancement of nano-hybrid f-
MWCNT/PVP90/PES hemodialysis membranes." Journal of Membrane 
Science. 467, pp. 73-84. 2014. DOI: 10.1016/j.memsci.2014.05.001

[47] Hamid, N. A. A., Ismail, A. F., Matsuura, T., Zularisam, A. W., Lau, W. 
J., Yuliwati, E., Abdullah, M. S. "Morphological and separation perfor-
mance study of polysulfone/titanium dioxide (PSF/TiO2) ultrafiltration 
membranes for humic acid removal." Desalination. 273(1), pp. 85-92. 
2011. DOI: 10.1016/j.desal.2010.12.052

http://dx.doi.org/10.1016/j.memsci.2011.08.066
http://dx.doi.org/10.1016/j.desal.2008.12.066
http://dx.doi.org/10.1016/j.desal.2007.12.058
http://dx.doi.org/10.1016/j.desal.2011.10.039
http://dx.doi.org/10.1007/s12221-009-0001-4
http://dx.doi.org/10.1002/0470020393
http://dx.doi.org/10.1016/j.memsci.2010.05.036
http://dx.doi.org/10.1039/c0ee00541j
http://dx.doi.org/10.1002/app.30578
http://dx.doi.org/10.1016/j.desal.2011.04.004
http://dx.doi.org/10.1071/EN04003
http://dx.doi.org/10.1016/j.desal.2006.08.008
http://dx.doi.org/10.1016/j.memsci.2007.08.030
http://dx.doi.org/10.1016/j.memsci.2007.12.038
http://dx.doi.org/10.1016/j.memsci.2009.03.055
http://dx.doi.org/10.1021/ie00071a035
http://dx.doi.org/10.1016/j.seppur.2006.11.002
http://dx.doi.org/10.1016/j.desal.2010.05.009
http://dx.doi.org/10.1016/j.desal.2011.09.040
http://dx.doi.org/10.1515/epoly-2014-0214
http://dx.doi.org/10.1016/j.cej.2013.02.130
http://dx.doi.org/10.1016/j.desal.2011.12.006
http://dx.doi.org/10.1016/S0376-7388%2803%2900220-5
http://dx.doi.org/10.1016/j.memsci.2013.02.054
http://dx.doi.org/10.1016/j.memsci.2013.12.011
http://dx.doi.org/10.1016/j.desal.2014.05.028
http://dx.doi.org/10.1016/j.memsci.2007.10.004
http://dx.doi.org/10.1016/j.memsci.2014.05.001
http://dx.doi.org/10.1016/j.desal.2010.12.052


191Performance of PES / CaCl2 Membranes 2016 60 3

[48] Rahimpour, A., Madaeni, S. S., Mansourpanah, Y. "Nano-porous poly-
ethersulfone (PES) membranes modified by acrylic acid (AA) and 2-hy-
droxyethylmethacrylate (HEMA) as additives in the gelation media." 
Journal of Membrane Science. 364(1), pp. 380-388. 2010.

 DOI: 10.1016/j.memsci.2010.08.046
[49] Razmjou, A., Mansouri, J., Chen, V. "The effects of mechanical and 

chemical modification of TiO2 nanoparticles on the surface chemistry, 
structure and fouling performance of PES ultrafiltration membranes." 
Journal of Membrane Science. 378(1), pp. 73-84. 2011.

 DOI: 10.1016/j.memsci.2010.10.019
[50] Idris, A., Ahmed, I., Limin, M. A. "Influence of lithium chloride, lithium 

bromide and lithium fluoride additives on performance of polyethersul-
fone membranes and its application in the treatment of palm oil mill 
effluent." Desalination. 250(2), pp. 805-809. 2010. 

 DOI: 10.1016/j.desal.2008.11.046
[51] Basri, H., Ismail, A. F., Aziz, M. "Polyethersulfone (PES)–silver com-

posite UF membrane: effect of silver loading and PVP molecular weight 
on membrane morphology and antibacterial activity." Desalination. 
273(1), pp. 72-80. 2011. DOI: 10.1016/j.desal.2010.11.010

http://dx.doi.org/10.1016/j.memsci.2010.08.046
http://dx.doi.org/10.1016/j.memsci.2010.10.019
http://dx.doi.org/10.1016/j.desal.2008.11.046
http://dx.doi.org/10.1016/j.desal.2010.11.010

	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Membrane preparation
	2.3 Membrane characterization
	2.4 Pure water permeation and dye rejection
	2.5 Fouling Analysis

	3 Results and Discussion
	3.1 Effect of CaCl2 on membrane morphology
	3.2 Effect of CaCl2 on hydrophilicity, water uptake and mechanical stability
	3.3 Effect of CaCl2 on porosity and average pore size of the membrane
	3.4 Effect of CaCl2 on pure water permeability and dye rejection
	3.5 Fouling analysis of the pure and modified PES membranes

	4 Conclusions
	Acknowledgement
	References

