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Recently nanofiltration (NF) is gaining more importance for water treatment. It is replacing the conventional
method of water treatment due to advantages of NF membranes over RO system. In this work, we are discuss-
ing the preparation of NF membrane for desalination of sea water. We herein report the synthesis of polymer,
by the reaction of p-amino benzoic acid (PABA) and poly isobutylene-alt-maleic anhydride (PIAM) and its
blend membrane preparation with polysulfone (PSf). The new membranes were characterized by SEM im-
ages, surface wettability to investigate the hydrophilic nature of the membrane, water swelling, pure water
flux, molecular weight cut-off and salt rejection of the membranes. The membranes showed nano size
(b50 nm) pores in SEM image, and the contact angle data revealed that membrane surface is moderately hy-
drophilic. Membrane with 70:30 (PSf:modified PIAM) composition has shown good salt rejection of 96% at
200 kPa for 3500 ppm of NaCl solution with a pure water flux of 38.36 Lm−2 h−1.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Pure, safe, reliable and sustainable supply of fresh water is integral
for existence of human society and vital for agriculture, industry, en-
ergy production, and domestic usage. In fourth century BC, people
used to obtain fresh water from sea water by the process of evapora-
tion [1]. As the time proceeded, scientific community exploited the
potency of cellulose acetate membrane to reject NaCl from aqueous
solution [2]. Nowadays researchers are utilizing polysulfone, modified
polysulfone, polyethersulfone, aromatic polyamides and their com-
posites with other surface modifiers for the preparation of filtration
membranes [3–7].

The major drawback of the membrane industry is biofouling of the
membrane. Fouling is themajor issuewhich threatensmost of the pres-
sure driven membrane technique. In order to overcome this biofouling
problem, one has to use chlorinated feed water. However most of the
commercially available membranes are polyamide based membranes.
If the feed water is chlorinated, then the chlorine will attack the nitro-
gen–hydrogen bonds which hold the polyamide polymers tougher.
This will damage the membrane by creating holes and eventually the
rejection efficiency decreases [1,8].

Because of these hurdles, search for more efficientmembranemate-
rials with appreciable salt rejection, better water flux and antifouling
property is on themove and the quest for best NFmembrane continues.
So, polysulfone which doesn't have such nitrogen–hydrogen bonds is
rights reserved.
the best choice for the preparation of chlorine resistant membranes.
In order to have better flux, membrane should be hydrophilic in nature,
so that it can take upwater and transport it across themembrane. To in-
crease the hydrophilicity of themembrane, researchers use manymod-
ifications such as functionalizing the polymer back bone [5,7,9], using
different blend materials such as anhydride containing groups [10].

PIAM (poly isobutylene alt maleic anhydride) was being used as
one of the components for the preparation of NF membranes. In our
previous work [10], we have presented the utility of hydrolyzed
PIAM as blend material for NF membrane preparation. Our present
paper describes the usage of modified PIAM as hydrophilic surface
modifier with PSf for the preparation of NF membrane. In this work,
we have utilized the anhydride back bone of PIAM to construct pen-
dent ion exchange groups by treating it with PABA (p-amino benzoic
acid). The insertion of amino group of PABA into the anhydride back
bone, allows free carboxylic acid group for the exchange of ions and
also it increases the hydrophilicity of the membrane, which is very es-
sential in NF membranes.

2. Experimental

2.1. Materials and method

Polysulfone (PSf) with Mw 35,000 Da and PIAM with Mw 6000 Da
were obtained from Sigma-Aldrich Co, Germany. 1-Methyl-2-pyrroli-
done (NMP) and dimethylsulfoxide (DMSO) solvents were procured
fromMerck India, Ltd. These materials were used without any further
purification. PABA was obtained from Spectrochem India and was
used after purification by recrystallizing it with water. To prepare
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Fig. 1. Synthetic route for mPIAM.
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modified PIAM (mPIAM), the ring oxygen of anhydride group was
replaced by nitrogen, by treating with amine under acidic condition
[11–13] (Fig. 1). 1 g of PIAM was dissolved in 10 mL of DMSO solvent
and 1 g of PABA was added to it with catalytic amount of sulfuric acid.
Further this mixture was heated at 100 °C for 10 h. Progress of reac-
tion was monitored by thin layer chromatography (TLC). After com-
pletion of the reaction, reaction mixture was poured into ice cold
water and then the precipitated product was filtered and dried in hot
air oven.
2.2. Characterization of modified polymer

Themodified PIAM (mPIAM)was analyzed by FTIR and gel perme-
ation chromatography (GPC) for the confirmation of modification and
to find out the molecular weight of the new polymer. The FTIR was
recorded using Thermo NICOLET AVATAR 330 FTIR system. In FTIR
as shown in Fig. 2, it bears a broad \OH stretching at 3420 cm−1

and carboxylic carbonyl stretching at 1709 cm−1. In stacked spectra
Fig. 2. Stacked FTIR spectru
of PIAM and mPIAM, we can clearly observe that, the intensity of car-
bonyl peaks in mPIAM less as compared to PIAM. This confirms the
insertion reaction for modification of PIAM.

The modified polymer was also tested for molecular weight using
GPC. The GPC was recorded using poly styrene as standard and tetra-
hydrofuran as eluent. The weight average molecular weight Mw of the
polymer was found to be 2200 Da, the number average molecular
weight was 950 Da and polydispersity of 2.3 was observed. From
these data, it can be concluded that during reaction, polymer chain
might have broken and formed smaller molecule than that of the ini-
tial polymer.

2.3. Preparation of membranes

Using PSf and mPIAM the membranes of different composition
(70:30, 80:20, 90:10) were prepared by phase inversion technique
[14–17]. The required amount of PSf and mPIAM were dissolved in
NMP. The solution was stirred for 24 h, after which the casting solu-
tion was casted over the glass plate using glass rod. The glass plate
was dipped into a non-solvent (water) bath, and this allowed the
membrane to separate from glass plate. Once the membrane was sep-
arated, it was washed with distilled water to remove any solvent oc-
cluded on the surface of the membrane. The clean membranes were
soaked in distilled water for 24 h. The membranes were taken out of
the water and dried at room temperature in a dust free area. Further
these membranes were taken up for characterization.

2.4. Filtration performance

Filtration experiments were performed using dead end filtration
cell (Fig. 3). The effective membrane area available for the filtration
was 5 cm2. All the experiments were carried out at room temperature
with constant stirring. Before taking membranes for testing all dry
membranes were soaked in distilled water for at least 24 h.
m of PIAM and mPIAM.
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Fig. 3. Schematic diagram of permeation testing cell.
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2.5. Membrane characterization

2.5.1. Pure water flux (PWF)
All the membranes were checked for pure water flux at different

pressures [18]. Pure water flux was calculated using following formula,

Jw¼ Q
ΔtA

where, Jw is pure water flux (L/m2 h), and Q is amount of water collect-
ed for Δt (h) time duration using a membrane of area A (m2).

2.5.2. Morphology of the membrane
The membranes were cut into small pieces and mounted onto a

sample holder. Then the membrane surface was sputtered with thin
film of gold using JEOL-1600 AUTO FINE COATER in order to give
the electric conductivity to the membrane surface. The surface and
cross sectional SEM images were taken using JEOL-6380LA Analytical
SEM instrument. Scanning was performed with the potential of 20 kV
in order to get the magnification of 50,000×.

2.5.3. Wettability of the membrane
The wettability of the membrane was studied by measuring the

contact angle of the membrane with water using FT-200 Dynamic
contact angle analyzer [19,20]. The clean and flat membrane samples
were placed on the sample bench and a drop of water was carefully
deposited on to the membrane surface and left for 25 s to achieve
equilibrium spread of the drop. Then the contact angle was measured.
Fig. 4. Variation of PWF with pressure.
The same procedure was repeated for 4 times for each sample and the
average value was reported.

2.5.4. Water uptake of the membrane
The water uptake of the membrane is direct indicative of hydro-

philicity of the membrane. In order to understand the water uptake
property of the membrane, the dry membranes were cut into small
pieces of about 1 cm2 sizes and weight was noted. Then these pieces
were immersed in water for 24 h. After 24 h membranes were taken
out of the water, and the surface water was removed using blotting
paper. Then the wet weight was noted. The percent water uptake was
calculated using the formula,

%water uptake ¼ Ww−Wd

Wd
� 100

where,Ww andWd are theweight (g) of dry andwetmembranes respec-
tively. For each membrane five samples were tested and the average
result was reported.

2.5.5. Molecular weight cut-off
The molecular weight cut-off of the membranes was found using

polyethylene glycol (PEG) of differentmolecularweights. PEGwithmo-
lecular weight 900 Da, 1000 Da, and 2000 Da were used for the study.
The rejection experiment was carried out similar to that of water flux
study. PEG of several molecular weights (900–2000 Da) at 50 ppm
wasfiltered in a dead end cell and permeate concentrationwas estimat-
ed using spectrophotometer [21]. Throughout the experiment a con-
stant pressure of 200 kPa was maintained. In brief, 4 mL of permeate
sample solution was added to 1 mL of reagent A (5 % (w/v) BaCl2 in
1N HCl) and reagent B (1.27g I2 in 100 mL 2% KI (w/v) solution). This
mixture was allowed to develop the color (light blue color) for 15 min
at room temperature and absorptionwasmeasured using a spectropho-
tometer (Equip-Tronics Digital spectrophotometer Model No-EQ-820)
at 535 nm against a blank reagent.

2.6. Salt rejection

The salt rejection performances of all membranes were checked
using dead end flow stirred cell. 3500 ppm NaCl solution was used
as the feed. All the membranes were checked against above said
feed solution at different pressures (200 kPa, 400 kPa, 600 kPa and
800 kPa). The feed solution was filled into a dead end flow cell and
pressurized as required using a nitrogen cylinder. Then permeate
was collected for a known interval of time and the concentration of
the solution was found out by conductivity measurement. Then the
salt rejection was calculated using the formula,

% salt rejection ¼ 1−
Cp

Cf

 !
� 100
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where, Cp and Cf are the concentrations (mM) of permeate and feed
solutions, respectively.

The salt rejection study was conducted in triplicates for each
membrane and the mean deviation of the result was taken, the vari-
ations between three results were negligible so the average result
was reported.
2.7. Flux reduction

All pressure drivenmembrane process are bound to problem of flux
reduction with time. In order to check the performance of prepared
membranes, all the membranes were checked for flux reduction with
time. Aftermeasuring the pure water flux, flux for 3500 ppmNaCl solu-
tion was measured (Jo), then NaCl flux at different time intervals (Jt)
was measured. Further flux reduction was calculated using following
formula [22].

FR %ð Þ ¼ Jo � Jt
Jo

� 100
Fig. 5. Surface (A, B and C) and cross section
3. Result and discussion

3.1. Pure water flux (PWF)

The pure water flux is an important characteristic of a nanofiltra-
tion membrane. The PWF is shown in Fig. 4. In this result it is clear
that the membrane with 30% of mPIAM is having more PWF value
than others. It is attributed to the fact that as the percentage of
mPIAM increases, the hydrophilic nature of the membrane also in-
creases due to the presence of more \COOH groups. This is also in
agreement with the contact angle measurement. Hence membrane
with 70:30 composition of PSf and mPIAM showing maximum of
38.36 Lm−2 h−1 under a transmembranepressure of 800 kPa,whereas,
other twomembranes showing 16.5 Lm−2 h−1 and 11.5 Lm−2 h−1 re-
spectively and also pure water flux increases with increase in applied
pressure which can be observed in Fig. 4. Further to investigate the ef-
fect of mPIAM concentration on hydrophilicity and water flux, the
mPIAM content was increased to 40%. The casting solution became tur-
bid and the samewas not homogeneousmixture, due to this reason the
preparedmembranewill lose themechanical stability. Sowe concluded
that 30% of mPIAM is the optimum composition.
(D, E and F) SEM images of membranes.

image of Fig.�5


Fig. 7. MWCO of the membranes.
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3.2. Morphology of the membrane

The membrane morphology was studied using SEM images obtained
as described in Section 2.5.2. When we look at the surface images, it can
be clearly observed that the membrane is having morphology with
asymmetric pores and the pores are of nano size and the size is varying
from 50 nm and below. The surface image of the membrane in Fig. 5
(A, B and C) shows uniform distribution of nano pores. The cross section-
al image shows in Fig. 5 (D, E and F) that the membranes are having fin-
ger like projections with micro voids in them which will facilitate the
flow of water through the membrane. As all the three membranes
showed similar morphology with uniform distribution of the pores, the
water permeability and selectivity are very much dependent on the per-
cent composition of the mPIAM rather than on the pore distribution and
morphology of the membranes. It has been observed that the water flux
and salt rejection for the membrane with 30% mPIAM is comparatively
more than that of other two membranes.

3.3. Wettability and water uptake of the membrane

In order to understand the surface hydrophilicity of the membranes,
contact anglemeasurementwas performed asdescribed in Section 2.5.3.
The observed contact angle results are presented in Fig. 6. From the con-
tact angle measurement, it can be concluded that, as the percentage
composition of mPIAM increases from 10 to 30, the contact decreases
from 89.4 to 60.96 which clearly indicates that, increase in the mPIAM
content increases the hydrophilic group in the composition, thereby, in-
creases the surface hydrophilicity. The water uptake behavior of the
membranes is presented in Fig. 6. It can be concluded that, highest
water uptake observed was 79% and the minimum of 53.7%. Membrane
with highest percentage of mPIAM showed maximum water uptake.
This provides an evidence for the fact that the increase in carboxylic
group in the membrane component increases the hydrophilic nature
of the membrane. The obtained results followed same trend as reported
byM. Padaki et al. [10] in which, it increased in PIAM concentration, the
contact angle decreased and water uptake was increased.

3.4. Molecular weight cut-off

Molecular weight cut-off of a membrane gives an idea about the
membrane pore size. Fig. 7 demonstrated the MWCO of the mem-
branes wherein it can be observed that, all the membranes showed
above 90% rejection to 1000 Da PEG solution and near 100% rejection
for 2000 Da PEG solution. It was observed from these results that, all
three membranes are showing almost same MWCO. So we can con-
clude that the membrane pores are of nano size [23]. This is also
clear from the SEM images which manifest the presence of pores of
less than 50 nm in size. As the pore distribution and MWCO of the
membranes are similar so the permeability of the membrane is main-
ly dependent on the content of mPIAM.
Fig. 6. Variation of contact angle and water uptake of the membranes with mPIAM
percentage.
3.5. Salt rejection and flux decline study

Salt rejection was calculated as mentioned in Section 2.6. Fig. 8
shows the salt rejection behavior of all membranes. Here it can be ob-
served that, salt rejection increases with mPIAM percentage in the
membrane composition. The salt rejection for membrane (70:30-
PSf:mPIAM) is 96.6% at a transmembrane pressure of 200 kPa. The re-
jections for other twomembranes are 96.18 and 94.91 respectively. In
nanofiltration membrane the rejection is achieved by twomeans, first
by size exclusion and secondly by electrostatic repulsion. The size ex-
clusion factor dominates for the rejection of uncharged solutes
whereas the electrostatic repulsion is the deciding factor when it
comes to charged solutes. Here for NaCl rejection one has to consider
the electrostatic repulsion as major factor. The result shows rejection
increases with mPIAM percentage. It directly indicates that, increase
of \COOH group in membrane composition, will make it more and
more negatively charged. As a result, the chloride ions will get re-
pelled by the membrane surface. In order to maintain the electrical
neutrality sodium ions are also gets rejected [24–26]. Also it has
been observed that for (70:30-PSf: mPIAM) membrane the rejection
trend almost remains same throughout the pressure gradient. For
other two membranes the rejection decreases to 60% at 600 kPa and
Fig. 8. Salt rejection of the membranes.
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Fig. 9. Flux reduction with time for NaCl solution.
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remains same thereafter. The NaCl rejection of these novel mem-
braneswas found to bemore than or almost equal to that of the commer-
cially available polyamidemembranes as investigated by S. Bandini et al.
and M. Sua et al. [27,28]. Also membranes were examined for flux de-
cline by measuring the flux at various time intervals using same NaCl
solution as described in Section 2.7. It has been observed from Fig. 9
that, the flux was decreased up to 9 h and then remains constant. In
10 h almost 29%, 30% and 27% flux decline was observed for membrane
with 70:30, 80:20 and 90:10 (PSf:mPIAM) membranes respectively.
4. Conclusion

Newmodified poly isobutylene-alt-maleic anhydridewas successive-
ly synthesized by the reaction between PIAM and PABA. PSf and mPIAM
blend membranes were prepared by phase inversion method and stud-
ied for their performance for hydrophilicity,waterflux andNaCl rejection
at various pressures. It was observed that, membrane with highest
mPIAM composition had shown maximum hydrophilicity, pure water
flux and salt rejection. The maximum salt rejection of 96.6% and water
flux of 38.36 Lm−2 h−1 were witnessed for (70:30) membrane. These
results were explained by the hydrophilic nature of mPIAM and also by
the fact that it imparts negative charge to the membrane surface. The
NaCl rejection was explained on the basis of charge exclusion.
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