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ABSTRACT

In this study, ultrafiltration (UF) membranes were prepared in outside skin tubular config-
uration using polysulfone and sulfonated polysulfone polymers in order to study the effect
of chemical nature of membrane surface on separation performance as well as surface foul-
ing. Separation of polysaccharide and protein with its fouling tendency, removal efficiency of
turbidity from seawater with flux recovery after fouling were evaluated. Tubular configuration
was chosen, as the membrane surface is most exposed for cleaning after fouling than any
other configurations. Bovine serum albumin (BSA) and sodium salt of alginic acid were used
as model protein and polysaccharide, respectively, to probe the rejection behavior of these
tubular membranes. Sulfonated polymeric membranes were compared with pure polymer
membranes for resistance to fouling by the model protein and polysaccharide solutions. Pure
water flux recovery on water flushing for polysaccharide fouled membrane was comparatively
more (6—8%) than protein fouled membrane, particularly in case of polysulfone membrane. In
general, the pure water flux recovery after fouling, i.e., reversibility of fouling was more (up to
10%) for sulfonated polysulfone membranes than that of pure polysulfone membranes. Finally,
these membranes in tubular configurations were used for removal of turbidity from seawater
as periodic washing by flow reversal recovers flux after fouling.
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1. Introduction

Ultrafiltration (UF)/microfiltration (MF) membranes
are used for removal of colloidal and particulate matters
and hence it is widely used in applications like seawater
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reverse osmosis pretreatment and separations in the
food, dairy, paper, textile, chemical industries [1]. In sea-
water reverse osmosis pretreatment, UF membranes are
used to remove colloidal and particulate matters com-
posed of proteins, polysaccharides, suspended silica,
clay materials, etc. [2]. However, membrane fouling is
one of the biggest challenges faced in UF membrane
operations till date. UF elements could not operate at
high flux rates without severe fouling of membrane sur-
faces and plugging of feed channels [3]. Extent of surface
fouling depends mainly on membranes morphology, its
chemical nature, membrane assembling configuration
and operating conditions [4].
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Synthetic membranes are prepared mainly in flat
sheet and cylindrical geometries [5]. Flat sheet mem-
branes are used in disc, spirally wound, plate and frame
modules whereas cylindrical geometry utilized in tubu-
lar, capillary and hollow fiber modules. The choice of
the module is generally determined by the type of appli-
cation and economic considerations. Despite being the
most expensive configuration (as not compact, more cost
per unit membrane area), the tubular module is well
suited for applications with a high fouling tendency [6].
The particle plugging is much less in tubular due to
higher Reynolds numbers and turbulent flow. For same
velocity, more turbulent flow will be encountered in
tubular system which minimizes particle plugging and
hence preferred for its good process control and ease
of membrane cleaning. In tubular modules, the mem-
brane elements design configuration is both ‘outside-in’
and ‘inside-out” with respect to the feed—permeate flow
direction. Outside-in flow is considered as it provides
a greater filtering surface and thus for a given mass of
particles deposited, the cake layer formed is thinner that
introduces a lower additional resistance [7]. So the pres-
sure rise in the module is slower. Outside-in operation
also offers the advantage of facilitating backwashing and
as the purified water flows through the capillary bore,
capillary diameter can be reduced to any appropriate
value without posing the threat of capillary blockage
by the feed water. Tubular configuration is chosen in
our study as the membrane surface is most exposed for
cleaning after fouling than any other configurations.

Membrane surface hydrophilicity /hydrophobicity, i.e.,
chemical nature of the membrane surface is an important
factor which influences membrane fouling. In general,
membrane fouling is expected to be more with hydropho-
bic than hydrophilic surfaces [8-10]. However, in a recent
study, it is shown that membrane hydrophilicity does not
appear to be advantageous from the fouling propensity
except from the perspective of cake resistance reversibil-
ity, which is significantly higher than hydrophobic mem-
branes. Actually pore plugging is more serious for the
hydrophobic membrane but polysaccharide and protein
removal ismuchhigherby the hydrophobic membrane [11].
From the studies of membrane fouling in terms of surface
energy changes involved, it is shown that most hydropho-
bic polyvinylidene fluoride membrane shows the lowest
fouling tendency out of cellulosics, polysulfone, and poly-
vinylidene fluoride polymeric membranes [12]. So, hydro-
phobic polysulfone (PSf) and relatively more hydrophilic
sulfonated polysulfone (SPSf) are chosen as membrane
materials in order to study the effect of chemical nature
of membrane surface on separation performance as well
as surface fouling. Polysulfone and modified polysulfone
based UF membranes are commonly used for protein
separation [13,14].

Polysaccharides, proteins, humic and fulvic acid
or their derivatives and different classes of biopoly-
mers are contributed to natural organic matter (NOM)
commonly present in natural water sources including
seawater. It is reported in a study that biopolymers
are the major cause of UF fouling [15] in NOM sepa-
ration. In another study, on fractionation of NOM in
surface water by ultrafiltration membranes, it is shown
that the fouling rates are in the order—hydrophilic
NOM > transphilic NOM > hydrophobic NOM and
polysaccharides (Mol. Wt. >20,000) is identified as
being the main cause of UF fouling [16]. Among oth-
ers, non-humic components of NOM (proteins and
saccharides) [17] are some of the potential membrane
foulants in water treatment by membranes. So, sodium
salt of alginic acid and bovine serum albumin (BSA)
were used as model polysaccharide and protein,
respectively, in the present study as foulants. Finally,
fouling of membranes on filtration of actual seawater
was studied.

So, the goal of the study was to elucidate the extent
of fouling occurs when protein, polysaccharide and sea-
water (contains different class of polysaccharides, pro-
teins, and different classes of biopolymers) were filtered
through UF membranes for outside skin tubular config-
uration and flux recovery thereafter on water flushing.
We evaluated the separation performance of UF mem-
branes prepared in outside skin tubular configuration
over porous polypropylene tubes using polysulfone
(PSf) and sulfonated polysulfone (SPSf) polymers using
polyvinyl pyrrolidone (PVP) as pore-forming agent. The
membranes were characterized in terms of pure water
flux and separation of sodium salt of alginic acid and
BSA. The pure water flux recovery after protein, poly-
saccharide fouling was evaluated for PSf and SPSf UF
membranes. These membranes were also tested for tur-
bidity removal from seawater and thereafter periodic
flux recovery on deionized (DI) water flushing.

2. Experimental
2.1. Preparation of tubular membranes

Polysulfone (PSf) polymer (molecular weight, Mw —
90 kDa) in bead form was obtained from M/s. Solvay
Specialities India Pvt. Ltd. N-methyl-2-pyrrolidone
(NMP) of analytical grade and PVP (molecular weight —
40 kDa) were received from Sisco Research Lab. Pvt. Ltd.,
India and used as such without further purification. BSA
(molecular weight — 69 kDa) was purchased from Hime-
dia Laboratories Pvt. Ltd., India. Alginic acid sodium salt
from brown algae (Sigma—Aldrich, India) (with reported
viscosity ~250 cP for 2% solution in water at 25°C) in
powder form was employed in all the experiments.
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Stock solutions for BSA and alginic acid sodium salt
(2 g/1) were prepared by dissolving the foulant in deion-
ized (DI) water under vigorous stirring for 6-8 h.

Sulfonated polysulfone (SPSf) synthesis from poly-
sulfone and determination of ion exchange capac-
ity (IEC) were carried out according to the procedure
described by Manea and Mulder [18]. By adjusting
the polysulfone to chlorosulfonic acid ratio, SPSf with
0.58 meqv./g IEC was prepared.

In a airtight glass bottle, 20 g of polymer (PSf and
SPSf independently) and 10 g of PVP were taken with
65 ml of NMP solvent and kept agitated for several
hours for complete dissolution to form casting solu-
tion. Central hole of the polypropylene tubes (internal
diameter of 20.0 mm, an outer diameter of 30 mm, and
a length of 50 cm, supplied by M/s. Sonadka, Mum-
bai, India) were blocked by putting rubber cork on both
the sides. Inside blocked polypropylene tubes were
dipped in the casting solution for predetermined time.
Then outside polymer coated tube was taken out from
the polymer casting solution, positioned vertically to
drain the excess casting solution till it stop dipping
freely and subsequently it was immersed in demin-
eralized water to induce phase inversion. It was kept
in water for 10 min and then tube supported polysul-
fone membrane was removed from the water bath. The
membrane was washed thoroughly with demineralized
water and stored in 0.5% sodium metabisulfite solution.
Before testing, the tubular membrane was assembled in
a pressure vessel.

2.2. Performance evaluation and fouling studies on
tubular membranes

Tubular UF membranes were assembled properly in
a pressure vessel (internal diameter of 66.0 mm). As soon
as feed entered inside the pressure vessel, it got pres-
surized and part of it pass through outside skin tubular
membrane to form permeate which was collected from
centre tube and unfiltered concentrated part passed in
the same direction to feed flow and collected as reject.
The performances of these membranes were evaluated
operating at recirculation mode, i.e., both permeate and
reject is taken back to the feed tank. The sequence of the
filtration experiments were as follows:

1. Pressurized a membrane coupon at 450 kPa (100 kPa
more than operating pressure was used for experi-
ment) using pure water till it gives constant pure
water flux.

2. Then pressure reduces to 350 kPa and continues to
check pure water flux till it shows constant value over
30 min time. At this point, reported pure water per-
meability of the tubular membranes was evaluated.

3. Model protein or polysaccharide or seawater was
changed as feed in place of pure water and perme-
ation experiment continued at 350 kPa. When the
product water flux remained constant over 45 min,
the reported solute rejection was determined.

Feed concentration was 1000 mg/l for both BSA
and sodium salt of alginic acid. The pH of the BSA
solution was 6.9-6.8. The separation of both BSA and
alginate concentrations were determined by measur-
ing total organic carbon (TOC) (Instrument—TOC
Analyser, Model No. TOC-1200 of M/s. Thermo Elec-
tron Corporation make and it works on combustion
method) of feed and permeate samples for both the
membranes. It was also cross checked by measuring
UV absorbance (Instrument—at 280 nm for BSA and
at 220 nm for alginic acid sodium salt followed by esti-
mation of concentrations from calibration graph) [19].
These membranes in tubular configurations were also
used for removal of turbidity from seawater. Turbidity
removal values were obtained by measuring the tur-
bidity of feed and permeate samples using standard
turbiditimeter.

For fouling experiments, DI water was first passed
through the membrane at 350 kPa pressure until the flux
remained constant over at least 30 min (it took 3—4 h
time). The end of the stabilization period was taken
as the zero time point in the filtration plots. Then the
model foulant solution was passed at constant flux for
both membranes. Fouling studies were carried out at
constant initial flux (50 Im~h™) for proper comparison
of fouling tendency on change in membrane material
with respect to change in nature of foulants. Accord-
ingly, applied feed pressures were 350 kPa and 324 kPa
for PSf and SPSf membranes, respectively. A sample of
permeate was collected after every 1 h of filtration. After
8-10 h of operation when the flux remained constant, DI
water was used as a feed to determine the reversibility
of fouling.

3. Results and discussion
3.1. Membrane performances

The pure water permeability along with the protein
and polysaccharide rejection data for both PSf and SPSf
tubular membranes are given in Fig. 1. The pure water
permeability of the SPSf tubular membrane is more
(12.5% in Im™h™) with marginally less protein (2.2%
less) and polysaccharide (3.1% less) rejection than that of
pure polysulfone tubular membrane. BSA with molecu-
lar weight of 69 kDa is rejected more than 90% by both
the membranes but the rejection of sodium salt of alginic
acid is in the range of 80%. The more water permeability
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Fig. 1. Performances of PSf and SPSf membranes in tubular
configuration.

in SPSf membranes could be due to the combined effects
of slightly bigger pore size (as evident from lower sol-
ute rejection) and more hydrophilic (contact angle of PSf
and SPSf membranes are 71.0 + 1° and 64.2 + 2°, respec-
tively) membrane surface than PSf membranes. Other
than the pore size, the rejection of both BSA and sodium
salt of alginic acid (both charged) could be enhanced for
SPSf membranes due to charged interactions.

3.2. Protein (BSA) fouling studies

The BSA fouling studies were carried out at initial
flux of 50 Imh™ (at zero time in the plot) for both PSf
and SPSf membranes using 1000 mg/1 solution of BSA.
Though average concentration of proteins in surface or
seawater are much less than 1000 mg/1, this concen-
tration was chosen to perform rapid fouling tests. The
constant initial flux was maintained by adjusting the
applied pressure. The plot of normalized flux (defined
as ratio of instant flux to pure water flux at the end of
the compaction, i.e., 50 Im~=h™) as a function of time of
operation is shown in Fig. 2. During the filtration of the
BSA solution, both the membranes showed flux decline
but the decline is more for PSf membranes. In a previ-
ous study also it is reported that with increasing level
of sulfonation and carboxylation in PSf membranes,
static BSA adsorption decreased, ultrafiltration flux
reduction decreased and cleanability increased [20]. The
flux decrease was about 40-45% within the first half an
hour of filtration. As the rejection of BSA was more than
90% for both the membranes, the flux decline could be
mainly due to the formation of an adsorption layer on
the membrane surface. As the BSA is charged species,

Pure water flush was performed after 8 h of operation
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Fig. 2. BSA flux decline and recovery for PSf and SPSf
membranes in tubular configuration.

the total protein adsorption in more hydrophilic SPSf
membrane surface could be less than the relatively more
hydrophobic pure PSf membrane. The SPSf membrane
recovered 70% of its initial flux but PSf membranes
recovered 63% of initial pure water flux after flushing
with pure water. So, membrane surface hydrophilic-
ity enhances fouling resistance in membrane at certain
extent. It is reported by Nabe et al. [21] that sheet poly-
sulfone membrane modified by direct sulfonation had
the lowest surface energy and exhibited the highest
volumetric flux with BSA solution (feed: 80 mg/1) when
tested in stirred dead-end ultrafiltration test cell. It was
also easy to clean and exhibited the higher initial flux
recovery. But as the testing condition of reported study
was different than the present study, the extent of foul-
ing and flux recovery is different.

3.3. Polysaccharide (sodium salt of alginic acid) fouling studies

The sodium salt of alginic acid fouling studies were
also carried out at initial flux of 50 Im~h™" for both PSf
and SPSf membranes using 1000 mg/1 solution of fou-
lant. Though average concentration of polysaccharides
in surface or seawater are much less than 1000 mg/1,
this concentration was chosen to perform rapid fouling
tests. The plot of normalized flux as a function of time
of operation is shown in Fig. 3. During the filtration of
the polysaccharide solution, both the membranes show
almost similar flux decline. But the overall flux decline
is less for polysaccharide solution than that for pro-
tein (BSA) solution. The flux decrease is the maximum
within the first half an hour of filtration. As the rejection
of sodium salt of alginic acid is around 80% for both the
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Fig. 3. Sodium salt of alginic acid flux decline and recovery
for PSf and SPSf membranes in tubular configuration.

membranes, the flux decline could be due to the forma-
tion of an adsorption layer on the membrane surface as
well as some pore plugging. But as the flux decrease in
polysaccharide filtration is less than the protein filtra-
tion, the adsorption layer is thinner than that formed by
proteins. Similar observation is reported for polyether-
sulfone (PES) membrane in which the surface coverage
by protein is found much greater than membrane surface
coverage by polysaccharides and hence fouling caused
by protein is also more severe [22]. The SPSf membrane
recovered ~74% of its initial flux but PSf membranes
recovered ~70% of initial pure water flux after flushing
with pure water. So, flux recovery after polysaccharide
fouling is slightly more than protein fouling and it is
more prominent in hydrophobic PSf membrane.

3.4. Turbidity removal from seawater and flux recovery
on water flushing

After testing the separation performance of model
protein and polysaccharide, experiments were carried
out for removal of turbidity from seawater (Source:
Trombay creek, Arabian Sea) with turbidity of around
60 in Nephelometric Turbidity Units (NTU) and total
dissolved solid (TDS) of 22,000 ppm. The membrane
performance is given in Table 1. It can be seen that
both the membranes remove more than 99% turbidity
from quite turbid seawater but flux is low. In seawater
treatment, as both colloidal and particulate matters get
deposited on membrane surface, it gives lower flux than
deposition only by colloidal matters like proteins and
polysaccharides solution.
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Table 1
Membrane performance on turbidity removal from seawater

Membrane Product permeability = Turbidity of the
(L m2h?) permeate
(NTU)
Psf 20.5 0.35
SPSf 23.8 043

Turbidity of the diluted seawater : 60 NTU.

Pure water flush was performed after 8 h of operation
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Fig. 4. Flux decline and recovery for PSf and SPSf mem-
branes on removal of turbidity from seawater in tubular
configuration.

The seawater fouling studies were carried out at
initial flux of 30 Im~h™ for both PSf and SPSf mem-
branes. The plot of normalized flux as a function of time
of operation is shown in Fig. 4. In this case, the revers-
ibility of fouling was determined for both in normal
flow direction (feed to reject side) and in flow reversal
(reject to feed side) using DI water as a feed. In case of
seawater also, both the membranes show almost simi-
lar flux decline like protein and polysaccharide cases.
But the overall flux decline is more than that for both
protein and polysaccharide solution. As the rejection
of materials caused turbidity in seawater is more than
99% with high flux decline for both the membranes, the
flux decline is mainly due to deposition of particulate
matter as well the formation of an adsorption layer. The
SPSf membrane recovered 60% of its initial flux but PSf
membranes recovered only 50% of initial pure water
flux after flushing with pure water in normal flow direc-
tion. However, SPSf membrane recovered 72% of its
initial flux and PSf membranes recovered 66% of initial
pure water flux after flushing with pure water in flow
reversal. So for seawater pretreatment applications, SPSf
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membrane has enhanced fouling resistance than pure
PSf membrane.

4. Conclusions

It is found that both protein and polysaccharides are
caused significant fouling in both PSf and SPSf mem-
branes. However, PSf membranes are more fouled than
SPSf membranes from both the foulants solutions. The
extent of fouling by protein is greater than by polysac-
charides in both the UF membranes. The pure water
flux recovery after fouling, i.e., reversibility of fouling
is more for SPSf UF membranes than that of pure PSf
membranes. These membranes in tubular configura-
tions can be used for removal of turbidity from seawater
though the flux is less. Periodic washing by flow rever-
sal is more effective to restore the productivity in tubu-
lar membrane for seawater pretreatment.
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