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bstract

This study investigates the effect of polyvinyl pyrrolidone (PVP) of different molecular weights on the structure and permeation properties of
olysulfone (PSf) membranes. The membranes were prepared by phase inversion method using PSf in two solvents, viz. N-methyl-2-pyrrolidone
NMP) and dimethyl acetamide (DMAc) separately. The surface morphology of the resulting membranes was analyzed by scanning electron
icroscope (SEM) and liquid displacement method. The membranes were subjected to ultrafiltration characterizations such as measurement of

ure water flux (PWF), compaction factor (CF), equilibrium water content (EWC), hydraulic resistance and bovine serum albumin (BSA) rejection.
esults show that the morphological parameters and flux performance of the membranes have a significant inter-relationship with the molecular
eight of PVP. The membrane pore number and pore area are seen to increase with molecular weight of PVP. However, at a constant pressure,
he PWF is found to decrease while BSA rejection increases significantly for the membranes prepared with both the solvents. For the membrane
omposition considered in this study, the solvent DMAc is found to be more suitable than NMP, in terms of BSA rejection, irrespective of the pH
f the BSA solution. The maximum rejection found in this study is 76% with PSf/DMAc membrane with PVP 360,000 (at pH 9.3).

2008 Elsevier B.V. All rights reserved.
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. Introduction

Now-a-days most of the asymmetric polymeric membranes
sed in membrane separation processes are prepared by phase
nversion process [1]. In this process, a homogeneous poly-
er solution is cast onto a suitable support as a thin film and

hen immersed into a coagulation bath containing a suitable
onsolvent. The polymer film solidifies to form a membrane
ith a symmetric or asymmetric structure through the exchange
etween the solvent inside the cast film and the nonsolvent out-
ide the cast film in the coagulation bath. In this process of
olidification, the film goes through complicated phase changes
hich include liquid–liquid phase separation, solid–liquid phase
eparation, or both, depending on polymer properties and
oagulation conditions [1–3]. The asymmetric membranes are
haracterized by the existence of a dense top layer and a porous
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ublayer. They have been widely used for gas and liquid sepa-
ation, because the thin top layer acts as a selective barrier film,
nd the porous sublayer which consists of macrovoids, pores
nd micropores, offers good mechanical strength.

Many investigators have been attempting to explain the
embrane-forming mechanism during the phase inversion pro-

ess since many years. Reuvers et al. [3] developed a model
hich explained the two types of demixing taking place dur-

ng the phase inversion process, i.e. instantaneous demixing
nd delayed demixing. Membranes formed by instantaneous
emixing generally show a highly porous substructure (with
acrovoids) and a finely porous, thin skin layer. Membranes

ormed by a delayed demixing mechanism show a porous (often
losed-cell, macrovoid-free) substructure with a dense, rela-
ively thick skin layer. In order to get membrane with suitable
tructure and permeation property, introduction of a suitable
dditive to the casting solution is a convenient and efficient

ethod. It is reported that the additives can affect the final
embrane characteristics either by changing solvent capacity

r by changing phase separation kinetics and thermodynamic
roperties [4]. Several researchers have reported on the role of
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Table 1
Composition of the casting solution; PSf: 12 wt%

Membranes Additives (wt%) Solvent (wt%)

PVP 24,000 PVP 40,000 PVP 360,000 NMP DMAc

PSf1 5 – – 83 –
PSf2 – 5 – 83 –
PSf3 – – 5 83 –
PSf4 5 – – – 83
PSf5 – 5 – – 83
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dditives in the membrane structures. Glycerol in a system of
olysulfone (PSf)/dimethyl acetamide (DMAc)/water, maleic
cid in a system of cellulose acetate/dioxane/water, polyvinyl
yrrolidone (PVP) in a system of polysulfone (PSf)/N-methyl-
-pyrrolidone (NMP)/water and polyethylene glycol (PEG) in
olyvinylidene difluoride (PVDF)/dimethyl formamide (DMF)
r dimethyl acetamide (DMAc)/water system are examples of
ome well known additives in different systems [5–7]. While
ome additives have the tendency to form macrovoids, others
elp in suppressing the macrovoids improving interconnectivity
f the pores and resulting in higher porosities in the top layer and
he sublayer. Study of Boom et al. [5] using PVP as an additive in
he formation of the membrane with poly(ether sulfone) (PES)
n NMP as solvent showed that PVP suppresses the formation
f macrovoids by reducing the possibility of delayed demixing.
ut study of Yeo et al. [6] using PVP in the casting solution of
Sf and DMF indicated the enlargement of the macrovoid struc-

ure in the prepared membranes rather than the suppression of
hat structure. Jung et al. [7] reported that in case of polyacry-
onitrile (PAN), the top layer of the membrane and suppression
f macrovoid formation strongly depends upon the molecular
eight of PVP. Wienk et al. [8] discussed the effects of addition
f a high molecular weight PVP in solutions of polysulfone (PSf)
nd poly(ether sulfone) (PES) in NMP and low molecular weight
icarboxylic acids as additives in polyimide/DMF solutions for
he preparation of ultrafiltration membranes. Study of Jimenez
t al. [9] using PVP as additive on PES membranes showed
hat the addition of PVP increased the molecular weight cut-off
MWCO) and pure water permeation of the PES membranes.
an and Nam [10] reported the effect of PVP introduction on

he thermodynamic and rheological properties in PSf casting
olution. Other researchers studied the effects of different molec-
lar weight PVP such as PVP K10, PVP K30, PVP K90 and
VP K360 on performance of PES membranes [11–13]. In our
ecent publication [14], we have reported the effect of PEG 400,
EG 6000 and PEG 20,000 on the morphology and performance
f PSf membranes prepared with NMP and DMAc as solvents
eparately and concluded that molecular weights of PEG do
lay a significant role on morphological as well as flux proper-
ies of the membranes prepared. Several other researchers have
eported effects of addition of PEG into casting solution of dif-
erent compositions such as polycarbonate [15], polyetherimide
PEI) [16,17] and PES [18].

Thus from the above literatures, it appears that there is yet no
eport regarding the comparison of the effect of high molecular
eight PVP such as PVP 24,000, PVP 40,000 and PVP 360,000
n morphology and performance of PSf membranes. In view of
his, an attempt is made to investigate the effect of adding PVP
f wide range of molecular weights, viz. 24,000, 40,000 and
60,000 Da as additives into the systems of PSf/NMP/water and
Sf/DMAc/water separately.

In the present work, the variations of the morphology and
he structure of the polysulfone membrane (PSf) prepared

y diffusion induced phase separation process are reported.
wo different solvents like, N-methyl-2-pyrrolidone (NMP) and
imethyl acetamide (DMAc) were used to prepare PSf mem-
rane. Polyvinyl pyrrolidone (PVP) of three different molecular

f
P
m
a

Sf6 – – 5 – 83

eights (24,000, 40,000 and 360,000 Da) was used as additives,
eparately. Effects of molecular weight of additive (PVP) and
he nature of solvent (NMP and DMAc) on morphology and
he permeation characteristics of the prepared membrane were
nvestigated. Membrane morphology was analyzed by scanning
lectron microscopy (SEM) and liquid displacement experi-
ents were carried out to estimate the parameters related to
embrane morphology. Finally, the ultrafiltration performance

f the membranes was analyzed in terms of water permeation
nd protein rejection behaviour. Results show significant differ-
nces in comparison to the case of PEG used as additive into the
asting solution of same composition as reported in our recent
ublication [14].

. Experimental

.1. Materials

PSf (average molecular weight 30,000 Da) supplied by
igma–Aldrich Co., USA, was used as the base polymer in the
embrane casting solution. Reagent grade NMP (99.5% purity)

nd DMAc (99% purity) supplied by Central Drug House (CDH)
td., India were used as solvents without further purification.
eagent grade PVP (average molecular weight 24,000, 40,000
nd 360,000 Da) were used as additives in the casting solution.
eionized water from Millipore system (Millipore, France) was
sed as the main non-solvent in the coagulation bath. Bovine
erum albumin (BSA) with molecular weight of 68,000 Da was
btained from CDH Ltd., India.

.2. Membrane preparation

Flat sheet PSf membranes were prepared by phase inversion
ethod as reported in our previous publication [14]. Measured

mount of polymer (PSf) was dissolved in the two solvents, viz.
MP and DMAc, separately at room temperature (≈25 ◦C) and

elative humidity of about 72%. Each solvent mixture was then
ixed with 5 wt% of PVP (24,000, 40,000 and 360,000 Da),

eparately to make the casting solution. Membranes with dif-
erent composition were designated as PSf1, PSf2, PSf3, PSf4,

Sf5 and PSf6. Table 1 represents the composition of different
embranes. The polymer (PSf) concentration was kept constant

t 12%, keeping the solvent and additive concentration at 88%.
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Fig. 1. Schematic of

.3. Membrane characterization

The prepared membranes were characterized by morpholog-
cal analysis and permeation experiments. The morphology of
he prepared membranes was investigated by microscopic obser-
ations and liquid displacement tests and are characterized in
erms of pure water flux, equilibrium water content, compaction
actor, hydraulic resistance, permeate flux as well as percentage
ejection of BSA.

.3.1. Characterization by morphological studies
Microscopic observation carried out by a scanning electron

icroscope (LEO 1430VP, UK) directly provides the visual
nformation of the top surface as well as cross-sectional mor-
hology of the membranes. Various SEM images were taken at
arious magnifications for both top surface and cross-sectional
iews of the membranes. Liquid displacement method, also
nown as combined bubble pressure and solvent permeability
ethod [19], was adopted to compare the morphology of the

repared membranes in terms of average pore size (rav), total
ore number per unit membrane area (Nt) and total pore area
er unit membrane area (At). The detailed procedure and the
elevant equations are described elsewhere [14,19].

In this study, molecular weight cut-off (MWCO) has not been
sed to characterize the properties of membrane pores, because
s reported in literature [19], MWCO cannot be considered as
direct characterization parameter for the membrane, since the

etention depends on a number of factors besides the molecular
ass of macromolecules such as the conformation of the macro-
olecule, the interaction of macromolecule with the membrane

nd most importantly the polarization phenomena. So the result
btained is found to be far away from the “real” pores. However,
he liquid displacement method may be considered significant if

recise experimental conditions could be maintained as it gives
seful information regarding the open pores which actually con-
ribute to the flux [1,2]. So in place of measuring MWCO, we
ave adopted the liquid displacement method where only the

2
H
m
w

xperimental set-up.

ransmembrane pores are evaluated in wet state, which is very
lose to the ultrafiltration condition.

Here it is worth mentioning that there is limitedness of
he liquid displacement method because of the deviation from
he assumption of cylindrical pores and non-uniform thickness
f membrane skin layer. Also due to the varying amount of
ntrapped PVP (because of different molecular weight) within
he membrane matrix, the pore size, i.e. the pore opening is likely
o be different, which in turn, obviously will affect the passage
f displaced liquid. That effect is taken into account in calculat-
ng the pore size which is equivalent to the amount of passage.
o the pore data may be considered apparent. However, for the
urpose of comparison between the membranes, the information
ould be considered useful.

.3.2. Characterization by permeation studies

.3.2.1. Membrane cell. The membrane cell (100 mL, made of
eflon) mentioned in Ref. [14] was used to carry out the unstirred
atch experiments (Fig. 1) with flat circular membranes of diam-
ter 2 × 10−2 m and effective area of 3.14 × 10−4 m2. The cell
as pressurized using a nitrogen cylinder. The permeating solu-

ion was collected from the bottom of the cell.

.3.2.2. Membrane compaction. Before using a fresh mem-
rane, it was compacted with deionized water for 4 h at a
ransmembrane pressure of 240 kPa which is higher than the

aximum operating pressure in the present study. The water
ux is calculated from the experimental permeate flow rate mea-
ured at every 30 min interval after attaining flow stabilization.
he compaction factor (CF) was calculated as the ratio of ini-

ial pure water flux (PWFInitial) to steady state pure water flux
PWFSteadystate).
.3.2.3. Pure water flux (PWF) and hydraulic resistance (Rm).
ydraulic resistance, Rm has got significance particularly for
embranes used in pressure-driven separation processes. Pure
ater flux (PWF) of different membranes, after compaction
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Fig. 2. Cross-sectional SEM

tudy, was measured at different transmembrane pressures (�P)
ranging 0–240 kPa), using the equation:

w = Q

A �t
(1)

here Jw is pure water flux (L/m2 h), Q is volume of water
ermeated (L), A is effective membrane area (m2) and �t is
ermeation time (h). Rm (m2 h kPa/L) was evaluated from the
nverse of the slope of the plot of Jw vs. �P.
.3.2.4. Equilibrium water content (EWC). EWC is related
o the porosity of a membrane. Also it indicates the degree
f hydrophilicity or hydrophobicity of a membrane [20]. The
quilibrium water content (EWC) at room temperature was cal-

m
d
a
b

es for different membranes.

ulated as follows:

WC (%) = Ww − Wd

Ww
× 100 (2)

here Ww is weight of wet membranes (g) and Wd is weight of
ry membranes (g).

.3.2.5. Ultrafiltration experiments. A solution (1000 mg L−1)
as used in the ultrafiltration experiments conducted in the batch

ell mentioned previously to study the influence of molecular
eight of PVP on solute separation and permeate flux of the

embranes prepared. The experiments were performed at two

ifferent pH values of 4.8 (i.e. at isoelectric point, IEP of BSA)
nd 9.5 (i.e. at above isoelectric point, IEP) under a transmem-
rane pressure of 103 kPa. Percentage rejection of BSA was
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Fig. 3. SEM images of top surfa

alculated using the following equation:

(%) =
(

1 − Cp

Cf

)
× 100 (3)

here Cp and Cf are the concentrations in the permeate and
he feed in mg L−1, respectively. Duration of each experi-

ent was 1 h. The BSA concentration in the permeate was
etermined using a UV–vis spectrophotometer (PerkinElmer
recisel, Lamda-35) at a wave length of 280 nm.

. Results and discussion

.1. Morphological study
Qualitative information regarding surface and cross-sectional
orphology of the membranes prepared is obtained through
EM analysis. Quantitative information on average pore size,

d
v
P
a

r-side) of different membranes.

ore number, pore area and permeability of the membranes are
btained from liquid displacement test.

.1.1. SEM analysis
Fig. 2 shows the SEM image of the cross-section of different

embranes prepared with three different molecular weight of
VP as well as two different solvents NMP and DMAc. It can
e seen from the figure that membranes so formed are having
symmetric structure consisting of a dense top layer and a porous
ublayer. The sublayer seems to have finger-like cavities as well
s macrovoid structure.

Similar observations were also found by Strathmann et
l. [21] for the systems of polyamide as the polymer using

imethylsulfoxide (DMSO), DMF, DMAc and NMP as sol-
ents, separately with LiCl as the additive and by us [14] for
Sf membranes using NMP and DMAc solvents with PEG
s additive. As reported previously [1], instantaneous demix-



Membrane Science 315 (2008) 36–47 41

i
w
l
p
i
t
t
T
c
a
F
p
m
(
(
w
c
d
t
f
m
s
t
d

i
P
S
f
f
t
l
[

b
t
t
f
b
s
p
3
b
i
(
P

3

e
R
m
a
v
b
a
(

F
s

t
p
l
p
s
i
m
r
h
t

B. Chakrabarty et al. / Journal of

ng results due to high mutual affinity of NMP and DMAc for
ater, leading to the formation of finger like cavities in the sub-

ayer of the prepared membranes. According to Boom et al. [5]
hase separation in a quaternary system (i.e. a system contain-
ng polymer/solvent/nonsolvent/additive) involves demixing of
he intertwined polymers. In equilibrium, the polymeric addi-
ive has moved to the membrane forming polymer lean phase.
his process is considerably slower than the exchange pro-
esses of solvent and non-solvent between the casting solution
nd the coagulation bath occurring directly upon immersion.
rom the phase separation of such quaternary system, two
hases arise—one consists of the membrane forming poly-
er (i.e. PSf), solvent (i.e. NMP or DMAc) and nonsolvent

i.e. water) and the other consists of the polymeric additive
i.e. PVP), solvent (i.e. NMP or DMAc) and nonsolvent (i.e.
ater). The two polymers have a driving force to separate

ompletely into a PSf-rich and a PVP-rich phase. Thus the
emixing process is mainly determined by the diffusion of the
wo polymers with respect to each other. However, as the dif-
usional exchange between the solvent and the nonsolvent is
uch faster than the demixing process, there can be a large

uper saturation which results in a highly unstable polymer solu-
ion [5,8]. Such condition favors occurrence of instantaneous
emixing.

It is clearly evident from the figure that the finger-like cavities
n the sublayer are significantly suppressed with the addition of
VP of increasing molecular weight for both types of solvents.
pecially, for PSf/DMAc/PVP system (PSf6), the membrane
ormed with PVP 360,000 is found to have almost cavity-
ree cross-section. These observations lead to the inference that
hough instantaneous demixing is still maintained, the molecu-
ar weights of PVP have substantial role on the precipitation rate
1,14,21].

SEM images for the top surface (air side) of different mem-
ranes are presented in Fig. 3. The formation of the membrane
op surface is probably a result of spinodal demixing because
he diffusion processes during formation of the top layer are
ast enough for the polymer solution to become highly unsta-
le and cross the spinodal curve [5,22,23]. This results in a top
urface with much better interconnected pores, which is more
rominent in case of higher molecular weight of PVP, i.e. PVP
60,000. Much better interconnectivity of pores in the mem-
ranes is achieved due to spinodal decomposition [8,24]. The
nterconnected pores can be considered as a continuous PSf lean
i.e. PVP rich) phase entangled by a continuous PSf rich (i.e.
VP lean) phase which forms the membrane matrix.

.1.2. Liquid displacement studies
The membrane permeability, pore number and pore area for

ach membrane were determined using Eqs. (2), (4) and (5) of
ef. [14]. Fig. 4a and b shows the pore size distribution of the
embranes prepared for both the systems (i.e. PSf/NMP/PVP

nd PSf/DMAc/PVP), respectively. Fig. 5a and b shows the

ariations of cumulative permeability and cumulative pore num-
er with pore radius for both the systems (i.e. PSf/NMP/PVP
nd PSf/DMAc/PVP). It is observed that majority of the pores
approximately 90%) are in the 2–5 nm range, which indicates

s
n
m
i

ig. 4. (a) Pore size distribution of PSf1, PSf2 and PSf3 membranes. (b) Pore
ize distribution of PSf4, PSf5 and PSf6 membranes.

hat the prepared membranes are suitable for ultrafiltration pur-
ose. However, the overall permeability is determined by the
arger pores; as contribution from the small number of larger
ores (>50 nm) can be quite high compared to the smaller
ize pores (<5 nm) though they are majority in number. This
s due to the fact that transport through membranes (i.e. per-

eability) is directly proportional to the fourth power of pore
adius, i.e. Ln ∝ r4

p (Hagen–Poiseuille equation). Similar result
ad been reported by Munari et al. [25] with PVDF/PVP sys-
em.

It is further observed from Table 2 that for both type of

olvents, with increase in molecular weight of PVP, the pore
umber of all the membranes increases resulting in more porous
embranes. The increase in pore number, i.e. porosity with

ncrease in molecular weight of PVP can be explained from
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Fig. 5. (a) Variation of cumulative permeability (%) and cumulative pore num-
ber (%) with pore size for PSf1, PSf2 and PSf3 membranes. (b) Variation of
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umulative permeability (%) and cumulative pore number (%) with pore size
or PSf4, PSf5 and PSf6 membranes.

he fact that addition of an additive into the casting solution
roduces two opposite effects. Depending on the molecular
eight, additives may reduce the miscibility of the casting solu-

ion with water, which causes the thermodynamic enhancement
f the phase separation (thermodynamic factor). At the same
ime, they may increase the viscosity of the casting solution to
certain extent which causes kinetic hindrance against phase
eparation (rheological factor) [1,21]. So impact of thermody-
amic or rheological factors on membrane morphology depends

p
l
p

able 2
orphological parameters of all membranes obtained from liquid displacement meth

embranes PSf1 PSf2 PSf3

av (nm) 3.62 3.1 3.0

n (m/s MPa) 1.87 × 10−2 2.24 × 10−2 2.46 ×
t (cm2) 2.6 × 109 4.1 × 109 9.8 × 1

t (cm2) 1.17 × 10−3 1.23 × 10−3 3.1 × 1
brane Science 315 (2008) 36–47

n the molecular weight of additives. In the present case, with
ncrease in molecular weight of PVP, the rheological factor pos-
ibly becomes more significant than the thermodynamic one.
he addition of high molecular weight PVP (e.g. PVP 360,000

n the present case) increases the ratio of nonsolvent inflow to
olvent outflow by increasing the viscosity of the casting solu-
ion, which according to the theory proposed by Young and
hen [26], results in more porous membranes. So membranes
repared with PVP 360,000 are found to be more porous in
erms of pore number. The pore number per unit area (Nt) for
Sf/NMP/PVP system is found to increase from 2.6 × 109 to
.8 × 109, while for PSf/DMAc/PVP system it is from 5.5 × 109

o 10.5 × 109. That is the number of pores for PSf/DMAc/PVP
ystem is relatively higher than those of PSf/NMP/PVP system.
lso the number of pores with addition of PVP is almost one-

old higher than that for PEG [14]. Similar trend is observed
or total pore area per unit membrane area, At as given in
able 2.

The values of total hydraulic permeability coefficient (Ln) in
he present case for PSf/NMP/PVP membranes are found to be
.019 m/s MPa for PVP 24,000, 0.022 m/s MPa for PVP 40,000
nd 0.025 m/s MPa for PVP 360,000 while for PSf/DMAc/PVP
ystem, the values of Ln are found to be 0.035 m/s MPa for PVP
4,000, 0.04 m/s MPa for PVP 40,000 and 0.045 m/s MPa for
VP 360,000. Compared to our previous study with PEG, the
alues of Ln in the present case are found to be much higher.
he marginally decreasing trend of the average pore size (rav),
hich is calculated from Eq. (8) of [14], with molecular weight
f PVP in both the solvents may be attributed to the difference in
iffusion rates of different molecular weight of PVP. When the
asting solution comes into contact with the nonsolvent in the
oagulation bath, there is a rapid outflow of the solvent from the
asting solution to the coagulation bath causing the higher con-
entration polymer molecules to aggregate at the top layer [27].
maller molecular weight additives having comparatively higher
iffusivity can diffuse out during immersion along with the sol-
ent. In contrast to that, the diffusion rates of higher molecular
eight additives (PVP 360,000) are much lower than the sol-
ent and so according to Idris and Yet [28], they take more time
o reach the surface. This will give sufficient time for the poly-
er molecules to aggregate on top of it and form a denser top

ayer with relatively smaller size pores. From the finding of this
ethod, it may be inferred that PVP acts as a pore former in
embrane formation and with increase in molecular weight, its
orosity of the membranes increases with increase in molecu-
ar weight of PVP additive which is in full agreement with our
revious findings with PEG [14].

od

PSf4 PSf5 PSf6

3.88 3.72 3.21
10−2 3.52 × 10−2 4.02 × 10−2 4.54 × 10−2

09 5.5 × 109 6.8 × 109 10.5 × 109

0−3 2.83 × 10−3 2.97 × 10−3 3.6 × 10−3
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Table 3
Values of some characterization parameters of all membranes

Membranes PSf1 PSf2 PSf3 PSf4 PSf5 PSf6

Water content EWC (%) 46.8 58.2 73.4 56.5 67.2 70.0
Hydraulic resistance, Rm 0.46 1.2 1.58 1.2 1.9 2.3
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Fig. 6. Flux profile during compaction for PSf/NMP/PVP membranes.

.2. Permeation experiments

Membranes that have been prepared separately with NMP
nd DMAc as solvents are examined to see the effect of addi-
ion of PVP of different molecular weight on their permeation
ehaviour. The membranes are characterized in terms of CF,
WP, Rm and EWC. Finally, the membranes are subjected to
tudy for rejection as well as permeate flux behaviour with
rotein (BSA) at different pH.

.2.1. Effect of molecular weight of PVP on CF
Compaction factor (CF) relates to the structure of the mem-
rane specially membrane sublayer. Higher the CF, more likely
he membrane compacts due to presence of large number of

acrovoids in the sublayer. The effect of compaction time on
WF for all the membranes is shown in Figs. 6 and 7 for NMP

Fig. 7. Flux profile during compaction for PSf/DMAc/PVP membranes.

b

3
h

P

F
b

(m2 h kPa/L)
WF (L/m2 h) at 172 kPa 355.4 152.9 118.5 149 88.2 68.8
ompaction factor, CF 1.76 3.0 6.67 1.55 1.31 1.12

nd DMAc, respectively. For all the types of membranes, the
WF is seen to decline gradually with time due to compaction
nd finally attain a steady state after 3–4 h. This is due to the
act that the walls of the pores become closer, denser and uni-
orm resulting in reduction in pore size as well as the flux during
ompaction [1]. Another fact which can be noticed from these
gures is that the steady state PWF decreases with increase in
olecular weight of PVP irrespective of the solvents used.
The CF for the membranes are presented in Table 3. It is seen

hat for PSf/NMP/PVP membranes (i.e. PSf1, PSf2 and PSf3),
he CF increases from 1.76 to 6.67 with increase in molecular
eight of PVP while for PSf/DMAc/PVP membranes (i.e. PSf4,
Sf5 and PSf6), it decreases from 1.55 to 1.12. This may be
xplained from the fact that addition of additives into the casting
olution can either enlarge or suppress the macrovoids in the
embrane sublayer depending on their molecular weight as well

s the type of solvent used [4]. In the present case, it is possible
hat with increase in molecular weight of PVP for PSf/DMAc
ystem, the tendency of the casting solution to form macrovoids
n the sublayer of the membrane decreases; on the other hand
or PSf/NMP system, increase in molecular weight of PVP has
esulted in a membrane with a highly porous substructure due
o presence of higher number of macrovoids. This fact can also
e understood from the SEM figures (Fig. 2).
.2.2. Effect of molecular weight of PVP on PWF and
ydraulic resistance (Rm)

Figs. 8 and 9 show the effect of molecular weight of PVP on
WF at various transmembrane pressures. It is seen that within

ig. 8. Effect of transmembrane pressure on PWF for PSf/NMP/PVP mem-
ranes.
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properties of the feed solution. The variation in morphological
structure of the membrane (which includes both top-layer and
sub-layer) due to addition of PVP of different molecular weight
and different solvents is an important factor in protein transmis-
ig. 9. Effect of transmembrane pressure on PWF for PSf/DMAc/PVP mem-
ranes.

he range of 0–240 kPa, with increase in transmembrane pres-
ure, PWF (calculated using Eq. (1)) increases almost linearly
or all the membranes. It is also seen that the PWF decreases with
ncrease in molecular weight of PVP at a particular pressure irre-
pective of the solvent used which agrees with the findings of the
ompaction study (Figs. 6 and 7). For example, at 173 kPa, the
WF decreases from 355.4 to 118.5 L m−2 h−1 for PSf/NMP and
rom 149.0 to 68.8 L m−2 h−1 for PSf/DMAc systems, respec-
ively, when molecular weight of PVP increases from 24,000 to
60,000 Da. This result contradicts with the findings with PEG
n our previous study [14] where PWF was seen to increase with
ncrease in molecular weight of PEG.

Hydraulic resistance is determined from the inverse of the
lope of the plots of Figs. 8 and 9 and is reported in Table 3.
t is observed that hydraulic resistance (Rm) increases with
ncrease in the molecular weight of PVP. Rm for PSf/NMP/PVP
embranes rises from 0.46 to 1.58 (m2 h kPa/L) and for
Sf/DMAc/PVP membranes, it increases from 1.2 to 2.3
m2 h kPa/L) when molecular weight of PVP increases from
4,000 to 360,000 Da.

The decline in flux and the increase in hydraulic resistance
ith increase in molecular weight of PVP may be attributed to

he reduction in pore size with higher molecular weight PVP.
ccording to the literature [8,29], though most of the additives

re washed away during coagulation and washing periods, com-
lete removal of additives from the membrane matrix becomes
ore and more difficult with increase in molecular weight of
VP. Therefore, trace amount of PVP, which are hydrophilic in
ature, may likely to be entrapped inside the membrane matrix
ermanently. In the present study, it is possible that swelling of
hose trace amount of PVP predominantly takes place due to
ts hydrophilic and hygroscopic nature. This in turn blocks the
ores resulting in reduction of flux. With increase in molecular

eight of PVP, the swelling rate also increases resulting in pore
locking to a great extent. Thus though porosity (Ni) increases
ith increase in molecular weight of PVP (Table 2), the PWF is

owered and consequently Rm is increased for higher molecular

F
P
o
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eight PVP. The suppressed sublayers of the membranes espe-
ially with PVP 360,000 also likely to offer more resistance to
ater permeation resulting in lower flux.

.2.3. Effect of molecular weight of PVP on EWC
Table 3 reports the effect of molecular weight of PVP, the pore

ormer, on equilibrium water content (EWC) of different mem-
ranes which is calculated using Eq. (2). It may be found from
he table that increase of molecular weight of PVP increases the
WC of all membranes. From the table, it is observed that for
Sf/NMP/PVP membranes, the EWC for PVP 24,000 is 46.8%,
or PVP 40,000 is 58.2% and for PVP 360,000 is 73.4%. Similar
rend is seen for PSf/DMAc/PVP membranes, where for PVP
4,000 it is 56.5%, for PVP 40,000 it is 67.2% and for PVP
60,000 it is 70.0%. This increasing trend confirms the pres-
nce of increasing number of pores in the membrane with the
ncrease of molecular weight of PVP (as discussed in Section
.1). The pores on the surface as well as cavities in the sublayer
re responsible for accommodating water molecules in the mem-
ranes [30]. Similar trend was observed with PSf/NMP/PEG and
Sf/DMAc/PEG membranes [14].

.2.4. Variation of permeate flux and BSA rejection during
ermeation experiments

The performance of the prepared UF membranes is also
easured by estimating rejection and flux during permeation

xperiment with BSA solution as feed. The variation of perme-
te flux and rejection of BSA as a function of molecular weight
f PVP are illustrated in Figs. 10 and 11 for all the membranes
hen the feed solution is maintained at pH 4.8 (i.e. at IEP)

nd at pH 9.3 (i.e. above IEP). From these figures, it is under-
tood that the rejection and flux characteristics of a membrane
trongly depend on the structure of the membrane as well as the
ig. 10. Effect of molecular weight of PVP on BSA flux; membranes used:
Sf/NMP membranes and PSf/DMAc membranes; pressure: 103 kPa; duration
f experiment: 1 h.
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ig. 11. Effect of molecular weight of PVP on BSA rejection; membranes used:
Sf/NMP membranes and PSf/DMAc membranes; pressure: 103 kPa; duration
f experiment: 1 h.

ion and rejection. Similarly, pH of BSA solution also seems
o affect the rejection and flux characteristics to a great extent.
he flux and rejection of proteins by ultrafiltration membranes
an be explained under the concept of protein adsorption and
onsequent pore narrowing, as a result of both hydrophobic and
lectrostatic interactions between the membrane surface and the
rotein molecules [31,32].

.2.4.1. Effect of molecular weight of PVP. Fig. 10 shows the
ffect of molecular weight of PVP in the casting solution on the
ux of protein, i.e. BSA for all the membranes when the pH of the
SA solution is maintained at 4.8 and 9.3. It is observed that with

ncrease in molecular weight of PVP from 24,000 to 360,000 Da,
he flux gradually decreases from 955 to 115 L m−2 h−1 (when
H of BSA is 4.8) and from 573 to 76 L m−2 h−1 (when pH of
SA is 9.3) for PSf/NMP membranes. Similarly, for PSf/DMAc
embranes, the flux is seen to decrease from 38 to 23 L m−2 h−1

when pH of BSA is 4.8) and from 54 to 26 L m−2 h−1 (when
H of BSA is 9.3).

This decreasing trend of flux may be attributed to the for-
ation of membranes with reduced average pore size on the

op and suppressed sublayer due to addition of higher molec-
lar weight PVP. The declination in BSA flux with increase
n molecular weight of PVP could also be a consequence of
ncreased susceptibility to pore plugging due to BSA adsorp-
ion. Initial flux declines are seen to be more pronounced and
nal fluxes are gradually lowered which is attributed to the loss
f porosity by internal adsorption of protein leading to pore
lugging.

From Fig. 11, the increasing trend of rejection of BSA with
ncrease in molecular weight of PVP can be observed irrespec-

ive of the solvents used and pH of BSA solution. When the
H is maintained at 4.8, the rejection increases from 2.4 to
3.2% for PSf/NMP/PVP membranes and from 37 to 53% for
Sf/DMAc/PVP membranes; while with BSA at pH 9.3, the

w
m
t
t
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ejection increases from 2.2 to 63.3% for PSf/NMP/PVP mem-
ranes and from 40.5 to 76.7% for PSf/DMAc/PVP membranes.

The characteristic rejection profiles can be explained by
dsorption phenomena. The increase in BSA rejection with
ncrease in molecular weight is believed to be a manifestation of
ignificant protein adsorption within and upon the membranes.
ore blockage and closure due to protein adsorption makes the
embranes with high molecular weight PVP more retentive.
urface deposition of protein provides an additional barrier to
olute transport. The reason for PVP 24,000 membranes having
inimum rejection may be because of the fact that adsorption

f protein on pore wall has less effect on pore narrowing due to
heir relatively high pore size compared to PVP 40,000 and PVP
60,000.

The high rejection and comparatively low flux with PVP
60,000 membranes for both the pH values may also be under-
tood from the morphology of their cross-section (as discussed in
ection 3.1). The comparatively thick asymmetric layer prob-
bly explains the improvement in the rejection rate while the
ublayer with suppressed macrovoids offers resistance resulting
n rather low flux and high rejection.

.2.4.2. Effect of pH of BSA. The effect of pH on BSA flux
nd rejection can also be observed from Figs. 10 and 11. BSA
olecules are of no charge at the IEP (i.e. at pH 4.8) and neg-

tively charged above the IEP and thus strongly negative at pH
.3. Generally, the membrane would reject like charged BSA
olecules. From Fig. 11 it is seen that the rejection is higher

or pH 9.3 compared to pH 4.8 irrespective of the molecu-
ar weight of PVP and type of solvents used. This may be
ttributed to the repulsive interaction between the membrane
nd protein molecules which leads to hindered protein trans-
ission through the pore (lower flux) and consequent higher

ejections. At isoelectric point, in absence of electrostatic inter-
ction the membranes allow more protein transmission without
uch adsorption and consequently result in less rejection.

.2.4.3. The role of solvent. The role of solvent in the cast-
ng solution on flux and rejection of proteins can also be noted
rom Figs. 10 and 11. It is seen from the figures that for
embranes prepared with DMAc, the permeate flux is lower

nd consequently protein rejection is more at both the pH
alues compared to NMP. This may be attributed to the com-
ined effects of membrane structure and electrostatic interaction
etween the membrane and BSA. With PSf/DMAc membranes,
rotein adsorption seems to be more due to hydrophobic or elec-
rostatic interaction which decreases the flux as adsorption of
rotein on pore wall causes pore narrowing [33,34]. The thick
orphological structure of PSf/DMAc/PVP membranes with
VP 360,000 (Fig. 2) may be the prime factor for the highest
SA rejection (76%) obtained in this study.

From the above discussion, it is understood that all the param-
ters, i.e. membrane composition (which includes molecular

eight of PVP additive and the type of solvent used in the
embrane casting solution) and pH of BSA solution play impor-

ant roles in flux and BSA rejection. The results obtained in
his study seem to be quite interesting considering our previous
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tudy [14] with PEG as additive. With PEG of molecular weights
00, 6000 and 20,000 Da, a significant increase in BSA rejec-
ion was observed when molecular weight of PEG was increased
rom 400 to 6000 Da, beyond which the rejection was seen to
ecrease; while in this study with PVP, rejection is found to
ncrease with increase in molecular weight of PVP from 24,000
o 360,000 Da. Comparing the membranes prepared with both
ypes of additives, i.e. PEG (molecular weights 400, 6000 and
0,000 Da) and PVP (molecular weights 24,000, 40,000 and
60,000 Da) in terms of BSA rejection, it can be concluded
hat membranes prepared with PVP may be considered better
han those prepared with PEG. However, authors would like to
arry out further study regarding improving protein rejection by
olysulfone membranes and report the findings in their future
orrespondence.

. Conclusion

Flat sheet PSf membranes were prepared from casting solu-
ions containing 12 wt% of PSf with two different solvents, viz.
MP and DMAc, separately, using diffusion induced phase sep-

ration process. PVP of average molecular weights of 24,000,
0,000 and 360,000 Da were used as additive. Effects of molecu-
ar weight of PVP on the morphology such as porosity in terms of
verage pore size, pore number distribution and pore area distri-
ution were studied in detail. The permeation performance of the
repared membranes with varying molecular weight of PVP was
lso evaluated in terms of CF, EWC, PWF, hydraulic resistance
nd rejection efficiency of BSA protein. The SEM photographs
ay that all the membranes have asymmetric structure. The
esults of the study show that with increase in molecular weight
f PVP from 24,000 to 360,000 Da in the membrane casting
olution: (i) the membrane sublayer seems to have dense struc-
ure with comparatively less macrovoids; (ii) the pore number as
ell as pore area per unit surface area (porosity) of the prepared
embrane is found to increase which agrees with our previ-

us finding with PEG as additive [14]; (iii) the PWF decreases
hile hydraulic resistance increases possibly due to compara-

ively more compact structure of the resulting membranes and
welling of hydrophilic PVP which remains entrapped in the
embrane matrix; (iv) the EWC increases which may be inter-

reted as an indication of increase in hydrophilicity (irrespective
f the solvent used) as well as increase in number of pores
f the membranes; (v) a significant increase in rejection and
onsequently decrease in flux are observed in BSA separa-
ion.

The pH of the protein solution also plays an important role in
his regard. The protein solution at pH 9.3 is found to be more
avorable compared to that at pH 4.8 with respect to protein
ejection for both type of solvents. Considering the role of sol-
ents, DMAc seems to be better compared to NMP in terms of
ejection of BSA for both the pH values. The maximum rejec-
ion was found to be 76% with PSf 6 membrane when the pH of

he protein solution was kept at 9.3 which indicate that there is
scope in future for optimizing the process conditions to obtain
uch better rejection performance. On the basis of the study car-

ied out with BSA rejection, polysulfone membranes prepared

[

brane Science 315 (2008) 36–47

ith PVP may be considered better than those prepared with
EG irrespective of the two solvents, i.e. NMP and DMAc.

eferences

[1] M. Mulder, Basic Principles of Membrane Technology, Kluwer Academic
Publishers, Dordrecht, 1991.

[2] S. Munari, A. Botino, G. Camera Roda, G. Capannelli, Preparation of
ultrafiltration membranes. State of the art, Desalination 77 (1990) 85–100.

[3] J. Reuvers, J.W.A. van den Berg, C.A. Smolders, Formation of membranes
by means of immersion precipitation. Part I. A model to describe mass
transfer during immersion precipitation, J. Membr. Sci. 34 (1987) 45–65.

[4] P.S.T. Machado, A.C. Habert, C.P. Borges, Membrane formation mecha-
nism based on precipitation kinetics and membrane morphology: flat and
hollow fiber polysulfone membranes, J. Membr. Sci. 155 (1999) 171–183.

[5] R.M. Boom, I.M. Wienk, Th. Van den Boomgaard, C.A. Smolders,
Microstructures in phase inversion membranes. Part 2. The role of a poly-
meric additive, J. Membr. Sci. 73 (1992) 277–292.

[6] H.T. Yeo, S.T. Lee, M.J. Han, Role of polymer additive in casting solution
in preparation of phase inversion polysulfone membranes, J. Chem. Eng.
Jpn. 33 (2000) 180–185.

[7] B. Jung, J.K. Yoon, B. Kim, H.W. Rhee, Effect of molecular weight of
polymeric additives on formation, permeation properties and hypochlorite
treatment of asymmetric polyacrylonitrile membranes, J. Membr. Sci. 243
(2004) 45–57.

[8] M. Wienk, R.M. Boom, M.A.M. Beerlage, A.M.W. Bulte, C.A. Smolders,
Recent advances in the formation of phase inversion membranes made
from amorphous or semi-crystalline polymers, J. Membr. Sci. 113 (1996)
361–371.

[9] D.B. Mosqueda-Jimenez, R.M. Narbaitz, T. Matsuura, G. Chowdhury, G.
Pleizier, J.P. Santerre, Influence of processing conditions on the properties
of ultrafiltration membranes, J. Membr. Sci. 231 (2004) 209–224.

10] M.J. Han, S.T. Nam, Thermodynamic and rheological variation in polysul-
fone solution by PVP and its effect in the preparation of phase inversion
membrane, J. Membr. Sci. 202 (2002) 55–61.

11] B.T. Sanchez, R.I. Ortiz-Basurto, E.B. Fuente, Effect of nonsolvents on
properties of spinning solutions and polyethersulfone hollow fiber ultrafil-
tration membranes, J. Membr. Sci. 152 (1999) 19–28.

12] N.A. Ochoa, P. Pradanos, L. Palacio, C. Pagliero, J. Marchese, A. Her-
nandez, Pore size distributions based on AFM imaging and retention of
multidisperse polymer solutes: characterisation of polyethersulfone UF
membranes with dopes containing different PVP, J. Membr. Sci. 187 (2001)
227–237.

13] J. Qin, M.H. Oo, Y. Li, Development of high flux polyethersulfone hollow
fiber ultrafiltration membranes from a low critical solution temperature
dope via hypochlorite treatment, J. Membr. Sci. 247 (2004) 137–142.

14] B. Chakrabarty, A.K. Ghoshal, M.K. Purkait, Effect of molecular weight
of PEG on membrane morphology and transport properties, J. Membr. Sci.
309 (2008) 209–221.

15] S. Deniz, Characteristics of polycarbonate membranes with polyethylene
glycol prepared via dry/wet-phase inversion methods, Desalination 200
(2006) 42–43.

16] C. Kim, K.H. Lee, Effect of poly(ethylene glycol) 200 on the formation of
a polyetherimide asymmetric membrane and its performance in aqueous
solvent mixture permeation, J. Membr. Sci. 230 (2004) 183–188.

17] H. Kim, K.H. Lee, Effect of PEG additive on membrane formation by phase
inversion, J. Membr. Sci. 138 (1998) 153–163.

18] A. Idris, N.M. Zain, M.Y. Noordin, Synthesis, characterization and perfor-
mance of asymmetric polyethersulfone (PES) ultrafiltration membranes
with polyethylene glycol of different molecular weights as additives,
Desalination 207 (2007) 324–339.

19] P. Abaticchio, A. Bottino, G. Capannelli, S. Munari, Characterization of

ultrafiltration polymeric membranes, Desalination 78 (1990) 235–255.

20] G. Arthanareeswaran, C.S. Latha, D. Mohan, M. Raajenthiren, K. Srini-
vasan, Studies on cellulose acetate/low cyclic dimmer polysulfone blend
ultrafiltration membranes and their application, Sep. Sci. Technol. 41
(2006) 2895–2912.



Mem

[

[

[

[

[

[

[

[

[

[

[

[

B. Chakrabarty et al. / Journal of

21] H. Strathmann, K. Kock, P. Amar, R.W. Baker, The formation mechanism
of asymmetric membranes, Desalination 16 (1975) 179–203.

22] J. Reuvers, C.A. Smolders, Formation of membranes by means of immer-
sion precipitation. Part II. The mechanism of formation of membranes
prepared from the system cellulose acetate-acetone-water, J. Membr. Sci.
34 (1987) 67–86.

23] K. Kimmerle, H. Strathmann, Analysis of the structure-determining
process of phase inversion membranes, Desalination 79 (1990) 283–
302.

24] L.Y. Lafrenitre, F.D.F. Talbot, T. Matsuura, S. Sourirajan, Effect
of polyvinylpyrrolidone additive on the performance of polyether-
sulfone ultrafiltration membranes, Ind. Eng. Chem. Res. 26 (1987)
2385–2389.

25] S. Munari, A. Bottino, G. Capannelli, P. Moretti, Membrane morphology
and transport properties, Desalination 53 (1985) 11–23.
26] T.H. Young, L.W. Chen, A diffusion-controlled model for wet-casting
membrane formation, J. Membr. Sci. 59 (1991) 169–181.

27] W.Y. Chuang, T.H. Young, W.Y. Chiu, C.Y. Lin, The effect of polymeric
additives on the structure and permeability of poly(vinyl alcohol) asym-
metric membranes, Polymer 41 (2002) 5633–5641.

[

[

brane Science 315 (2008) 36–47 47

28] A. Idris, L.K. Yet, The effect of different molecular weight PEG additives on
cellulose acetate asymmetric dialysis membrane performance, J. Membr.
Sci. 280 (2006) 920–927.

29] C. Feng, R. Wang, B. Shi, G. Li, Y. Wu, Factors affecting pore struc-
ture and performance of poly(vinylidene fluoride-co-hexafluoro propylene)
asymmetric porous membrane, J. Membr. Sci. 277 (1/2) (2006) 55–64.

30] M. Sivakumar, R. Malaisamy, C.J. Sajitha, D. Mohan, V. Mohan, R. Ran-
garajan, Ultrafiltration application of cellulose acetate–polyurethane blend
membranes, Eur. Polym. J. 35 (1999) 1647–1651.

31] D.A. Musale, S.S. Kulkarni, Relative rates of protein transmission through
poly(acrylonitrile) based ultrafiltration membranes, J. Membr. Sci. 136
(1997) 13–23.

32] Higuchi, Y. Ishida, T. Nakagawa, Surface modified polysulfone membranes
separation of mixed proteins and optical resolution of tryptophan, Desali-
nation 90 (1993) 127–136.
33] H. Hanemaaijer, T. Robbertsen, Th. van den Boomgaard, J.W. Gunnink,
Fouling of ultrafiltration membranes. The role of protein adsorption and
salt precipitation, J. Membr. Sci. 40 (1989) 199–217.

34] D.A. Mussale, S.S. Kulkarni, Fouling reduction in poly(acrylonitrile-co-
acrylamide) ulrafiltration membranes, J. Membr. Sci. 111 (1996) 49–56.


	Preparation, characterization and performance studies of polysulfone membranes using PVP as an additive
	Introduction
	Experimental
	Materials
	Membrane preparation
	Membrane characterization
	Characterization by morphological studies
	Characterization by permeation studies
	Membrane cell
	Membrane compaction
	Pure water flux (PWF) and hydraulic resistance (Rm)
	Equilibrium water content (EWC)
	Ultrafiltration experiments



	Results and discussion
	Morphological study
	SEM analysis
	Liquid displacement studies

	Permeation experiments
	Effect of molecular weight of PVP on CF
	Effect of molecular weight of PVP on PWF and hydraulic resistance (Rm)
	Effect of molecular weight of PVP on EWC
	Variation of permeate flux and BSA rejection during permeation experiments
	Effect of molecular weight of PVP
	Effect of pH of BSA
	The role of solvent



	Conclusion
	References


