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bstract

Flat sheet asymmetric polymeric membranes were prepared from homogeneous solution of polysulfone (PSf) by phase inversion method. N-
ethyl-2-pyrrolidone (NMP) and dimethyl acetamide (DMAc) were used as solvents separately. Polyethylene glycol (PEG) of three different
olecular weights (400 Da, 6000 Da and 20000 Da, respectively) were used as the polymeric additives in the casting solution. The morphology

nd structure of the resulting membranes were observed by scanning electron microscope (SEM). The pore number, pore permeability and their
istribution and average pore size of the membranes were determined by the liquid displacement method. The permeation performances of the
embranes were evaluated in terms of pure water flux (PWF), equilibrium water content (EWC), hydraulic permeability, and solute rejection.
olution of bovine serum albumin (BSA) of molecular weight 68,000 Da was used to study the permeation performance of prepared membranes
sing a batch membrane cell of 100 mL capacity. Results showed that with increase in molecular weight of PEG, the pore number as well as pore
rea in membranes increases. Membranes with PEG of higher molecular weights have higher PWF and higher hydraulic permeability due to high
orosity. With increase in molecular weight of PEG from 400 to 20000, the PWF increases from 15.3 to 2713.4 L m−2 h−1 with NMP as solvent

hile with DMAc as solvent, the PWF increases from 24.5 to 555.6 L m−2 h−1. Similarly, EWC increases from 56.8% for PEG 400 to 78.8% for
EG 20000 for PSf/NMP/PEG membranes. Similar trend is observed for PSf/DMAc/PEG membranes. The BSA rejection data is maximum with
EG 6000 for both the solvents and the values are 56.4% for NMP (at pH 4.8) and 42.4% for DMAc (at pH 9.5).
2007 Elsevier B.V. All rights reserved.
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. Introduction

Phase inversion is one of the most important processes for
reparing both symmetric and asymmetric polymeric mem-
ranes. The structure of phase inversion membranes results from
phase change of initially stable polymer solutions. These mem-
ranes are widely used today in various applications such as
icrofiltration, ultrafiltration, reverse osmosis and as supports

or composite structures [1,2]. It is actually a diffusion-induced
hase separation process, which involves conversion of a liquid

olymer solution of two or more components into a two-phase
ystem, like; solid polymer rich phase and the liquid polymer
oor phase. The solid phase forms the membrane structure while
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anning electron microscopy; Protein rejection

he liquid phase forms the membrane pores. The conversion is
enerally carried out by addition of a precipitating fluid which
s usually miscible with the solvent but immiscible with the
olymer. The mechanism of formation of these membranes has
een the subject of investigation since many years. Reuvers et
l. [3] developed a model which describes the mass transfer
henomena occurring during the immersion step. The model
xplained the two types of demixing taking place during the
hase inversion process, i.e. instantaneous demixing and delayed
emixing. Membranes formed by instantaneous demixing gen-
rally show a highly porous substructure (with macrovoids)
nd a finely porous, thin skin layer. Membranes formed by a
elayed demixing mechanism show a porous (often closed-cell,
acrovoid-free) substructure with a dense, relatively thick skin
ayer. Structure and properties of membranes prepared by phase
nversion method depend upon many factors. Addition of addi-
ive into the casting solution is one of the major factors. An
dditive is used in the casting solution in order to have an opti-
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al membrane structure. The additive can be a single component
r a mixture. Generally the additive being a weak non-solvent
or the polymer, reduces the solvent power in the solution. A
umber of researchers [4–7] have reported their observation on
he role of additives in the membrane structures. Well known
dditives are glycerol in a system of polysulfone (PSf)/dimethyl
cetamide (DMAc)/water, maleic acid in a system of cellulose
cetate/dioxane/water, polyvinyl pyrrolidone (PVP) in a sys-
em of PSf/N-methyl-2-pyrrolidone (NMP)/water, polyethylene
lycol (PEG) in polyvinylidene difluoride (PVDF)/dimethyl
ormamide (DMF) or (DMAc)/water system, etc. [4]. Either
nlargement or suppression of macrovoid can be obtained using
he same additive, but with a variation of additive concentra-
ion or additive molecular weight. While some additives have
he tendency to form macrovoids, others help in suppressing the

acrovoids improving interconnectivity of the pores and result-
ng in higher porosities in the top layer and the sub layer. Boom et
l. [4] studied the role of PVP as polymeric additive in the forma-
ion of the membrane with poly (ether sulfone) (PES) in NMP
s solvent and found that the addition of PVP suppresses the
ormation of macrovoids by reducing the possibility of delayed
emixing. Wienk et al. [5] investigated the effects of addition of
high and low molecular weight component to the casting solu-

ion. They proposed a mechanism for the formation of nodular
tructures in the top layer of membrane. Jimenez et al. [6] stud-
ed the effect of PVP as additive on PES membranes and showed
hat the addition of PVP increased the molecular weight cut off
MWCO) and pure water permeation of the PES membranes.
eo et al. [7] found that PVP addition to the casting solution of
Sf and DMF, contributes to the enlargement of the macrovoid
tructure in the prepared membranes rather than the suppression
f that structure. Jung et al. [8] from their study on the effect of
olecular weight of polymeric additives, PVP, on the morphol-

gy and water flux of polyacrylonitrile (PAN) concluded that the
op layer of the membrane and suppression of macrovoid forma-
ion strongly depend upon the molecular weight of PVP. Han and
am [9] reported the effect of PVP introduction on the thermo-
ynamic and rheological properties in PSf casting solution. Han
10] showed that the number of the polymer aggregates or of the
ucleation sites is increased by the addition of propionic acid
PA) into PSf casting solution. Ping et al. [11] studied the inter-
ction between polysulfone (PS) and 71 low molecular weight
rganic compounds with different functional groups by the gas
iquid chromatography (GLC) and proposed a model to explain
he experimental results. Zheng et al. [12] in their recent work
escribed the effect of rheological and thermodynamic variation
f PSf casting solution due to PEG introduction on the kinet-
cs of membrane formation. The effects of PEG concentrations
n the porosity of polycarbonate (PC) membranes prepared via
ry/wet-phase inversion methods was studied by Deniz [13].
haturvedi et al. [14] have studied the effect of natural addi-

ives such as maleic acid and piperazine on performance of PES
ltrafiltration membranes. Other researchers studied the effect

f different molecular weight PVP such as PVP K10, PVP K30,
VP K90 and PVP K360 on performance of PES membranes
15–17]. Kim and Lee [18] investigated the effect of various
olecular weights of PEG on the formation of polyetherim-
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de (PEI) asymmetric membrane and they reported that small
olecular weights of PEG such as PEG 200 and PEG 400 work

s pore reducing agent for PEI membranes. PEG with molecular
eight of 600 Da, 2000 Da, 6000 Da and 12,000 Da was used as

dditives to control the thermodynamics and kinetics in casting
olution of PSf membranes in Kim and Lee’s work [19]. Shieh et
l. [20] reported that PEG being hydrophilic in nature, is used to
mprove membrane selectivity as well as a pore forming agent.
dris et al. [21] found that presence of PEG of different molec-
lar weights exhibit significant effect on performance of PES
embranes. From the above literatures, although it appears that
number of works has been reported using PEG as additives,

here is yet no report regarding the effect of PEG 400, PEG 6000
nd PEG 20000 on morphology and performance of PSf mem-
ranes. In view of this, an attempt is made to investigate the effect
f adding PEG of wide range of molecular weights viz. 400 Da,
000 Da and 20,000 Da as additives into PSf membranes.

In the present work, the variations of the morphology and the
tructure of the PSf prepared by diffusion induced phase sep-
ration process are reported. PEG of three different molecular
eights (400 Da, 6000 Da and 20,000 Da) were used as addi-

ives, separately. Two different solvents like, NMP and DMAc
ere used to prepare PSf membrane. Effects of molecular weight
f additive (PEG) and the nature of solvent (DMAc and NMP)
n morphology and the permeation characteristics of the pre-
ared membrane were investigated in detail. Morphology of
ach membrane was analyzed by scanning electron microscopy
SEM). Liquid displacement method was used for studying the
arameters related to membrane morphology. Finally, the perfor-
ance of the membranes was investigated by water permeation

nd protein (BSA) rejection behaviour.

. 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) were used as solvents. Both the sol-
ents were supplied by Central Drug House (CDH) Ltd., India
nd used without further purification. Reagent grade PEG (aver-
ge molecular weight 400 Da, 6000 Da and 20000 Da) were used
s the non-solvent pore forming additives in the casting solu-
ion. Deionized water purified with Millipore system (Millipore,
rance) was used as the main non-solvent in the coagulation
ath. Bovine serum albumin (BSA) with molecular weight of
8,000 Da was obtained from CDH Ltd., India.

.2. Membrane preparation

Flat sheet PSf membranes were prepared by phase inversion
ethod. Measured amount of polymer (PSf) was dissolved in
he two solvents viz. NMP and DMAc, separately at room tem-
erature (≈25 ◦C) and relative humidity (≈72%). Each solvent
ixture was then mixed with 5 wt% of PEG (400 Da, 6000 Da

nd 20000 Da), separately to make the casting solution. Mem-
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Table 1
Composition of the casting solution

Membranes Additives (wt%) Solvent (wt%)

PEG 400 PEG 6000 PEG 20000 NMP DMAc

PSf1 5 – – 83 –
PSf2 – 5 – 83 –
PSf3 – – 5 83 –
PSf4 5 – – – 83
PSf5 – 5 – – 83
P
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Sf6 5 83

Sf: 12 wt%.

ranes with different composition were designated as PSf1,
Sf2, PSf3, PSf4, PSf5 and PSf6. Table 1 represents the compo-
ition of different membranes. The polymer (PSf) concentration
as kept constant at 12%, keeping the solvent and additive con-

entration at 88%. The polymer solution was stirred for about
h at room temperature using a magnetic stirrer. When the solu-

ion (consisting of polymer, solvent and the additive) became
omogeneous, it was kept at room temperature for 24 h. Sub-
equently, the solution was spread uniformly on a glass plate
0.01 m × 0.01 m) with the help of a casting knife maintaining

clearance of approximately 0.3 mm between the knife and
he plate. The resulting film was then exposed for about 30 s
o ambient before immersion into coagulation bath containing
ater at room temperature. The casted films changed their color

rom transparent to white immediately after immersion into the
oagulation bath and separates out of the glass plate after some-
ime. The prepared membrane sheets were washed under running
ater to remove the additional amount of additive and then kept
vernight in a deionized water bath. Finally, the sheets were air
ried at room temperature after cutting them into the form of
ircular disks of diameter 0.03 m to place inside the membrane
ell for filtration experiments.

.3. Membrane characterization

The shape and size of the pores as well as pore size dis-
ribution and porosity are important parameters deciding the
eparation performance [22]. Membranes so prepared were
haracterized by morphological analysis and permeation exper-
ments. The morphology of the prepared membranes was
nvestigated by microscopic observations and performing liq-
id displacement tests. The performance of all the membranes
ere evaluated in terms of their pure water flux, equilibrium
ater content, permeate flux as well as percentage of BSA rejec-

ion with the help of permeation experiments in batch mode of
peration.

.3.1. Morphological studies

.3.1.1. Microscopic observation. Microscopic observation
as carried out by a scanning electron microscope (LEO

430VP, UK) which directly provides the visual information
f the top surface as well as cross-sectional morphology of the
embranes. Computerized analysis of SEM image is a stan-

ard and widely used method for the investigation of perforated
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aterials [23,24]. However, in the present study, the morpho-
ogical parameters such as pore size, pore number, etc could
ot be measured from the SEM photographs as almost all the
ores are in the ultrafiltration range. Such practice would only
ive rough approximation of the pore size by overestimating
he smallest pores on the surface and also by considering dead
nd (blocked) pores along with the open pores [1]. Liquid dis-
lacement method was adopted to compare the morphology of
ifferent membranes.

.3.1.2. Liquid displacement method. The average pore size
s well as the pore number and pore area distribution of the
repared membranes were determined by the liquid displace-
ent method [1], also known as combined bubble pressure and

olvent permeability method. In this method, the membrane is
etted previously with an appropriate penetrating liquid and

hen an immiscible liquid that does not wet the membrane
s pressurized to pass through the pores displacing the previ-
us liquid which is already occupying the pores. In this work,
ater–isobutanol–methanol (25:15:7, v/v) mixture was taken as

he penetrating liquid. Deionized water was considered for the
mmiscible liquid. The pore size distribution was obtained from
he data of variation of flow with pressure [25,26]. The following
quations were used to calculate the pore size distribution:

The pore radius (r) was calculated by using the well-known
antor’s equation:

= 2σ

P
(1)

Where, P is the transmembrane pressure and σ is the inter-
acial tension between the two liquids. The total hydraulic
ermeability coefficient (Ln) was obtained by:

n = ΣLi,k =
∑ Ji,k

Pi,k

(2)

Where, Ji,k is the flux at pressure Pi,k and Li,k is the partial
ermeability coefficient of the pores with radius between ri and
k evaluated at Pi,k, which corresponds to a mean radius, i.e.

i,k = ri + rk

2
(3)

Combining Eqs. (1) and (2), flux versus pressure data gives
he permeability versus pore radius curve. Again, the pore num-
er versus pore radius and pore area versus pore radius curves
an be obtained using the following equations [25,26]:

i,k = dη

2πσ4 P3
i,kJi,k (4)

i,k = πr2
i,kNi,k (5)

Where, Ni,k is the pore density, i.e., the number of pores hav-
ng radii between ri and rk per unit area of the membrane surface,
is the length of the pore which is approximately equivalent to
he thickness of the skin layer and η is the viscosity of the alcohol
ich mixture. Ai,k is the area of pores having radii between ri and
k. Both the equations are derived from the Hagen–Poiseuille’s
ermeation equation assuming cylindrical pores and laminar
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ow. An average value of the thickness of the skin layer equal to
.1 �m is considered in the present work even though it is likely
o vary along the surface of the membrane.

The total area At and the total number of pores per unit area
f membrane Nt can be found as follows:

t = ΣAi,k (6)

t = ΣNi,k (7)

The mean pore radius rm is calculated as follows [27]:

m = ΣNi,kri,k

ΣNi,k

(8)

The limitation of this method is that the absolute values of
t, Nt and their distribution are likely to be associated with an
rror because of the deviation from the assumption of cylin-
rical pores and non-uniform thickness of membrane skin layer.
owever, the information may be useful in comparing the differ-

nt membranes. At the same time the permeability data has got
uthenticity as they are obtained directly from the experiment
Eq. (2)).

.3.2. Membrane characterization

.3.2.1. Equilibrium water content (EWC). Equilibrium water
ontent is considered to be an important characterization param-
ter as it indirectly indicates the degree of hydrophilicity or
ydrophobicity of a membrane [28]. Also it is related to the
orosity of a membrane. Membranes were weighed in an elec-
ronic balance in wet state after mopping the surface water with
clean tissue paper. The wet membranes were dried by putting

n a vacuum oven for 24 h at a temperature of 50–60 ◦C and
gain they were weighed in dry state. Then the equilibrium water
ontent (EWC) at room temperature is calculated as follows:

WC (%) = Ww − Wd

Ww
× 100 (9)

here, Ww is weight of wet membranes (g) and Wd is weight
f dry membranes (g).

.3.2.2. Porosity. Porosity of the membrane plays an important
ole on permeation and separation. The membrane porosity is
etermined as follows [29]:

orosity = Ww − Wd

ρw × V
(10)

here, ρw is density (kg/m3) of pure water at room temperature
nd V is volume of the membrane in wet state (m3).

.3.3. Permeation experiment

.3.3.1. Membrane cell. The unstirred batch experiments were
onducted in a 100 mL filtration cell made of Teflon. Inside the
ell, a flat circular membrane was placed over a base support. The
embrane diameter was 2 × 10−2 m and the effective area of the

embrane was 3.14 × 10−4 m2. The permeating solution was

ollected from the bottom of the cell. The cell was pressurized
sing a nitrogen cylinder. The schematic of batch experimental
et up is presented in Fig. 1.

s
t
v
s

Fig. 1. Schematic diagram of the experimental set-up.

.3.3.2. Membrane compaction. Before using each fresh mem-
rane, it was compacted. The compaction study of each
embrane was carried out with deionized water for 4 h at a

ransmembrane pressure of 240 kPa which is higher than the
aximum operating pressure designed for the present experi-
ents. The compact membranes were washed thoroughly before

lacing them in the membrane batch cell.

.3.3.3. Hydraulic permeability (Pm) and pure water flux
PWF). Membrane hydraulic permeability has got significance
articularly for membranes used in pressure-driven separation
rocesses. Membrane permeability was determined by allow-
ng deionized water to pass through the compact membrane.
lux values of pure water at different transmembrane pressures
ranging 0–240 kPa) were measured under steady state condition
sing the following equation:

w = Q

A�T
(11)

here Jw is pure water flux (L m−2 h−1), Q is volume of water
ermeated (L), A is effective membrane area (m2) and �T is
ampling time (h).

From the slope of the linear relationship between the pure
ater flux (Jw) and transmembrane pressure, hydraulic perme-

bility was calculated as

m = Jw

�P
(12)

Where, Pm is hydraulic permeability (L m−2 h−1 kPa−1); �P
s transmembrane pressure (kPa).

.3.3.4. Ultrafiltration experiments. Ultrafiltration experi-
ents were conducted in the batch cell mentioned previously

o study the influence of molecular weight of PEG on solute
eparation and permeate flux of the membranes prepared.
he protein, Bovine Serum Albumin (BSA), was dissolved

n deionized water and the concentration was kept constant
t 1000 mg L−1 for all the experiments. The pH of protein

olution plays an important role in protein-membrane interac-
ion [30,31]. The BSA solution was adjusted to different pH
alues with the help of buffer solutions. The pH of the BSA
olution (molecular weight 68,000) was kept approximately
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t two values: 4.8 (i.e. at isoelectric point) and 9.5 (i.e. at
bove isoelectric point). The flux was calculated using the
ame equation for calculating PWF, i.e. Eq. (11). Percentage
ejection of BSA was calculated using the following equation:

(%) =
(

1 − Cp

Cf

)
× 100 (13)

Where, Cp and Cf are the concentration in the permeate and
he feed in mg L−1, respectively. Ultrafiltration tests were per-
ormed with each membrane under a transmembrane pressure
f 103 kPa for BSA solutions with different pH values. The per-
eate was collected in a measuring cylinder over a constant

ime interval for calculating flux. Duration of each experiment

as 1 h. Later the BSA concentration in the permeate was
etermined spectrophotometrically using a UV–vis spectropho-
ometer (Perkin–Elmer Precisel, Lamda-35) at a wavelength of
80 nm. The main objective of the ultrafiltration experiment was

s
d
t
p

Fig. 2. Cross-sectional SEM imag
rane Science 309 (2008) 209–221 213

o investigate the rejection behaviour of BSA protein by differ-
nt membranes prepared in the present work under identical
onditions. After thoroughly cleaning the system several times
y distilled water, the membrane permeability was re-evaluated
ith pure water. It was observed that the membrane permeability

emained almost constant between successive runs.

. Results and discussion

.1. Morphological study

Microscopic study through SEM analysis is carried out
o have qualitative information regarding surface and cross-

ectional morphology of the membranes prepared. The liquid
isplacement method is adopted to have quantitative informa-
ion with respect to membrane morphology such as pore size,
ore number, pore area and pore permeability.

es for different membranes.
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.1.1. SEM analysis
SEM analysis is an important technique for microscopic

bservations of the membrane morphology. Fig. 2 showed the
EM image of the cross-section of different membranes. The
ffect of different molecular weight of additive (PEG) as well
s two different solvents (NMP and DMAc) is shown in the fig-
re. It may be seen from the figure that membranes so formed
re having asymmetric structure consisting of a dense top layer
nd a porous sub layer. The sublayer seems to have finger-like
avities as well as macrovoid structure. Similar observations
ere also found by Strathmann et al. [32] for the systems of
olyamide as the polymer using dimethylsulfoxide (DMSO),
MF, DMAc and NMP as solvents, separately with LiCl as the

dditive. Due to high mutual affinity of NMP and DMAc for
ater, instantaneous demixing results, leading to the formation

f finger like cavities in the sublayer of the prepared membranes
1]. It may also be seen from the figure that the addition of PEG
f different molecular weight for both type of solvents causes

a
h
i

Fig. 3. SEM images of top surface (ai
rane Science 309 (2008) 209–221

ignificant suppression of the finger-like cavities in the sublayer.
hese observations lead to the inference that though instanta-
eous demixing is still maintained, the molecular weight of PEG
ight have substantial role on the precipitation rate [1,32,33].
SEM images for the top surface (air side) of different mem-

ranes are presented in Fig. 3. The reason for such type of surface
orphology may be explained from the concept of quaternary

hase diagram of membrane formation. The formation of the
op surface is possibly due to demixing of the casting solution
y means of nucleation and growth of the polymer rich phase,
.e. the solid phase [34,35]. This results in nodule/aggregate for-
ation on the surface that leads to much better interconnected

ores. With increase in molecular weight of PEG, the nodular
tructure of the membrane top layer becomes more prominent.
t may be attributed to the result of spinodal demixing which

ccording to Boom et al. [4], is likely to occur for systems with
igh molecular weight additives because of their lower mobility
n the initial stage of immersion in the coagulation bath.

r-side) of different membranes.
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ig. 4. Variation of cumulative permeability (%) and cumulative pore number
%) with pore size for PSf1, PSf2 and PSf3 membranes.

.1.2. Liquid displacement studies
This method helps us to evaluate the transmembrane pores

f the membranes in wet state i.e. under the condition similar
o that of ultrafiltration operation. The membrane pore perme-
bility, pore number and pore area for each membrane were
etermined using Eqs. (2), (4) and (5). Membrane permeability
nd pore number are plotted against pore radius as cumula-
ive curves and presented in Figs. 4 and 5 for both the systems
i.e. PSf/NMP/PEG and PSf/DMAc/PEG). From the figures it
s observed that majority of the pores (approx. 80%) are in the
–5 nm range. However, the exact fraction of the larger pores
>100 nm) as well as smaller pores (<2 nm) cannot be deter-
ined due to the pressure limitation of the experimental set-up.
or all the membranes, though the majority of pores (approx.
0%) are having a radius in the range of 2–5 nm, these pores
ontribute not more than 20% to the overall permeability. The
mall number of larger pores actually determines the overall
embrane performance by increasing the overall permeabil-

ty. Similar type of result was observed by Munari et al. [26]
ith PVDF/PVP system. This fact can be explained from the

agen–Poissuille equation which says that transport through
embranes (i.e. permeability) is directly proportional to the

ourth power of pore radius.

u
r
I

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

embranes PSf1 PSf2 PSf3

av (nm) 3.44 3.44 3.42

n (m/s 4 × 10−3 3 × 10−3 9 × 10
Pa)
Ni (cm2) 5.8 × 108 6.6 × 108 2.1 ×
Ai (cm2) 2.3 × 10−4 3.0 × 10−4 8.5 ×
ig. 5. Variation of cumulative permeability (%) and cumulative pore number
%) with pore size for PSf4, PSf5 and PSf6 membranes.

Table 2 reports the results of liquid displacement method. It
s seen that for both type of solvents, with increase in molecular
eight of PEG, the pore number of all the membranes increases

esulting in more porous membranes. The pore number per unit
rea (Nt) for PSf/NMP/PEG system is found to increase from
.8 × 108 to 2.1 × 109, while for PSf/DMAc/PEG system it is
rom 4.8 × 108 to 2.2 × 109. The total hydraulic permeability
oefficient (Ln) is also affected by the molecular weight of PEG.
or PSf/NMP/PEG membranes, the value of Ln is found to be
.004 m/s MPa for PEG 400, 0.003 m/s MPa for PEG 6000 and
.009 m/s MPa for PEG 20000 while for PSf/DMAc/PEG sys-
em, the value of Ln is found to be 0.007 m/s MPa for PEG
00, 0.006 m/s MPa for PEG 6000 and 0.01 m/s MPa for PEG
0000. However, the average pore size (calculated from Eq. (8))
s found to be not much affected by the molecular weight of
EG though it is marginally decreasing. This decreasing trend
ay be attributed to the difference in diffusion rates of differ-

nt molecular weight of PEG. When the casting solution comes
nto contact with the nonsolvent in the coagulation bath, there
s a rapid outflow of the solvent from the casting solution to
he coagulation bath causing the higher concentration polymer
lar weight additives having comparatively higher diffusivity
ates can diffuse out during immersion along with the solvent.
n contrast to that, the diffusion rates of higher molecular weight

od

PSf4 PSf5 PSf6

3.57 3.43 3.39
−3 7 × 10−3 6 × 10−3 l × 10−2

109 4.8 × 108 1.2 × 109 2.2 × 109

10−4 2.3 × 10−4 4.9 × 10−4 8.7 × 10−4
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dditives (PEG 20000) are much lower than the solvent and so
ccording to Idris et al. [37] they take more time to reach the sur-
ace. This will give sufficient time for the polymer molecules to
ggregate on top of it and form a denser top layer with relatively
maller size pores. So it may be inferred that PEG acts both as a
ore former and pore size reducer in membrane formation and
ith increase in molecular weight, its capacity to form pores

ncreases.

.2. Membrane characterization by the determination of
quilibrium water content (EWC) and porosity

.2.1. Effect of molecular weight of PEG on EWC
EWC is an important parameter for membrane characteri-

ation as it is closely related to PWF. The equilibrium water
ontent of different membranes is presented in Table 3. It may
e found from the table that increase of molecular weight of
EG increases the EWC of all membranes. Again, for higher
olecular weight of PEG (i.e. 20000), the EWC for PSf/NMP
embranes are higher than PSf/DMAc membranes and for
olecular weight of PEG (up to 6000), the EWC for PSf/DMAc
embranes are marginally higher than PSf/NMP membranes.
hese may be attributed to the higher or lower porosities in the

espective cases (Table 3).
From Table 3, it is observed that for PSf/NMP/PEG mem-

ranes, the EWC for PEG 400 is 56.8%, for PEG 6000 is
8.2% and for PEG 20000 is 78.8%. Similar trend is seen for
Sf/DMAc/PEG membranes, where for PEG 400 it is 58.6%,
or PEG 6000 it is 69.1% and for PEG 20000 it is 76.4%. This
ncreasing trend confirms the presence of increasing number of
ores in the membrane with the increase of molecular weight of
EG (as discussed in Section 3.1). The pores on the surface as
ell as cavities in the sublayer are responsible for accommodat-

ng water molecules in the membranes [38].

.2.2. Effect of molecular weight of PEG on membrane
orosity

The porosity of each membrane is calculated using Eq. (10)
nd are reported in Table 3. It is observed that porosity is almost
ndependent of type solvent used in the present work. How-
ver, two different findings are observed with molecular weights
f PEG. Firstly, porosity of the membranes remains almost
nchanged up to the molecular weight of 6000. Secondly, a sig-
ificant increase in porosity is found when molecular weight of
EG increases from 6000 Da to 20,000 Da.
Table 3 shows that porosity of all membranes remains in
etween 0.38 and 0.39 when molecular weight of PEG remains
ithin 6000. Porosity increases to 0.58–0.59 when molecular
eight of PEG increases to 20000 for both the solvent system.

w
i
t
t

able 3
alues of some characterization parameters of all membranes

embranes PSf1 PSf2

ater content (%) 56.8 68.2
orosity 0.38 0.38
ydraulic permeability (L m−2 h−1 kPa−1) 0.094 2.2
rane Science 309 (2008) 209–221

The variation of porosity may be explained on the basis
f thermodynamic and kinetic consideration. Addition of an
dditive into the casting solution has two effects. Firstly, it
auses thermodynamic enhancement of the phase separation by
educing the miscibility of the casting solution with the nonsol-
ent; this results in instantaneous demixing. Secondly, it causes
inetic hindrance against phase separation by increasing the vis-
osity of the solution; this results in delayed demixing [1,32,34].
ncrease in viscosity increases the ratio of non-solvent inflow
o solvent outflow which according to the theory suggested by
oung et al. [39] results in a more porous membrane. Thus,

he increase in porosity in membranes with PEG 20000 may be
ue to decrease in miscibility of the casting solution with water
ith addition of PEG 20000. This in turn, can work in favour
f the thermodynamic enhancement in the demixing of casting
olution.

.3. Permeation experiments

Membranes that have been prepared separately with NMP
nd DMAc as solvents are tested to see the effect of addi-
ion of PEG of different molecular weight on their permeation
ehaviour. The membranes are characterized in terms of PWF,
ydraulic permeability and rejection as well as permeate flux
ehaviour of protein at different pH.

.3.1. Flux profile during compaction
All the membranes are subjected to hydraulic compaction at

constant transmembrane pressure of 240 kPa. The compaction
s carried out for 4 h until a steady-state flux is attained. The
ater flux is calculated using Eq. (11) from the experimental
ermeate flow rate measured at every 30 min interval.

The effect of compaction time on PWF for all the membranes
s shown in Figs. 6 and 7 for NMP and DMAc, respectively. It
s seen that the PWF declines gradually due to compaction with
ime and after about 2 h of compaction, it reaches a steady-state
alue. This is due to the fact that the walls of the pores become
loser, denser and uniform resulting in reduction in pore size as
ell as the flux during compaction [1].
The steady-state value of PWF for each membrane corre-

ponding to the applied pressure (240 kPa) is found to increase
ith molecular weight of PEG for both the solvents. The

teady state flux increases from 21.0 L/m2 h to 4051 L/m2 h
or PSf/NMP/PEG membranes and from 33.6 L/m2 h to
64.6 L/m2 h for PSf/DMAc/PEG system, when molecular

eight of PEG increases from 400 to 20000. The increase

n flux with increase in molecular weight of PEG is due to
he increase in porosity as discussed in the preceding sec-
ion.

PSf3 PSf4 PSf5 PSf6

78.8 58.6 69.1 76.4
0.59 0.39 0.39 0.58

17.6 0.14 2.5 3.66
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force (transmembrane pressure) required for water permeation.
Fig. 6. Flux profile during compaction for PSf/NMP/PEG membranes.

Again the higher values of PWF for PSf/NMP/PEG mem-
ranes for higher molecular weight of PEG (i.e. PEG 20000)
ompared to PSf/DMAc/PEG membranes are possibly due to
elatively higher porosity of the former membrane. This result
grees to the findings of the EWC test (Table 3).
.3.2. Effect of molecular weight of PEG on PWF and
ydraulic permeability (Pm)

PWF as well as hydraulic permeability is considered to be
he key specification factors for any membrane.

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

T
w
v

F
b

ig. 8. Effect of transmembrane pressure on PWF for PSf/NMP/PEG mem-
ranes.

The effect of molecular weight of PEG on PWF at vari-
us transmembrane pressures is shown in the Figs. 8 and 9.
t is seen that within the range of 0–240 kPa, with increase in
ransmembrane pressure, PWF increases almost linearly for all
he membranes. This is due to the increase in effective driving
he PWF is also seen to increase with increase in molecular
eight of PEG at a particular pressure irrespective of the sol-
ent used which agrees with the findings of the compaction

ig. 9. Effect of transmembrane pressure on PWF for PSf/DMAc/PEG mem-
ranes.
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the membrane (which includes both top-layer and sublayer) in
protein transmission or rejection also play an important role.

When the pH of the BSA solution is maintained near the
isoelectric point (i.e. pH 4.8), it is observed that the flux grad-
18 B. Chakrabarty et al. / Journal of M

tudy. For example, at 173 kPa, The PWF increases from 15.3
o 2713.4 L m−2 h−1 and from 24.5 to 555.6 L m−2 h−1 for
Sf/NMP and PSf/DMAc systems, respectively, when molec-
lar weight of PEG increases from 400 to 20000.

Permeability is determined from the slope of the plots in
igs. 8 and 9 using Eq. (12) and is represented in Table 3.
t is observed that hydraulic permeability (Pm) increases with
he molecular weight of PEG. Pm for PSf/NMP/PEG mem-
ranes increases from 0.094 to 17.6 (L m−2 h−1 kPa−1) and
or PSf/DMAc/PEG membranes it increases from 0.14 to 3.66
L m−2 h−1 kPa−1) when molecular weight of PEG increases
rom 400 to 20000. Again the higher permeability of PSf/NMP
embranes compared to PSf/DMAc membranes with high
olecular weight PEG confirms the finding of the compaction

tudy that porosity of PSf/NMP membranes is more than that of
Sf/DMAc membranes for PEG 20000.

The result clearly indicates that addition of PEG with dif-
erent molecular weights influence the formation of pores in the
embranes, which affect the permeability as the latter is concep-

ually related to its pores for UF membranes [6,40]. According to
efs. [5,41] removal of additives completely from the membrane
atrix becomes more and more difficult as the molecular weight

f additives such as PEG and PVP goes on increasing. Therefore,
he residual additives, which are hydrophilic in nature, are com-
elled to stay inside the matrix permanently, thus, making the
embrane more hydrophilic [5,8,41,42]. It is also reported by
hou et al. [43] in their study with PEG and cellulose acetate that
EG is entangled with the membrane matrix leading to its stable
xistence in the matrix. In the present study it is possible that due
o very high molecular weight of hydrophilic PEG (20000 Da),
race amount of PEG may always remain entrapped in the mem-
rane matrix. This in turn can change the hydrophobic behaviour
f Polysulfone membrane to hydrophilic behaviour. Thus, in
ddition to porosity, increase in hydrophilicity with increase in
olecular weight of PEG may be another important factor to

escribe such performances of the prepared membranes. How-
ver, this can be confirmed only after thorough investigation
f the existence of the PEG in the membrane surface layer
articularly during addition of PEG 20000.

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

Apart from transmembrane pressure, the rejection and flux
haracteristics of the membrane strongly depend on the structure
f the membrane as well as the properties of the feed solution.
o, the synthesized UF membranes were also characterized by
stimating rejection and flux during permeation experiment with
SA solution as feed.

The variation of permeate flux and BSA rejection data with
ifferent molecular weight of PEG are shown in Figs. 10 and 11
or NMP and DMAc solvent, respectively at pH 4.8 (i.e. at
soelectric point) and at pH 9.5 (i.e. above isoelectric point)
onditions. From these figures, it is understood that both molec-

lar weight of PEG and pH of the protein solution are important
actors in protein rejection and flux.

The flux and rejection of proteins by ultrafiltration mem-
ranes can be explained under the concept of protein adsorption

F
p
1

ig. 10. Effect of different molecular weight of PEG and pH of BSA solution on
ermeate flux and rejection; membranes used: PSf1, PSf2 and PSf3; pressure:
03 kPa; operating time: 1 h.

nd consequent pore narrowing, as a result of both hydropho-
ic and electrostatic interactions between the membrane surface
nd the protein molecules [30]. The morphological structure of
ig. 11. Effect of different molecular weight of PEG and pH of BSA solution on
ermeate flux and rejection; membranes used: PSf4, PSf5 and PSf6; pressure:
03 kPa; operating time: 1 h.
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ally increases with increase in molecular weight of PEG from
00 Da to 20000 Da for all membranes, irrespective of the sol-
ents; This effect can be seen in Figs. 10 and 11. As protein
arries no charge at its isoelectric point, this trend may be due
o the result of hydrophobic/hydrophilic interaction between the
rotein molecules and the membranes. In general, hydrophilic
embranes tend to adsorb less protein at its isoelectric point

nd thus have higher flux than hydrophobic membranes [44].
his is because of the fact that less adsorption does not nar-

ow down the pores. In the present study, increase in porosity of
he membranes (from water content test) and possible increase
n hydrophilicity as discussed earlier with increase in molec-
lar weight of PEG, leads to increase in flux. On the other
and, from both the figures, it is seen that percent rejection of
SA increases with increase in molecular weight of PEG from
00 Da to 6000 Da. The increasing trend in percentage rejec-
ion with increase in molecular weight of PEG from 400 Da to
000 Da may be because of the resistance offered by the dense
nd sponge-like structure of the membranes (Fig. 2) with PEG
000 to the protein molecules. It is also found that rejection
ecreases beyond molecular weight of PEG 6000 Da. At pH
.8, in absence of electrostatic interaction, protein transmission
hould increase i.e. rejection should decrease with increase in
olecular weight of PEG. The increase in membrane porosity

Table 3) as well as presence of finger-like cavities in the sub-
ayer (Fig. 2) and possible increase in hydrophilicity with PEG
0000 allow more protein transmission without much adsorption
nd consequently result in less rejection.

When the pH of the solution is kept at 9.5, the flux shows an
pposite trend i.e. it gradually decreases with increase in molec-
lar weight of PEG. In this case, adsorptive effects through
lectrostatic interactions between protein and membrane sur-
aces may become more pronounced. This may be due to the
act that above isoelectric point (i.e. pH 9.5), protein carries a net
egative charge [45] resulting in attractive interactions between
rotein molecules and membranes. This interaction increases for
embranes with higher molecular weight PEG possibly because

f their higher hydrophilicity. So flux decreases as adsorption of
rotein on pore wall causes pore narrowing. The trend of per-
ent rejection is similar to that at pH 4.8. Apparently, it appears
hat the rejection should increase with increase in adsorption of
rotein as molecular weight of PEG increases. But experimental
esult is seen to be just reverse for PEG 20000 membranes. The
eason for PEG 20000 membranes having minimum rejection
ay be because of the fact that adsorption of protein on pore
all has less effect on pore narrowing due to their very high
orosity compared to PEG 400 and PEG 6000.

The high rejection and comparatively low flux with PEG
000 membranes for both the pH values may also be under-
tood from the morphology of their cross section [as discussed
n Section 3.1]. The thin asymmetric layer probably explains for
he improvement in the rejection rate while the thick sponge-like
ub layer offers resistance resulting in rather low flux and high

ejection.

The role of solvent in the casting solution on rejection of pro-
eins can also be noted from the figures. It is seen that for NMP,
he percentage rejection is found to be maximum at pH value of
rane Science 309 (2008) 209–221 219

.8 which is 56.4 percent for PEG 6000; while for DMAc, it is
aximum for pH value of 9.5 which is 42.4% for PEG 6000. This
ay be attributed to the fact that at pH value of 4.8, adsorption

f protein, taking place due to hydrophobic/hydrophilic interac-
ion between the protein molecules and the membranes, on NMP

embrane is possibly more than on DMAc membrane resulting
n higher rejection (56.4%). On the other hand, at pH value of
.5, adsorption of protein, taking place due to the electrostatic
ttraction between the protein molecule and the membrane sur-
ace, is possibly more in DMAc membranes leading to higher
ejection (42.4%) compared to NMP membranes.

Thus from the above discussion, it may be concluded that
he hydrophobic or electrostatic interaction between protein

olecules and membrane surface depending on the range of
H of protein solution determines the extent of protein rejection
y a membrane. The morphological parameters of a membrane
such as porosity) and structure of membrane (with finger-like
r spongy-like sub layer) also play a key role in this regard.
astly, effect of molecular weight of additives (i.e. PEG) and

ype of solvents (i.e. NMP and DMAc) may also be considered
s important factors as they finally decide the morphology and
roperty of a membrane.

. 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. PEG of average molecular weights of 400 Da,
000 Da and 20000 Da were used as additive. Effects of molec-
lar weight of PEG on the morphology such as porosity in terms
f average pore size, pore number distribution and pore area dis-
ribution were studied in detail. The permeation performance of
he prepared membranes with varying molecular weight of PEG
as also evaluated in terms of PWF, hydraulic permeability and

ejection efficiency of BSA protein. The observations can be
ummarized as follows:

All the membranes were found to have asymmetric structure
as seen from SEM photographs.
PEG 6000 can be a suitable additive for making asymmet-
ric membranes having a dense skin layer and a relatively
macrovoid-free sponge-type support layer.
With increase in molecular weight of PEG, the pore number
as well as pore area per unit surface area (porosity) of the
prepared membrane was increased. However, the average pore
size was seen to reduce marginally. So, PEG could be regarded
as a pore former agent rather than pore reducing agent.
The PWF and hydraulic permeability were seen to enhance
greatly with increase in molecular weight of PEG.
A significant increase in rejection was observed in BSA sep-
aration when molecular weight of PEG was increased from
400 Da to 6000 Da in the membrane casting solution. Beyond

that the rejection decreases. The pH of the protein solution
also seems to play an important role in this regard. Irrespective
of the solvents and pH of the protein solutions, the membranes
with PEG 6000 as additive seems to exhibit the highest solute



2 emb

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

20 B. Chakrabarty et al. / Journal of M

separation. The maximum separation was only 56.4% with
PSf2 membranes when the pH of the protein solution was kept
near its isoelectric point which indicates that the given compo-
sition for the prepared membranes may not be recommended
for efficient protein separation. However, a detail parametric
investigation (i.e. effect of pressure, BSA concentration and
stirring) is required to find out the optimum condition for the
better rejection performance.
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