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ABSTRACT: This study examined the consequences of the addition of polyvinyl pyrrolidone (PVP) of different molecular weights with
constant molecular weight of polyacrylic acid (PAA) on the morphology and permeation properties of polysulfone (PSF) membranes.
The asymmetric polymeric membranes were prepared by phase inversion process using PSF in N-methyl-2-pyrrolidone (NMP) as a
solvent. The surface structure and morphology of the prepared membranes were analyzed by field-emission scanning electron micro-
scope (FESEM) and atomic force microscopy (AFM). The pore number, average pore size and area of pores for all the membranes
were determined by permeability method. These ultrafiltration membranes were subjected to characterizations such as measurement
of pure water flux (PWF), compaction factor (CF), bovine serum albumin (BSA) rejection for finding the permeability performance,
whereas equilibrium water content, contact angle, porosity, hydraulic resistance, and ion exchange capacity (IEC) are measured for
evaluating the hydrophilicity. Results demonstrate that the flux performance of the membranes and morphological parameters own a
crucial inter-relationship with the molecular weight of PVP. The membrane pore area and pore number were found to be increased
by increasing molecular weight of PVP with constant molecular weight of PAA. A detailed comparative study was done with Chakra-
barty et al. (J. Membr. Sci. 2008, 309, 209) and found better in almost all the aspects. All the resulting parameters were compared
and concluded with the fact that addition of small amount of PAA in PSF/PVP/NMP casting solution can be better than addition of
PVP alone. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41964.
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INTRODUCTION (PAN), polyethylene (PE), polypropylene (PP), and polyether
sulfone (PES) are available for the preparation of commercial
UF/MF membranes. Among these polymers, PSF is most prefer-
able polymer for the preparation of polymeric membranes
because of its good heat resistance, physicochemical stability,
resistance to chlorine, oxidation, and chemical compatibility
resistance over wide range of pH.” Other than this, solubility of
PSF brings it under the category of suitable candidate for poly-
mer blend membranes, as it is very soluble in N-methyl-2-
pyrrolidone (NMP) and dimethyl acetamide (DMAc) and these
solvents are further soluble in the coagulation medium which is
mainly water for the preparation of asymmetric membrane.
Albeit, PSF membrane has several advantages, these membranes
are prone to be fouled because of its hydrophobicity, which can
be resulted in declination of flux and life of membrane.® To
overcome the problem of hydrophobicity some researchers have
examined changing membrane surface properties using various
methods such as plasma treatment,”'® coating,'"'> UV-induced

Separation is an integral section of various downstream opera-
tion in chemical, petrochemical, food, biochemical, and several
other related process industries. It is necessary to achieve the
goals of purification, refining, enrichment and concentration of
any desired product from a mixture. Efficient separation proc-
esses are also required to obtain high-value products in the
pharmaceutical and food industries, to provide communities
and industry with high quality water as well as to recover and
remove valuable or toxic components from industrial effluents.
In the present era use of membranes has become increasingly
important, especially in the food processing and biotechnology
industry for separation, concentration and fermentation of food
products with high yield and purity."? Other than these
industries membranes can be efficiently used in textile,” vana-
dium flow battery," active packaging,’ and electrodialysis®
applications.

A variety of polymers such as cellulose acetate (CA), poly-  graft polymerization,”> redox initiated grafting."* Although,
vinylidene fluoride (PVDEF), polysulfone (PSF), polyacrylonitrile  these methods are very useful for altering the pore size and
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pore size distribution of the membrane usually without internal
pore modification.'” But at the same time these methods have
the drawback of required additional complicated steps. As a
result research was focused on the addition of nanoparticles
(NPs) and polymers within membrane matrix. Substantial liter-
atures are available on the NP inclusion in the membrane for
increasing the hydrophilicity. However, uniform distribution of
NP in casting solution is actually difficult because of the
agglomeration of NP and increased viscosity of the casting solu-
tion.'® Although Nair et al'” found that the incorporated
CaCO; NP (CCNP) uniformly distributed within the polymer
matrix and increased membrane hydrophilicity was observed
with increasing concentration of NPs. Contact angle values
showed a gradual decrease from 82.81° for pure PSf/PEG mem-
brane to 72.5° for the 10% incorporation of CCNP. On the con-
trary, if the NPs were getting trapped within the pores, then the
flux would have decreased with increasing concentration of the
NPs. This was due to the blockage of membrane pores by
agglomerated NP.'® It may be summarized from the literatures
that the use of NP for increasing the hydrophilicity is not very
favorable for better membrane permeability.

Blending of polymers in the casting solution is an important
alternate to obtain different polymeric membranes with
required properties and additional features of the process areas
inexpensive and less complicated. Charged polymer,'® surfac-
tants,”® and water soluble polymers®'™® have been used to
make hydrophilic UF membrane through homogeneous blend-
ing. Sinha and Purkait®’ prepared PSF membrane by using
polyethylene glycol methyl ether (PEGME) of different molecu-
lar weight 550 Da, 2000 Da, and 5000 Da at constant concen-
tration of 5 wt % as additive. The pure water flux (PWF) and
hydraulic permeability were seen to enhance with increase in
molecular weight of PEGME and it was observed that value of
total fouling was decreased with increase in molecular weight of
PEGME. Chakrabarty et al*>* prepared PSF membrane by
using PEG and PVP of different molecular weight as additive,
in the case of PEG PWF was increased with increase in molecu-
lar weight of PEG, but BSA rejection was not increased in the
same trend, it was highest for PEG 6000 Da. For PVP they
found that with the increasing molecular weight of PVP mem-
branes had more compact structure and consequently less PWE.

From the above literatures it may be found that although sev-
eral authors have reported various additives to increase the
hydrophilicity of PSF membrane, but the role of the mixture of
two hydrophilic polymeric additives, i.e., polyvinyl pyrrolidone/
polyacrylic acid (PVP-PAA) blend in PSF membrane has not
been accounted yet. Therefore, in this work, the effect of addi-
tion of PVP-PAA blend in the casting solution of PSF mem-
brane was studied. PAA was chosen as hydrophilic polymer
additive in the present study because of its good compatibility
with PVP. Membrane hydrophilicity is supposed to be increased
by addition of PAA in membrane casting solution as PAA forms
hydrogen bond with PVP. PVP of different molecular weight of
24,000 Da, 40,000 Da, and 360,000 Da and PAA molecular
weight of 18,000 Da were taken for the preparation of PVP—
PAA blend at constant concentration in casting solution of PSF
membrane was investigated. Effects of PVP-PAA blend on
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permeation characteristic, morphology and hydrophilicity of
membrane were examined and explained well. Morphology of
each membrane was analyzed by scanning electron microscope
(SEM) for cross-sectional view, field-emission scanning electron
microscope (FESEM) for top surface and atomic force micros-
copy (AFM) for top surface as well as for finding different
parameters such as number of pores, average radius of pores,
area of pores and surface roughness parameters. The perform-
ances of the membranes were examined by water permeation
and bovine serum albumin (BSA) rejection at three pH values,
ie, 4.8, 7, and 9.3.

EXPERIMENTAL

Materials and Reagents

Polysulfone (average molecular weight 30,000 Da) was supplied
by Sigma-Aldrich Co. USA, and was used as base polymer in
the membrane casting solution. NMP (supplied by LOBA
Chemie, India) was used as solvent. PVP (average molecular
weight 24,000 Da, 40,000 Da, and 360,000 Da) and Polyacrylic
acid (average molecular weight of 18,000 Da) were purchased
from Otto Chemie Private Limited India, were used as non-
solvent pore forming additives in the casting solution. BSA with
molecular weight of 68,000 Da was purchased from Otto
Chemie Private Limited, India. All the chemicals were reagent
grade and used without further purification. Deionized water
was taken from the Millipore system (Millipore, France), was
used as nonsolvent in coagulation bath.

Membrane Preparation

Flat sheet PSF membranes were fabricated by the wet phase
inversion method using different molecular weight of PVP and
constant molecular weight of PAA. PVP-PAA blend (8 wt %)
and NMP (78 wt %) were used as additive and solvent, respec-
tively. The PSF concentration was taken constant at 14 wt % for
all the cases. Membranes with different compositions were des-
ignated as PSF_1, PSF_2, and PSF_3 containing PVP-PAA
blend in which molecular weight of PVP was 24,000 Da, 40,000
Da, and 360,000 Da, respectively, and molecular weight of PAA
was taken as 18,000 Da (Table I). Figure 1 shows the reaction
between PAA and PVP. The side groups of PVP are highly polar
due to the incorporation of an amide bond in the five mem-
bered pyrrolidone ring. This structure is responsible for its
highly hygroscopic nature. Whereas PAA is an anionic polymer
and hence many of the side chains of PAA will lose their pro-
tons and acquire a negative charge. This makes PAAs polyelec-
trolyte, with the ability to absorb and retain water. When PVP
and PAA react with each other, hydrogen bonding occurs and
they become more hydrophilic in nature.**

The casting solution was stirred using a magnetic stirrer for
12 h at room temperature and then degassed for 24 h at room
temperature for removal of air bubbles. The solution was then
cast on a clean glass plate using a casting knife maintaining a
uniform and constant thickness of 100 um, in ambient condi-
tions. Then without any delay the glass plate was immersed into
the water bath (coagulation bath) at room temperature. The
casted film instantaneously changed its color and converted
from transparent to white after the immersion in the water bath
and then separated out from the glass plate. The prepared
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Table I. Composition of Casting Solution
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Additives (wt %)

Membranes PAA (wt %) PSf (wt %) NMP (wt %)
PVP 24,000 PVP 40,000 PVP 360,000
PSF 1 4.8 - - 3.2 14 78
PSF 2 - 4.8 - 3.2 14 78
PSF 3 - - 4.8 32 14 78
PSf123 5 - - 0 12 83
pPSf223 - 5 - 0 12 83
pSf323 - - 5 0 12 83

membrane sheets were then washed under running water to
remove the additional amount of additive and then kept over-
night in a deionized water bath to remove any residual solvent.
Finally, the sheets were air dried at room temperature. There-
after cutting them into the form of circular disks of diameter
0.03 m to place inside the membrane cell for filtration
experiments.

Membrane Characterization

The pore size distribution and porosity are important parame-
ters for finding the membrane performance.”® The prepared
membranes were characterized by permeation experiments and
morphological analysis. The morphology of the prepared mem-
branes was studied by microscopic observations. The perform-
ance of each membrane was evaluated in terms of ion exchange
capacity (IEC) of the membranes, water contact angle (for find-
ing the hydrophilicity of membrane), hydraulic resistance, com-
paction factor (CF), equilibrium water content (EWC), porosity,
PWE, and percentage rejection (% R) of BSA.

Microscopic Observation. Microscopic observation was done
by FESEM (Zeiss LSM 510 Meta), atomic force microscope
(AFM, Agilent Technologies 5500 Scanning Probe Microscope)
and scanning electron microscope (LEO 1430 VP, UK). FESEM
and AFM images directly provided the visual information of the
top surface and SEM provides the information about cross-
sectional morphology of the membranes. Images were taken
with acceleration voltages of 10 kV and 3.50 kV for SEM and
FESEM, respectively, after the samples were double coated with
thin gold layer (for about 135 s). The skin layer thickness as
well as pore size on the membrane surface was measured with
the help of image J** and WSxM?*’ softwares. These images
directly provide the top layer visual information as well as
cross-sectional information of the membranes. A number of
FESEM, AFM, and SEM images were taken at different magnifi-
cation for top surface and cross-section of the prepared
membranes.

Permeability Method. The number of pores and average pore
size of the fabricated membranes were determined by perme-
ability method.” In this method the flow of a solvent through a
porous membrane can be described in terms of a pore flow
model which assumes that the pores are ideally cylindrical in
shape and aligned normal to the membrane surface.
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Hagen-Poiseuille equation may be used to describe the volumet-
ric flux through these pores.
2
B emdpAPP

B 32/nlp M

4

where &, is the surface porosity of membrane, d, is diameter of
the pore, AP is pressure difference,  is liquid viscosity, 7 is the
pore tortuosity (for cylindrical perpendicular pores, the tortuos-
ity is equal to unity), and [, is the length of pores or almost
equal to the thickness of membrane. Flow per unit membrane
area or the flux, is the sum of all the flows through the individ-
ual pores (N pore) and can be given by:

_ N.md*AP
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For the membranes having equal pore area and porosity, the
inverse of square of the pore diameter is proportional to the

number of pores cm™ .
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Figure 1. Reaction between polyacrylic acid and polyvinyl pyrrolidone
(n ~ 25 and m ~ 216).
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4.
= Tl (3)
The mean pore radius r,, was calculated as:*®
- Z NZJTU (4)
av Z Nl]

where Nj; is the pore number that have radius between r; and r;
per unit area of the membrane surface. This method has some
advantages like experimental simplicity, particularly when
liquids are used. However, pore geometry consideration is very
necessary in this method and it is the major limitation of this
method. But the information found from this method may be
useful for the comparison of different membranes.

Permeation Experiments. All the unstirred batch experiments
were carried out at room temperature (25 =+ 2°C) in a dead-
end, stainless steel cell with a diameter of 3 X 10 2 m, volume
400 mL and effective membrane filtration area of 7.065 X 10~*
m” fitted with Teflon coated O-ring. Nitrogen gas was used to
pressurize the cell to an operating pressure of 100 kPa after the
compaction of membrane at 240 kPa. Inside the cell, a flat cir-
cular membrane was kept over a base support. The permeating
solution was collected from the bottom of the cell. Prepared
membrane was compacted with deionized water for 4 h at a
transmembrane pressure of 240 kPa which was higher than the
maximum operating pressure for this study. The water permea-
tion flux was collected at every 30-min interval until the flow
stabilization through the membrane was achieved. The ratio of
initial pure water flux (PWF,,jia) to steady state pure water
flux (PWFjicady state) Was used for calculating the CF

PWF and Hydraulic Permeability (P,,). Membrane hydraulic
permeability is an important parameter for membranes used in
pressure driven separation processes. PWF was calculated by
allowing deionized water to move across the compacted mem-
brane. Flux values of pure water at different transmembrane
pressures (up to 240 kPa) were calculated under steady state
condition with the help of following equation:

_Q
~AAt
where J,, is the PWF (L m > h™"), Q is the volume of water
permeated (L), A is the effective membrane area (m?), At is the
permeation time, and P, (L m 2 h~! kPa™!) is evaluated from
the slope of the plot of J, vs. P Hydraulic permeability was

measured using following equation as:*'

T (5)

Pm:7 (6)

EWC, Porosity, and Hydrophilicity. EWC is basically related to
the porosity of membrane. It also depicts the hydrophilicity or
hydrophobicity of the membranes. EWC at room temperature
was obtained as:

(Ww —Wa )

w

EWC(%)= X100 7)

. . 22
The membrane porosity was determined as:
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(Ww_Wd)

Porosity=
PuXV

(8)
where W,, and W, are the weight of membrane in wet and dry
conditions, respectively. V is volume of the membrane and p,, is
the density of water. Weight of wet membranes was taken on
electronic weighing machine after soaking the surface water
using a clean tissue paper. Vacuum oven was used for drying
the wet membranes and were dried for a period of 24 h at a
temperature of about 50-55°C and over again they were
weighed in dry state. For calculating the volume of membrane,
thickness of membranes was assessed by SEM image at different
places and the average was taken for analysis. The error was
found within the range of 2-3%. Static contact angle between
the membrane films and deionized water was measured at room
temperature and at ambient condition using a digital camera
(sony cyber shot) and a goniometer. Contact angle is an impor-
tant parameter for finding the hydrophilicity of membranes.
Farbod and Rezaian® had also measured contact angle with the
same technique. For measuring the contact angle, membrane
pieces of rectangular shape of about 4 cm X 2 cm area was pre-
pared by cutting the membrane sheet and then these samples
were fixed at glass plates using the tape. Then, a drop DI water
(~20 uL) was placed on the surface with the help of a
micropipette.”!

Ultrafiltration Experiment
Ultrafiltration experiments were carried out in the batch cell
explained in the previous section to study the effect of molecu-
lar weight of PVP with PAA on permeate flux and solute sepa-
ration behavior of the prepared membranes. The protein, BSA,
was used for the filtration experiments. Solution was prepared
by dissolving BSA in deionized water and the concentration of
solution kept constant at 1000 mg L~' for all the filtration
experiments. The pH of protein solution acts as a key factor in
protein-membrane interaction.”® The pH of the BSA solution
(molecular weight 68,000 Da) was taken approximately at three
values: 4.8 [i.e., at isoelectric point (IEP)], 7 (i.e., neutral state),
and 9.3 (i.e., basic condition). Then the membrane was fixed in
the membrane cell, the cell was first filled with deionized water.
Initially, each membrane was pressurized for 60 min at 157 kPa,
then the pressure was reduced to the operating pressure of
about 100 kPa and the water flux (J,,;) was noted. Afterward
cell was emptied and refilled with 1000 mg L™" BSA solution;
the flux was noted as (J,). Then the BSA rejection ratio was
measured by the following equation:

R% = =G 100 9)

G

where Crand C, are the concentrations in the feed and perme-
ate in mg mL™", respectively. After 2 h of ultrafiltration, the
membrane was cleaned with deionized water by back-washing
and water flux was measured (J,,). UV—vis spectrophotometer
(Perkin-Elmer Precisel, Lamda-35) was used for obtaining the
BSA concentration in permeate; concentration was measured
spectro-photometrically at wavelength of 280 nm. Membrane
fouling causes flux loss (J,,; —J,). To examine the antifouling
property of the membrane, Wang et al.’' defined some ratios to
explain the fouling process. The first ratio is total resistance R,
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which is the degree of total flux deficit caused by total fouling.
R, was measured by the following equation:

o (1)
]Wl

R;, and R, are two additional ratios. Where R;, is irreversible
fouling and R, is reversible fouling. R, and R;, were calculated
by the following equation:

(10)

(]wl _]wz)
Ry =~ w2 11
]wl ( )
Rr: (]wz_]p) (12)
le

Reversible fouling occurs due to the reversible BSA adsorption
on the membrane surface, which can be eliminated by hydraulic
cleaning whereas irreversible fouling caused by irreversible BSA
adsorption may be inside the pores, which can difficult to be
removed by hydraulic washing. Thus, R, is the sum of R, and R;.

Rt:Rr+Rir (13)

The data obtained from ultrafiltration of BSA protein through
different membranes are analyzed in successive section.

Ion Exchange Capacity

The IEC of the PSF-(PVP-PAA) membranes was determined by
the back titration method. Initially, 0.3 g PSF—(PVP-PAA)
membrane samples were equilibrated with 50 mL 0.01 M HCI
standard solution for 24 h, at 30°C in orbital shaker for achiev-
ing complete equilibrium, followed by back titration of 0.01 M
NaOH standard solution with phenolphthalein as the indicator.
The 50 mL 0.01 M HCI standard solution was used as the blank
sample for the control experiment. The measured IEC of the
PSF—(PVP-PAA) membranes were calculated by the following
equation:*

(Vo= V;) Cacr

dry

[EC= X 1000 (14)
where V}, and V; are the consumed volumes (L) of the NaOH
solution for the blank sample and the PSF-(PVP-PAA) mem-
brane sample, respectively, Cyc is the concentration of HCI
solution (M), and Wy, is the mass (g) of dry membrane

sample.

Comparison of Resistances with Respect to the total
Resistance

For finding the long term steadiness and for evaluating the effi-
cacy of the cleaning procedures of membrane, different type of
resistances such as membrane resistance (R,,), gel layer resist-

ance (R,), and resistance due to pore blocking (Rpg) were also
calculated using the resistance model:*
P
Jwater= R—: (15)

where Jater 18 PWE Pr is the pressure, and R,, is membrane
resistance.

P
Jwater = ( L (16)

Ryt Ryp)

where Ry, is the resistance due to fouling or pore blocking.
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Figure 2. FTIR-ATR spectra of PAA, PAA-PVP blend, and PVP.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

P
e =7 a (17)

Ryu+RpptRy)

where R, is gel layer resistance. It is a function of operating
parameters and physical properties; it is also used for account-
ing boundary layer and concentration polarization.

RESULTS AND DISCUSSION

FTIR-ATR Spectroscopy Analysis of PVP-PAA Blend

Figure 2 shows the FTIR spectra of PAA, PVP, and PVP-PAA
blend. FTIR analysis shows that the complexes were formed
through hydrogen bonding between the carboxyl groups of the
PAA and the carbonyl groups of the PVP. As shown in Figure 2,
peaks at 2988 cm ™' and 1760 cm ™' are characteristic peaks of
C-H stretch and C=0 carboxylic acids, respectively, present in
PAA. The peak at 1115 cm ™' and 3515 cm ™' are characteristic
peaks of C-N in aromatic amine and —OH group present in
PVP-PAA blend. Another peak at 2955 cm™ ' is due to C-H
stretching in blend. Peak at 1700 cm™' shows the presence of
C=0 group in the PVP.**

Morphological Study

Phase inversion method in wet process was used for the prepa-
ration of PSF/PVP-PAA/NMP blended membranes. For finding
the size, number and area of pores as well as for determining
surface roughness parameters AFM images were taken. Quanti-
tative information about surface morphology of the prepared
membranes of different composition was examined by high-
resolution FESEM also. Higher magnification was required for
top surface images to find the size of pores, so these images
were taken by FESEM. On the other hand, cross-sectional mor-
phologies of the prepared membranes were obtained through
SEM analysis. In the case of cross-sectional morphology lower
magnification was sufficient as only pore structure was
observed.

SEM Analysis. Figure 3(a) shows the SEM images of the cross-
sectional view of different membranes prepared with three
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Figure 3. (a) SEM images of membrane cross-section and (b) FESEM images of membrane top surface. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

different molecular weight of PVP with PAA in this study. From
the images it can be seen that membranes so prepared were
asymmetric porous structure. General structure shows a dense
top layer and a porous sublayer, which was very similar for all
the membranes. The porous sublayer seems to have finger-like
structure. Similar observation was depicted by Chakrabarty
et al® for the system of PSF as base polymer with DMAc and
NMP as solvent using different molecular weight of PVP as
additive. Because of high interactive affinity of NMP for water,
instantaneous demixing occurs, further leading to the creation
of finger like cavities in the sublayer of the prepared mem-
branes.” Sinha and Purkait®' also found the same result, for the
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system of PSF as polymer using NMP as solvent with different
molecular weight of PEGME as additive.

FESEM Analysis. FESEM images for the top surface (air-side)
of different membranes are shown in Figure 3(b). The top sur-
face formation was probably due to the spinodal demixing. This
is due to the fact that during formation of top layer the diffu-
sion process was so fast for the polymer solution to become
highly unstable and cross the spinodal curve.***> This provides
a top surface with much better interconnected pores. The inter-
connected pores can be taken as a continuous PSF lean (i.e.,
PVP-PAA rich) phase intertwined by a continuous PSF rich
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Figure 4. Three dimensional AFM surface images of PSF_1, PSF_2, and PSF_3. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

(i.e., PVP-PAA lean) phase which was responsible for the for-
mation of the membrane matrix.

Few round formations in Figure 3(b) depicted that although
homogeneous solution was made for membrane preparation
but still few polymeric particles remained insoluble in the cast-
ing solution. Image ] software was used for determining the
pore size from FESEM results, shown in Figure 3(b) and again
confirmed by AFM images shown in Figure 4 for various mem-
branes. Average pore size was calculated as 47.12 nm, 45.85 nm,
and 40.65 nm for PSF_1, PSF_2, and PSF_3, respectively, which
confirms that the membranes are in UF range.

AFM Analysis. AFM was used to analyze the surface morphol-
ogy and roughness of the membranes. Small squares of mem-
branes (approximately 1 cm?) were cut and analyzed. The
membrane surface was examined in a scan size of 2 um X 2
um. Figure 4 shows the AFM images of the membranes. Root
mean square (RMS) roughness (S,), average roughness (S,),
and average height (S,) were measured. RMS roughness is
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increasing with increase in molecular weight of PVP. It was
measured as 5.81 nm, 10.36 nm, and 15.70 nm for PSF_1,
PSF 2, and PSF_3, respectively. It may be due the fact that
number of pores on the surface was increasing (i.e., porosity
increasing) with increase in molecular weight of PVP. Table II
shows the surface roughness parameters. The contact angle
decreases with increasing molecular weight and was measured
as 74°, 48°, and 32° for PSF_1, PSF_2, and PSF_3, respectively.
It indicates increasing hydrophilicity with increase in molecular
weight of PVP as molecular weight of PAA was taken constant
in this study.

Permeability Method. The pore size, number of pores and pore
area for each membrane were determined using eqs. (1-3). At
different pressure the PWF was varying. The flux was higher at
higher pressure and pore size was changing at different pres-
sures, as by applying more pressure smaller pores were opened.
However, pores smaller than 2 nm are difficult to be measured
by this method because of the pressure limitation. Lesser
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Table II. Surface Roughness Parameters of the Membranes

RMS Average Average

roughness, roughness, height,
Membrane Sq (nm) Sa (nm) S, (nm)
PSF 1 581 4.52 12.70
PSF 2 10.36 8.14 23.75
PSF 3 15.70 12.68 32.37

number of bigger pores mainly governs the total membrane per-
formance by raising the permeability. Increase in flux with
increase in radius of pore can be explained by eq. (1), i.e., from
the Hagen-Poissuille equation which depicted that the flow
through a membrane proportional to the fourth power of the
radius of pore. Table III depicts the results of permeation
method. It was observed that with increase in molecular weight
of PVP number of pores for all the membranes increased, con-
sequently more porous membrane were obtained. Number of
pores per unit area (N;) were found to be increased from 3.1 X
10° to 16 X 10° and these results were compared with Chakra-
barty et al.”> and found better in all aspects.

Permeation Experiments

PSE/PVP-PAA/NMP blended membranes were examined by
permeation behavior to observe the effect of PVP-PAA blend
and different molecular weight of PVP. The membranes were
characterized in terms of CF, hydraulic permeability, and PWE
Effects of various parameters on EWC, hydraulic resistance and
porosity were studied. Finally, the membranes were subjected to
study for rejection as well as permeate flux behavior with pro-
tein (BSA) at different pH. Results have been reported in subse-
quent sections.

Effect of Molecular Weight of PVP with PAA on CF. CF is an
important parameter for relating the structure of the mem-
brane, especially for the membrane sublayer. Higher the CFE, the
membrane is more prone to be compacted because of the pres-
ence of large number of macrovoids in the sublayer. The effect
of compaction time on PWF for all the membranes is shown in
Figure 5. For all the membranes, PWF is initially seen to decline
sharply with time due to compaction and finally attain a steady

Table IIL. Values of Some Characterization Parameters of All Membranes
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Figure 5. Flux profile during compaction. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

state after around 3 h. This was due to the fact that the walls of
the pores become denser, closer and uniform resulting reduction
in pore size in addition to the flux for the duration of compac-
tion.” From the figure it was found that the steady state PWF
decreases with increase in molecular weight of PVP. For exam-
ple, the steady state flux decreases from around 695 L m > h™!
to 242 L m 2 h™', when molecular weight increases from
24,000 Da to 360,000 Da. The CF for the membranes is pre-
sented in Table III. It is seen that for PSF/NMP/PVP-PAA
membranes (i.e., PSf_1, PSf 2, and PSf_3), the CF increases
from 2.06 to 10.42 with increase in molecular weight of PVP.
Similar observations were obtained by Chakrabarty et al,”
steady state PWF was decreased from 3554 L m > h™' to
118.5 L m > h™" and CF increased from 1.76 to 6.67 for similar
molecular weight of PVP, in their study. So, in the present study
results were found better than.”> This may be due to the fact
that addition of two additives into the casting solution can
either more enlarge or extra suppress the macrovoids in the
membrane sublayer depending on their molecular weight as
well as the type of solvent used.”® In the present study, it is pos-
sible that for PSE/NMP/PVP—PAA system, increase in molecular

Membrane PSF 1 PSF 2 PSF 3 PSf123 psf223 PSf323
Equilibrium water content EWC (%) 51.23 62.4 74.32 46.8 58.2 73.4
Hydraulic resistance, R, (m? h kPa L™%) 0.35 0.48 1.01 0.46 1.2 1.58
PWF (L m~2 h™1) at 240 kPa 695.65 511.58 242.45 3554 152.9 118.5
Compaction factor, CF 2.06 3.42 10.42 1.76 3.0 6.67
Contact angle (deg) 74 48 32 - - -
Porosity 0.38 0.49 0.61 - - -

lon exchange capacity (IEC) 2.408 1.363 0.733 - - -

BSA rejection % at pH 9.3 4112 455 64.52 40 - 62
Number of pores Ny Xx10~° (cm™2) 31 5.01 16 2.6 41 9.8
Area of pores A; X102 (cm?) 2.43 3.31 7.36 117 1.23 31
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Figure 6. Effect of transmembrane pressure on PWE. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

weight of PVP has resulted in a membrane with a highly porous
substructure due to presence of higher number of macrovoids
which may be bigger than the pores formed by PVP alone. This
fact can also be understood from the SEM figures [Figure 3(a)].
This may be because of the reason; some PVP-PAA molecule
present in the membrane matrix remained inside and gets
swelled. Thus, slightly bigger pores were formed.

Effect of Molecular Weight of PVP on PWF and Hydraulic
Permeability. Figure 6 depicts the effect of molecular weight of
PVP on PWF at different transmembrane pressures. It was seen
that within the range of 0-240 kPa, PWF [calculated using Eq.
(5)] increases almost linearly with increase in transmembrane
pressure, for all the membranes. It was also found that the PWF
decreased with increase in molecular weight of PVP at a specific
pressure which supports with the findings of the compaction
study (Figure 5). For example, at 137 kPa, the PWF decreases
from around 501 L m > h™' to 275 L m~> h™' when molecular
weight of PVP increases from 24,000 Da to 360,000 Da.

Hydraulic resistance (R,,) is calculated from the inverse of the
slope of the plots of Figure 6. It was observed that hydraulic
resistance (R,,) was increased with increase in the molecular
weight of PVP. R,, for PSf/NMP/PVP-PAA system was calcu-
lated as 0.35, 0.48 and 1.01 (m” h kPa L™") for PSF_I, PSF_2,
and PSF_3, respectively. Similar type of results were found by
Chakrabarty et al.*®> They calculated R, for PSf/NMP/PVP sys-
tem as 0.46, 1.2, and 1.58 (m® h kPa L™") for PSfl, PSf2, and
PSf3 (Table I), respectively, for same molecular weight of PVP.

The increase in hydraulic resistance and hence the decline in
flux with increase in molecular weight of PVP may be credited
to the reduction in pore size at the top layer with higher molec-
ular weight PVP. According to the literature,”*® although most
of the additives are sluiced away during washing and coagula-
tion time, but it is always not possible to remove the additives
completely from the membrane matrix and it becomes more
and more difficult with increase in molecular weight of addi-
tives, i.e., PVP. Therefore, small amount of PVP, which is hydro-
philic in nature may possibly to be entangled inside the
membrane matrix lastingly. In this study, it may be possible
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that swelling of those trace amount of PVP—PAA molecules pre-
dominantly took place because of its hygroscopic and hydro-
philic nature. This was happened due to pore blocking and
consequently reduction in flux.** Swelling rate also increases
with increase in molecular weight of PVP, later it caused the
increased pore blocking. Higher molecular weight of PVP
360,000 Da containing membrane (PSF_3) had more suppressed
sublayers which can be seen in Figure 3(a) that possibly to offer
more resistance to water permeation consequential in lower
flux. Comparison of present membrane morphology with litera-
ture® is presented in Table III and explained subsequently.

Membrane Characterization by EWC, Porosity, and
Hydrophilicity

Effect of Molecular Weight of PVP with PAA on EWC. The
EWC of all the membranes was calculated using Eq. (7) and
presented in Table III. It has a strong relationship with PWE. It
is an influential parameter for characterization of membrane
and it was found from the calculations that increase in molecu-
lar weight of PVP, EWC of the membrane increases. The EWC
for PVP 24,000, PVP 40,000, and PVP 360,000 were 51.23%,
62.4%, and 74.32%, respectively. This increasing trend confirms
the presence of increasing number of pores in the membrane
with increase in the molecular weight of PVP (Table III). The
pores on the surface as well as cavities in the sublayer are
responsible for accommodating water molecules in the mem-
brane.” Chakrabarty et al.>>*> reported the similar trend with
PSf/NMP/PEG and PSf/DMAc/PVP and membranes. Compari-
son with those literatures number of pores was found to be
increased by addition of PAA in the membrane matrix. This
may be because of the fact that water molecules may diffuse
into the PVP-PAA molecule during immersion of membrane in
water (wet phase inversion method) and disturb the network.
Hydrogen bonds between PVP and PAA may have been broken
and some PAA molecule came out to the surface of membrane
caused more pores on the membrane surface.

Effect of Molecular Weight of PVP on Porosity and Hydrophi-
licity. Hydrophilicity and porosity of the membrane are impor-
tant parameters in membrane permeation and separation
processes and it is closely related to the morphology and PWF
of the membrane. Surface hydrophilicity is mainly described by
the contact angle measurement.”® In general term, smaller the
contact angle values higher the hydrophilicity. Porosity of the
membranes was measured using Eq. (8). Calculated values of
porosity and contact angle of membranes with different molec-
ular weight of PVP are shown in Table III. It can be found
from Table III that contact angle decreases and porosity
increases with the increase in molecular weight of PVP. The
contact angle for PVP 24,000 is 74°, for PVP 40,000 is 48°, and
for PVP 360,000 is 32°. Similarly, Porosity for PVP 24,000, PVP
40,000, and PVP 360,000 is 0.38, 0.49, and 0.61, respectively.
The porosity variation can be explained on the basis of kinetic
and thermodynamic contemplation. With the addition of addi-
tives into the casting solution mainly two effects occur. Firstly,
it causes thermodynamic improvement in the phase separation
due to the reduced miscibility of the casting solution in nonsol-
vent; this results in the immediate demixing. Secondly, it creates
kinetic hindrance against phase separation due to increased
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Figure 7. Time dependent flux of membrane during ultrafiltration. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

viscosity of the solution; thus concluding in delayed demixing.’”
The viscosity of casting solution was measured as 0.136 Pa s,
0.151 Pa s, and 0.176 Pa s for PSF_1, PSF_2, and PSF_3 mem-
branes, respectively. With increase in viscosity, the ratio of non-
solvent inflow to solvent outflow increases, which according to
the theory recommended by Young and Chen*° consequences in
a more porous membrane. The increase in membrane porosity
with higher molecular weight of PVP was possibly due to
decrease in miscibility of the casting solution in water. This in
turn caused thermodynamic improvement in the demixing of
casting solution. The small amount of PVP-PAA molecules left
within the membrane matrix can be a cause of hydrophilic
behavior of membrane. Consequently, the entrapment of PVP—
PAA molecules in membrane matrix improves the hydrophilic
properties of membrane. Higher molecular weight of PVP tends
to retained more residual of PVP-PAA and reduced contact
angle.

Ultrafiltration of BSA

Other than transmembrane pressure, the flux characteristics and
rejection of the membranes mostly depend on the structure of
the membrane and the properties of the feed solution. So, the
prepared UF membranes were also characterized by measuring
flux in permeation experiment and rejection by means of BSA
solution (1000 mg LY. To investigate the fouling behavior,
membranes were cleaned by back washing after BSA solution
ultrafiltration, and the PWF of the cleaned membranes was
measured. Figure 7 shows the time-dependent flux of mem-
branes during ultrafiltration. It can be seen that before UF of
the BSA solution, PWF (J,;) changes marginally, but it
decreased inordinately at the first run of BSA solution ultrafil-
tration. It happened because of the adsorption or deposition of
protein molecules on surface of membrane at the first BSA
ultrafiltration operation.”'®*! After some time of operation it
reaches to equilibrium, so that a relatively steady flux (J,) was
achieved in the final run of BSA ultrafiltration.
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Reversible and Irreversible Fouling. Membrane fouling can be
classified in two types viz. reversible and irreversible. Reversible
adsorption and deposition of protein results in reversible foul-
ing that can be removed by hydraulic cleaning only. While irre-
versible protein deposition or adsorption causes irreversible
fouling that can merely be eliminated by enzymatic degradation
or chemical cleaning.>* For finding these fouling values, pH of
7 was maintained throughout the experiments. Effect of molec-
ular weight of PVP on total fouling (R,), reversible fouling (R,),
and irreversible fouling (R;,) is summarized and depicted in Fig-
ure 8. It may be recognized that R, increases from 0.75 to 0.88
with increase in molecular weight of PVP from 24,000 Da to
360,000 Da. The higher value of R, indicates higher total flux
loss, resulting in more protein adsorption or deposition on the
membrane surface.’® Figure 8 also shows that membrane con-
taining higher molecular weight PVP has higher value of R;.
This may be because of the fact that the membrane containing
higher molecular weight of PVP has higher value of continuous
protein adsorption and deposition on the membrane and initial
water flux could not be regained by a simple cleaning methods
using deionized water.

Effect of Molecular Weight of PVP. Figure 9 depicts the result
of the addition of different molecular weight of PVP in mem-
brane casting solution on the BSA rejection at different solution
pH of 4.8, 7, and 9.3. It can be seen from the figure that with
the increase in molecular weight of PVP from 24,000 Da to
360,000 Da, the rejection increases from 65.5% to 87.5%, 35%
to 66%, and 5% to 49% when pH of BSA solution was 4.8, 7,
and 9.3, respectively. The protein rejection by ultrafiltration
membranes can be explained with the concept of protein
adsorption and subsequently pore contraction, as a result of
both electrostatic and hydrophobic contacts between the mem-
brane surface and the protein molecules.”>*> Denser top layer
of higher molecular weight of PVP with PAA also offered
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Figure 8. Summary of R, R, and R;, of different membranes. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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greater resistance toward the protein molecule for all pH values
caused increasing tendency in percentage rejection.

Figure 10 shows the average flux using BSA solution during 2 h
ultrafiltration with respect to the molecular weight of PVP in
membrane casting solution. The pH of the BSA solution was
maintained at 4.8, 7, and 9.3. It may be seen from the figure
that with increase in molecular weight of PVP from 24,000 Da
to 360,000 Da, the flux slowly decreases from 12 to 2.2 L m™*
h™,475t028 L m ?>h ! and 31 to 16 L m™ 2 h™! when pH
of BSA solution was 4.8, 7, and 9.3, respectively. This decreasing
fashion of flux, irrespective of the pH of BSA, might be due to
the formation of membranes with higher pore density.

Effect of pH of BSA. The BSA rejection strongly depends on
pH. Flux was minimum and rejection was maximum at IEP of
BSA solution. At IEP (i.e., at pH 4.8), BSA molecules have no
charge and they are least soluble at its IEP. The BSA molecules
rested in its most compact size when get deposited on the
membrane surface and form slightest permeable layer.**™** This
compact layer is accountable for least flux and highest BSA
rejection. At neutral pH, BSA molecules have net negative
charge and expand because of electrostatic repulsion; these
effects would likely to give an additional permeable deposited
layer and should give a lower rejection and higher flux. IEC is
an important tool for finding the information regarding charge
density in the membranes and it affects their pH responsive
behavior by BSA protein and fouling behavior as well. Table III
shows the IEC of different membranes. IEC of membrane
PSF_1, PSF_2, and PSF_3 were 2.4, 1.36, and 0.73, respectively.
More ionization of PAA, present in membrane matrix of PSF_1
may be the reason of highest IEC value for PSF_1. Membrane
with lower molecular weight of PVP have free PAA molecule,
however PAA concentration was kept constant for all three
membranes. Change in BSA solution flux with pH can be
explained by protonation and deprotonation capability of PAA,
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as its acid dissociation constant pKa is about ~4.9, carboxylic
group of PAA deprotonated to carboxylate ions. These carboxy-
late ions provide high charge density in the PVP-PAA blended
membranes, which results in expansion of PVP-PAA molecule
and expansion of molecule blocks the membrane pores to some
extent. Again on additional increment of pH, there is more loss
of flux, which was because of the electro viscous effect.** This
physical phenomenon occurs when an electrolyte solution is
passed through a narrow capillary or pore with charged sur-
face.® In this study at pH above 7, i.e., at pH 9.3 membranes
and permeating liquid both have negative charge. As the pH
increases, more negative charge comes to the permeating liquid,
so membrane repels the permeating liquid from passing
through the membrane pores and that feel more revulsion from
the membrane and consequently more loss of flux. Higher rejec-
tion and lower flux at pH 9.3 compared to pH 7 can also be
explained by Coulomb’s law. During BSA (solute) separation,
membrane offers some resistances and these resistances were

Table IV. Comparison of Various Resistances (Pressure: 100 kPa and Ini-
tial BSA Concentration: 1000 mg L™")

Applied Polymer L

Molecular wt. Rex 107 R./R. RyR: RJIR.or
of PVP pH (m™ (%) (%) RoulR: (%)
24,000 93 312 27.32 4316 29.52
7 2.32 2499 3480 40.21
48 8.69 2548 5221 2231
40,000 93 4.44 20.54 4921 30.25
7 3.85 18.36 47.04 34.60
48 14.28 2541 38.34 36.25
360,000 93 526 2995 29.80 40.25
7 4.33 21.51 5037 28.12
4.8 22.33 35.56 26.20 38.24

41964 (11 of 13)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41964


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

WILEYONLINELIBRARY.COM/APP

calculated using Eqs. (15-17). Table IV shows resistances at dif-
ferent pH after 2 h of operation. It has been observed that total
resistance was highest at pH 4.8 (i.e., IEP of BSA) irrespective
to the molecular weight of PVP, it may be due the reason that
the BSA is least soluble at its IEP and hence concentration of
BSA molecules was highest on the surface of the membranes.
Membrane hydraulic resistance was lowest at pH 7 (i.e., neutral
condition) for all the membranes. Pore blocking resistance was
varying because the average size of pores on the surface of
membranes was different and was smallest for PSF_3.

CONCLUSION

Flat sheet PSF membranes were fabricated from casting solutions
containing NMP as solvent with 14 wt % of PSF, by means of
diffusion-induced phase separation process. PVP of average
molecular weights of 24,000 Da, 40,000 Da, and 360,000 Da and
PAA molecular weight of 18,000 Da were taken as additives.
Effects of molecular weight of PVP with constant molecular
weight of PAA on the morphology such as porosity in terms of
average pore size, pore number and pore area were investigated in
detail. The permeation behavior of the prepared membranes with
varying molecular weight of PVP with PAA was examined in
terms of EWC, PWE, CF, hydraulic permeability, and rejection
efficiency of BSA protein. Contact angle was measured, for evalu-
ation of the hydrophilicity of different prepared membranes. The
SEM photographs show that all the membranes contain porous
asymmetric structure. The results were compared with Chakra-
barty et al.”> So, with increasing molecular weight of PVP obser-
vations may be summarized as follows:

i. The number of pores per unit surface area (porosity) of the
prepared membranes was found to be increased.

ii. The hydraulic resistance increased while PWF decreased pos-
sibly due to comparatively more compact structure of the
resulting membranes and swelling of hydrophilic PVP-PAA
molecule which remains entangle in the membrane matrix.

iii. The EWC increased which might be depicted as indication
of increase in hydrophilicity (which was also confirmed by
contact angle measurement) and number of pores of the
membranes.

iv. Increase in rejection and as a result decrease in flux was
observed in BSA separation. Further rejection of BSA was
found more irrespective of the molecular weight of PVP at
pH 4.8 (IEP of BSA). Highest rejection was observed as
87.5% by PSF_3 membrane at pH 4.8. Reversible fouling
(R,), irreversible fouling (R;), and then total fouling (R,
were also measured and it was found that value of R, was
raised with molecular weight of PVP. Overall, all three
membranes were found better than Chakrabarty et al> in
all aspects such as EWC (%), hydraulic resistance, R,, (m’
h kPa L™ '), PWE, CF, BSA rejection (%) at pH 9.3, average
radius of pore, r,, (nm), number of pores, N, (cm?), and
area of pores, A, (cm®).

Finally, it may be concluded that the addition of PAA with PVP in
casting solution can give better results than addition of PVP
alone.
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NOMENCULATURE
List of symbols

A effective membrane area (m?)

AFM atomic force microscopy

A, total area

BSA bovine serum albumin

CA cellulose acetate

CF compaction factor

Chal concentration of HCI solution (M)

Cy concentration in the feed in mg mL™"
G concentration in the permeate in mg mL ™"
d, diameter of pore

EWC equilibrium water content

FESEM  field-emission scanning electron microscope
IEC ion exchange capacity

IEP isoelectric point

I BSA solution flux (L m™*h™})

T pure water flux (L m 2hh

T initial water flux (Lm 2 h™ 1)

T water flux in second run (L m~ 2 h™})
L, total hydraulic permeability coefficient
L, length of pores

M molarity

MF microfiltration

NF nanofiltration

N number of pores

Nij number of pores having radius between r; and r;
NMP N-methyl-2-pyrrolidone

NP nanoparticle

N, total number of pores per unit area of membrane
P transmembrane pressure (kPa)

AP pressure difference

Py pressure

PAA polyacrylic acid

PAN polyacrylonitrile

PE polyethylene

PEG polyethylene glycol

PEGME  polyethylene glycol methyl ether

PES polyethersulfone

P, hydraulic permeability (L m~ > h™" kPa™")
PP polypropylene

PSF polysulfone

PVDF polyvinylidene fluoride

PVP polyvinylpyrrolidone

PWF pure water flux

Q volume of water permeated (L)

r radius of pores

R, gel layer resistance

R;, irreversible fouling

R, membrane resistance

RO reverse 0smosis

Rpg resistance due to pore blocking

R, reversible fouling

R, total fouling

At permeation time

UF ultrafiltration
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volume of membrane in wet state

consumed volumes of the NaOH solution for the
blank sample (L)

Vs consumed volumes of the NaOH solution for the
PSF—(PVP-PAA) membrane sample (L)

v
Vb

Wy weight of dry membrane
w,, weight of wet membrane
Wary mass of dry membrane sample (g)

Greek letters

&, surface porosity of membrane
u liquid viscosity

T pore tortuosity

pw  density of water
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