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ABSTRACT

Ultrafiltration (UF) membranes were prepared by blending different proportion of
polyvinylidene fluoride (PVDF), sulphonated polyethersulphone (SPES) and nanoparticles
of zirconium oxide (ZrO,). The functional groups, surface and cross-sectional morpholo-
gies were analysed using Fourier transform infrared, scanning electron microscopy (SEM)
and X-ray diffraction, respectively. The presence of particles and pores in the membrane
is clearly revealed from the SEM photomicrographs. The effect of different transmem-
brane pressures is studied to evaluate the performance of membranes. The best value of
the permeate flux with a low fouling recovery ratio is obtained at a transmembrane pres-
sure of 0.3 MPa (3 bars). The performance of the membranes having 4 wt% ZrO,
nanoparticles was studied with and without backwash. The backwashing is capable of
restoring the initial flux to about 90%. SPES and ZrO, particles were found to play the
role of antifouling agent and the hydrophilicity enhancer in the prepared composite

membrane.
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1. Introduction

Incorporation of inorganic nanoparticles in poly-
meric membranes to improve membrane characteris-
tics has received the attention of researchers in recent
years. These membranes are usually prepared by
blending solutions of two different polymers followed
by the addition of nanoparticles of inorganic material.
Polymeric membranes have the characteristic of smal-
ler pore size, high porosity, high surface roughness,
better chemical stability and better mechanical

*Corresponding author.

strength [1]. The membrane-based separation process
is extensively used in wastewater treatment, especially
in oil-water separation [2-12]. Most of these polymeric
membranes have limited mechanical stability and
efforts have been made to increase it by blending with
different inorganic materials [13,14].

The process conditions, such as transmembrane
pressure and feed concentration, play an important
role in the membrane separation processes [15-19].
The membrane material should be thermally stable
and chemically resistant. The polymers are still the
main materials for membrane synthesis as they have
good membrane-forming ability, wide variety, easy to
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module and are of low cost [2]. The fouling time,
hydrophilicity and porous structure are other
important characteristics of ultrafiltration (UF) mem-
branes which control their application. In order to
improve the hydrophilicity and strength and impart
antifouling property, blending of appropriate organic
and inorganic materials has been found to be a better
option for membrane formation [14,15].

Among the various polymeric materials,
polyvinylidene fluoride (PVDF) is widely used for
membrane synthesis using phase inversion method.
This polymer is thermally stable and can form asym-
metric membranes which are good for UF process
[2-6]. Since PVDF is hydrophobic in nature, blending
of sulphonated polyethersulphone with it results in
improvement of its fouling resistance, hydrophilicity
and performance [15,19]. Addition of hydrophilic
materials to the casting solution increases the water
permeability of a membrane and thereby permeates
flux [2,4]. The blends of organic polymer with various
inorganic materials like alumina, titania, silica, zirco-
nia and metal ions have also been investigated
[19-21]. In our previous study, the purification of oily
wastewater was reported using SPPEES-TiO, and
PPEES-TiO, membranes [22,23].

Since, little published information is available on
the impact of membrane characteristics on fouling
improvement and solute rejection in a specific
separation process [24-26]. Recently, a facile and
effective technique to improve hydrophobic PVDF
membrane using self-polymerize polydopamine and
subsequent hydrolysis of ammonium fluotitanate
were reported by Shao et al. [27]. In the recent
development of water treatment, the application of
mussel-inspired tailoring of membrane with wettabil-
ity on the surface of membranes is investigated [28].
In this investigation, the flat sheets of hydrophilic
composite membranes were prepared by phase inver-
sion method using the blend of SPES-PVDF-ZrO,.
SPES and PVDF blends were made to form a strong
hydrophilic membrane. ZrO, nano-sized particle
(45 nm) is used as an inorganic material because of
its ability to reduce fouling and increase the
hydrophilicity of membrane. PVP was used as a pore
former and DMAC as a solvent. The performances of
prepared membranes were investigated. To evaluate
the surface hydrophilicity, contact angles of the mem-
branes were measured. The characterization of the
membranes was carried out using scanning electron
microscopy (SEM), Fourier transform infrared (FTIR)
and X-ray diffraction (XRD). The petroleum refinery
effluent was used as a feed in the UF process and
also similar oily water were prepared in laboratory
for large-scale experimentation.
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2. Experimental details
2.1. Materials

Polyvinylidene fluoride with 98% purity procured
from Sigma-—Aldrich, US was used as a membrane
polymer. Polyethersulphone (PES crystal 5200 with
M,, = 49,000 g/mol) provided by Solvay India limited,
dimethylacetamide (DMAC), polyvinylpyrrolidone
(PVP, with M, =40,000g/mol), sodium hexam-
etaphosphate and zirconia nanoparticle of size 45 nm
was procured from Sisco Research Laboratory (SRL),
India. Isopropyl alcohol and distilled water procured
from Gyan Scientific, India were used as non-solvents.
The refinery effluent used was collected from Indian
Oil Corporation Limited Refinery, Panipat India.

2.2. Method
2.2.1. Sulphonation of PES

Sulphonation of PES was carried out using a glass
reactor equipped with a magnetic stirrer. Sulphuric
acid was used as the sulphonation agent as well as
solvent for sulphonation of PES. The polymer dissolu-
tion time was 3 h and temperature was kept at 20°C.
Sulphonated polyethersulphone was precipitated
using ice cold water under stirring. The precipitate
was recovered by filtration and washed repeatedly
with distilled water. Finally, the SPES was dried
under vacuum at 50°C for 24 h [29].

2.2.2. Preparation of PVDF membranes blended with
SPES and ZrO, nanoparticles

The flat sheets of membranes were prepared by
phase inversion method. The blend of two polymers
(PVDF and SPES) was prepared using DMAC as the
common solvent. The ratio of PVDF to SPES was kept
as 60:40 in all samples. The ZrO, particles were
dispersed in a sodium thiosulphate solution and the
mixture was sonicated for 2 h. It was then added into
the casting solution of polymers. Small amount of
PVP (4 wt% of solution) was added in to the casting
solution as a pore-forming agent.

For homogeneous mixing of solution, the stirring
was done at 600 rpm for 24 h at 35°C. After stirring, the
homogeneous polymer composite solution was kept at
35°C for 24 h to remove air bubbles. The membrane
(with 200 um thickness) was casted on a glass plate
using a membrane casting applicator. The casted mem-
brane was immediately transferred to distilled water
for 1 h. The membrane was then kept in isopropyl alco-
hol for additional 1 h to remove the water completely.
The membrane was then sandwiched between the two
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sheets of filter paper and dried for 24 h in an air oven
at 50°C. Using this procedure, 10 membranes having
4 wt% nanoparticles of ZrO,, 1 membrane with 2 wt%
ZrO, particles and another membrane without ZrO,
particles were prepared. It was observed that addition
of more than 4 wt% ZrO, particles in the casting solu-
tion results in the deformation of membrane structure
and decrease in its tensile strength. The compositions
of casting solutions used are reported in Table 1.

2.3. Characterization of membranes

2.3.1. Measurement of contact angle and evaluation of
mechanical properties

Membrane-water contact angle was measured
using Kruss F-100 tensiometer, Germany to investigate
the changes in the surface wetting characteristics of
PVDE-SPES-ZrO, composite UF membrane. Deion-
ized water was used as the test liquid in all the mea-
surements. The water droplets were spread on the
surface of the membrane and the contact angle of the
droplet with the surface was measured using the con-
tact angle measuring instrument. The tensile strength
and elongation at break of the membranes were
obtained using Instron 3369 tensile testing machine at
the School of Material Science and Technology
(SMST), IIT (BHU).

2.3.2. XRD, FTIR and SEM analyses

The XRD analysis was carried out using an X-ray
diffractometer, RIGAKU Bruker AXS D8 Germany.
The diffraction analysis was carried out from
10° <26 <70° at a scan speed of 2°/min to obtain the
crystal structure and the phases present in the
samples. FTIR analysis was performed to obtained
spectroscopic data of PVDF-SPES-ZrO, composite
membrane using a Thermo Nicolet 5700, USA. The
FTIR spectra were recorded for 36 scans with 4-cm™"
resolution between 500 and 4,500 cm .

The surface and cross-sectional morphology was
characterized by SEM (EVO MA 15 ZEISS) Germany.

The membranes were cut into small sizes and cleaned

Table 1
Composition of casting solution
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with filter paper. These pieces were immersed in
liquid nitrogen for 15 s and frozen. Frozen samples of
the membrane were broken and dried in air. All the
samples were gold coated by sputtering before taking
SEM images.

2.3.3. Effect of ZrO, nanoparticles on water content

Water retention capacity of the membrane was
calculated from the experimentally determined weight
of dry and wet membrane pieces as follows:

Wwet - Wdry

wet

W, = x 100 o))

where W, is the water content of the membranes, and
W, and Wy, are the wet and dry weights of the mem-
branes, respectively.

2.4. Quality of petroleum refinery effluent

The petroleum refinery effluent was obtained from
the Indian Oil Corporation Limited refinery located at
Panipat, India. The total dissolved solids (TDS), tur-
bidity, total suspended solids (TSS), biological oxygen
demand (BOD), chemical oxygen demand (COD), total
organic carbon (TOC) and oil and grease contents
were determined before and after ultrafiltration runs
using standard methods [30]. The turbidity was
analysed using a turbidity meter, LAB-VIS Aqualytic,
Germany and the COD and TOC were determined
using Shimadzu UV spectrophotometer, Japan and
Shimadzu 5000 TOC analyzer, Japan, respectively.

2.5. Fouling experiments

The filtration experiments were carried out using
tangential low filtration (ultrafiltration unit), Tandem
Germany at a temperature of 35°C. The experiments
were performed for 90 min with a prepared mem-
brane. After 90 min, the used membrane was replaced
with fresh membrane and the velocity was increased.
The composition of all the membranes used in the

PVDF + SPES (wt%) PVP (wt%) ZrO, (wt%) DMAC (wt%) Name of membranes
20.0 4.0 0.0 76 P1
18.0 4.0 2.0 76 P2
16.0 4.0 4.0 76 P3
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experiments was same except for last experiment
where the composition of nanoparticles was varied.
The transmembrane pressure was varied from 0.1 to
0.5 MPa and feed velocity from 1 to 5 m/s. Fouling is
the resistance during filtration and cleaning is
required for reducing this resistance. The main cause
of fouling is the formation of cake and/or gel layer on
the membrane surface. The flux (J) value through the
cake and the membrane may be described by the fol-
lowing equation [31]:

J=—r 2

where m is the mass of permeated water, A is
the membrane cross-sectional area and At is the
permeation time.

The UF membrane was evaluated for treatment of
refinery effluent with a fixed loss of the initial flux,
using cross-flow of permeate with respect to
retentate. The flow meter was connected to measure
the feed rate, permeate flux, retentate as well as to
test the fouling. Distilled water was fed from the
permeate side, in the reverse direction for backwash-
ing. The fouling time calculation for loss of initial
flux up to a certain percentage of their initial flux
helps in evaluating the membranes antifouling
property [32].

3. Results and discussion
3.1. Physical properties of membranes

A contact angle was found to be 81.4° for pure
polymer membrane, 73.4° for 2% ZrO, nanoparticle-
added membrane and 57.3° for 4% ZrO, nanoparticle-
added membrane. The corresponding bulk porosity
was 62.1, 73.6 and 81.4%, respectively. Decreasing the
contact angle with the addition of ZrO, nanoparticles
indicates that the membrane is becoming more and
more hydrophilic. The increase in porosity with the
addition of ZrO, nanoparticles indicates higher perme-
ate flux.

The tensile strength was 12.1, 16.5 and 19.2 MPa
for pure polymer membrane, 2% ZrO, nanoparticle-
added membrane and 4% ZrO, nanoparticle-added
membrane, respectively. Whereas the elongation at
break point was 3.93, 4.63 and 5.92%, respectively, for
pure polymer membrane, 2% ZrO, nanoparticle-added
membrane and 4% ZrO, nanoparticle-added mem-
brane. These values indicate that the membrane matrix
is becoming more resistant to deformation with the
addition of ZrO, nanoparticles.
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3.2. XRD and FTIR analyses of entrapped PVDF-SPES—
ZrO, membrane

The peak positions for PVDF-SPES hydrophilic
membrane (Fig. 1) appear at 20 values of nearly 19°,
20°, 27°, 35°, 39° and 43° and relative intensities
obtained for the polymer matches with the JCPDS
Card no. 38-1638 file. The occurrence of ZrO, crys-
talline phase is disrupted according to the results
obtained from the XRD analysis (Figs. 2 and 3). This
indicates that the crystalline behaviour of amorphous
PVDF-SPES membrane is affected by the presence of
ZrO, nano-sized particles in the casting solution. The
peaks for PVDF-SPES/4 wt% ZrO, hydrophilic mem-
brane appear at 26 values of 18°, 25°, 28°, 35°, 50° and
57° (Fig. 1) and the peaks for PVDF-SPES/2 wt% ZrO,
hydrophilic membrane appear at 20 values of 18°, 20°,
28°, 36° and 48° (Fig. 3). Variation in peaks indicates
the effect of interaction between the polymer and
ZrO, nanoparticles. This may be due to the decrease
in polymer concentration caused by ZrO, nanoparti-
cles entrapment. The peaks of PVDF-SPES/4 wt%
ZrO, and PVDE-SPES/2 wt% ZrO, hydrophilic mem-
branes also indicate the peaks of ZrO, crystal through
File No. 37-1484. Similar peaks of PVDF is reported by
Shao et al. [27], Campos et al. [33] and Devikala et al.
[34], and that of ZrO, crystal is reported by Matos
et al. [35] and Ananta et al. [36].

The FTIR spectra of PVDF-SPES with 4 wt% ZrO,-,
without ZrO,- and 2 wt% ZrO,-entrapped membranes
are shown in Figs. 4-6. The area of the OH stretching
in the spectrum of ZrO,-entrapped PVDF-SPES mem-
brane (due to absorbed water molecules) was found to
exhibit strong band of asymmetric vibration at 3,040
and 2,112 cm™" (Fig. 4). The sharp and weak peaks

1400 + PVDF-SPES

PVDF-SPES

1300 +
1 PVDF-SPES

1200 +

1100 +

1000 —
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900
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Fig. 1. XRD of SPES-PVDF polymeric membrane with
0 wt% ZrO, nanoparticles.
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Fig. 2. XRD of SPES-PVDF polymeric membrane modified
with 4 wt% ZrO, nanoparticles.
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Fig. 3. XRD of SPES-PVDF polymeric membrane modified
with 2 wt% ZrO, nanoparticles.
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Fig. 4. FTIR of SPES-PVDF polymeric membrane modified
with 4 wt% ZrO, nanoparticles.
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were found at 1,250 and 515cm™', suggesting the
presence of tetragonal and monoclinic ZrO,, respec-
tively. The high intensities of these bands can be
explained by the high affinity of ZrO, nanoparticle
entrapment in the structure of PVDF-SPES membrane.
There exists an adsorption of non-bridging OH-groups
at 1,673 cm™" (Fig. 4). The peaks of PVDF-SPES mem-
brane appear at 775 and 700 cm ™' (Fig. 5). The peaks
of PVDF-SPES/2 wt% ZrO, membrane appear at 750,
1,340, 1,640 and 2,620 cm * (Fig. 6). Khayet and Payo
have also reported the spectra of neat PVDF-SPES
membrane at 3,200-3,400 cm ™" [37].

3.3. Membrane morphology

Fig. 7(a) and (b) is the cross-sectional images of
PVDF-SPES/4 wt% ZrO2 membrane at 1.5Kx magni-
fication and at 700x, respectively. Fig. 7(c) and (d) is
the surface images of PVDF-SPES/4 wt% ZrO, at
983x and 15Kx magnifications, respectively. The cross-
sectional and surface SEM images of all samples are
clearly indicating the membrane structure. The cross-
sectional morphology of the membrane having 4%
ZrO, nanoparticles shows that ZrO, particles are uni-
formly distributed on the membrane surface (Fig. 7(a)
and (b)). Fig. 8(a) is the cross-sectional image of 0 wt%
ZrO, at 1.50Kx, Fig. 8(b) is the surface image of 0 wt%
ZrO, at 700x and Fig. 8(c) is the cross-sectional image
of 2 wt% ZrO, at 983x.

The SEM photomicrographs of cross-section and
surface of the membrane indicated the formation of
large macro voids in the sublayer (Fig. 8). The surfaces
of the membranes are composed of micro-porous
structures with a large number of pores. Both

PVDF-SPES
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100 ~
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60

Transmittance (%)

40 4

20

— T T T T T T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm")

Fig. 5. FTIR of SPES-PVDF polymeric membrane modified
with 0 wt% ZrO, nanoparticles.
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Fig. 6. FTIR of SPES-PVDF polymeric membrane modified
with 2 wt% ZrO, nanoparticles.

interconnected holes and their networks are composed
of micro-spherical particles connected with each other.
The ZrO, nanoparticles are also present inside and
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outside the pores forming a nanolevel roughness
(Figs. 7 and 8).

3.4. Evaluation hydrophilicity, performance and antifouling
properties

The hydrophilicities of modified and un-modified
membranes differ as shown in Fig. 9. The contact
angles of the membranes decrease as the concentration
of ZrO, nanoparticles increases from 0 to 4%. The
higher affinity of ZrO, nanoparticles to water results
in a decrease in the value of contact angle suggesting
an increase in the hydrophilicity.

Fig. 9 shows the plots of water flux vs. transmem-
brane pressure for all the membranes with and with-
out zirconia. It is seen that maximum flux is obtained
with 4% zirconia-loaded membrane. The increase in
water flux with increasing ZrO, concentration is due
to increase in the porosity of the membrane from
0.621 for pure polymeric membrane to 0.814 for mem-
brane with 4 wt% ZrO,. It is further seen that for all

EHT = 18,01 kv
WD = 505 mm

Signal A= SE1
Mag = 703X

Date :22 Aug 2013

ZEISS

Signal A = SE1

WD = Z30mm Mag =980 KX

EHT = 20,00 kv
WD = 205 mm

Signal A = SE1
Mog = 15.00 KX

Fig. 7. Cross-sectional and surface SEM images of SPES-PVDF-ZrO, membranes (a) cross-sectional image of 4 wt% ZrO,
at 1.50Kx, (b) cross-sectional image of 4 wt% ZrO, at 700%, (c) surface image of 4 wt% ZrO, at 983x and (d) surface image

of 4 wt% ZrO, at 15.00Kx.
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Fig. 8. Cross-sectional and surface SEM images of SPES-PVDF-ZrO, membranes (a) cross-sectional image of 0 wt% ZrO,
at 1.50Kx, (b) surface image of 0 wt% ZrO, at 700x and (c) cross-sectional image of 2 wt% ZrO, at 983x.
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Fig. 9. Water flux vs. transmembrane pressure for UF
membranes prepared using different concentration of
nano-sized ZrO, particles.

the three membranes, water flux increases with
increasing pressure up to a certain value and then
tends towards a constant value at higher pressures
indicating the stabilization of various resistances.

Fig. 10 shows a plot of permeate flux obtained
for petroleum refinery effluent against time by

varying pressure from 0.1 to 0.5MPa and flow
velocity from 1 to 5m/s. It is seen that the flux
declines up to the first 45 min, and thereafter, it
becomes constant at all pressures and velocities. As
the UF continues, the membrane fouling increases
up to first 45 min and then becomes more or less
constant resulting in a constant resistance causing
ultrafiltration flux.

3.5. Influence of accelerating feed velocity

Fig. 11 shows permeate flux vs. time plot for
membranes (4 wt% ZrO,) at various feed velocities
(1-5m/s) and pressures (0.1-0.5 MPa) with intermit-
tent backwashing for 30 s after every 30 min of use.
It is seen that the backwashing is capable of
restoring the flux to about 90% of its initial value.
However, slight decline is observed after each
successive washing, which can be attributed to
membrane compaction and interaction between
membrane polymers, and contaminants present in
the feed wastewater.
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Table 2
Petroleum refinery effluent and UF permeate characteristics

Turbidity COD BOD TOC Oil and grease TDS TSS
Parameters (NTU) (mg 1™ (mg1™) (mg 1™ (mg 17" (mgl™"  (mgl™
Raw feed® 55 160 54 84 76 2,250 32
UF permeate 1.21 42 19 18.5 0.23 1,450 0.7
% Removal 97.8 73.75 64.8 78 99.7 35.6 97.8
CPCB standards for - 125 15 - 5 - 20

reuse”

“Present work.
PRef. [38].

160 —=— 1l m/sat0.1 M Pa
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140 - 3m/sat0.3 M Pa
+\ —v—4m/s a 0.4 M Pa
120 4 5m/sat0.5M Pa

v—,
Y—y
—v—y
Tv—,

V\v
100 4 XY —Y—Y—Y—Y—Y—Y—Y—Y—Y

80 4

60

Flux (L/M%.h)

40

20

Time (min)

Fig. 10. Permeate flux vs. time plots for SPES-PVDF poly-
meric membrane modified with 4 wt% ZrO, nanoparticles
without backwashing: effect of transmembrane pressure
and velocity.
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Fig. 11. Permeate flux vs. time plots for SPES-PVDF poly-
meric membrane modified with 4 wt% ZrO, nanoparticles
with backwashing for 30s after every 30 min: effect of
transmembrane pressure and velocity.

3.6. Evaluation of removal efficiency

In order to assess the effectiveness of ZrO,-added
membrane in removing turbidity, oil and grease, TDS,
TSS, COD, BOD and TOC, ultrafiltration tests were
performed with refinery effluent using (4 wt% ZrO,)
membrane. The values of various parameters of refin-
ery effluent before and after ultrafiltration are reported
in Table 2. It can be seen that the membrane is capable
of removing about 98% of oil and grease, turbidity
and TSS. The COD and TOC reduction is around 73.8
and 78%, respectively, the BOD reduction is only
around 65% only.

3.7. Evaluation of fouling recovery ratio

The initial and final fluxes of the membranes con-
taining 4 wt% ZrO, are shown in Figs. 10 and 11. The
fouling recovery ratio for continuous UF process
shown in Fig. 10 are 136, 26, 24, 27 and 34% at TMP
of 0.1, 0.2, 0.3, 0.4 and 0.5 MPa, respectively, and the
fouling recovery ratio for UF process as shown in
Fig. 6 (backwash after 30 min) are 85, 20, 19, 21 and
23% at TMP of 0.1, 0.2, 0.3, 0.4 and 0.5 MPa, respec-
tively. The best value of permeate flux with low foul-
ing recovery ratio was obtained at the feed velocity of
3m/s and transmembrane pressure of 0.3 MPa
(3 bars).

4. Conclusions

Highly hydrophilic PVDF-SPES membranes with
good antifouling property are prepared by addition of
ZrO, nanoparticles in the casting solution. The mem-
branes were fabricated using the phase inversion
method. The XRD, FTIR and SEM studies confirm the
presence of ZrO, nanoparticles on the surface of the
membrane. The values of contact angle indicated an
increase in surface hydrophilicity of the ZrO,-modi-
fied membrane. Tensile strength and elongation at the
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break point values of modified membranes are
increased by more than 60%. The long-term flux stabil-
ity and antifouling properties of 4 wt% ZrO,-modified
membrane are improved. The prepared UF mem-
branes 4 wt% ZrO, can efficiently remove suspended
solids (97.8%), turbidity and oil content (99.7%) and
organic compounds (78%).

The application of modified hydrophilic membrane
having high antifouling properties causes reduction in
the permeate flux. The operating conditions have little
effect on permeate quality.
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