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ABSTRACT

Polyvinylidene fluoride (PVDF) membrane possesses the chemical property of hydrophobicity.
The hydrophobic solutes are easily adsorbed and deposited on the membrane surface due to
hydrophobic-hydrophobic interaction causing the membrane blocking and lead to severe biofoul-
ing and cut down the membrane’s life. An innovative nano-fibrous membrane was developed by
modifying the PVDF matrix with the blending of cellulose acetate and using co-electrospinning
with nylon-6 in order to minimize the hydrophobic nature of the membrane. The modified and
non-modified PVDF membranes were prepared and examined using the bench-scale setup for bio-
fouling examination. The sessile drop method was used to determine the extent of reduction in water
contact angle from 141° to 125°. It was found that biofouling reduced significantly in the case of
the modified PVDF membrane causes an increase in water flux from 55 to 80 Lm= h.
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1. Introduction

The industrial and municipal wastewaters not only
pose a threat to public and environmental health but also
contribute to the high costs of tertiary treatment by using
membrane technology. Various wastewater treatment tech-
nologies are used such as aerated lagoon, activated sludge
process, and advanced oxidation pond, etc. Membrane bio-
reactor (MBR) is considered the most important innovative
technology for wastewater treatment [1]. It contributes to
overcome the drawbacks of the conventional activated
sludge processes [2].

Polyvinylidene fluoride (PVDF)~(CH2CF2)n— has been
used as a membrane material for the application of waste-
water treatment. In recent years, PVDF has become one of
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the membrane materials for wastewater treatment appli-
cations [3]. As compared to other materials such as poly-
ethersulfone, polysulfone the PVDF possess excellent
chemical resistant property, high thermal stability and
high mechanical strength [4]. However, PVDF possesses a
high degree of hydrophobicity and relatively low surface
energy, which makes the PVDF membranes susceptible
to biofouling, especially when treating aqueous influents
containing protein, oil, and other types of organic fou-
lants. Membrane biofouling is a phenomenon of attach-
ment of biomass on membrane surface which forms a cake
layer onto and into the membrane surface; thus, it reduces
membrane efficiency and increases operational cost and
thereby reduces its overall performance. Biofouling con-
tributes to more than 45% of all membrane fouling [5].
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Biofouling is the Achilles heel in the MBR technology
since microorganisms available in feed water can repro-
duce over time even if 99.9% of them are removed, yet there
remain enough cells that may grow at the expense of bio-
degradable substances in the feed water [6]. Biofilms are
the mixture of bacterial cells surrounded in an extracellu-
lar polymeric matrix/polysaccharides (EPS) made up of
proteins nucleic acids and polysaccharides [7]. The high
hydrophobicity of polypropylene membrane easily causes
biofouling due to the biofilm formation [8]. In a MBR, EPS
plays a major role in biofouling and has been divided into
bound and free EPS [9]. A polysaccharide is the main cause
of fouling due to the adsorption on the membrane surface
by the growth of microorganisms to form a biofilm [10].
Soluble microbial products (SMPs) are the predominant
foulants determining fouling extent in MBRs. The fouling
behaviors of SMPs during the initial operational period of
a MBR was found that, although being low content, SMPs
rather than sludge particulates preferentially adhered to
membrane surface to accumulate a gel layer, and moreover,
specific filtration resistance of SMPs was approximately
700 times larger than that of the sludge particulates at oper-
ational day [11]. Biofouling is considered as an abiotic form
of organic fouling, while fouling caused by organic matter
derived from microbial cellular debris is considered as an
abiotic form of biofouling [12]. The organic matter, such as
proteins available in the wastewater, is easily adsorbed by
the PVDF membrane due to its hydrophobic nature; and
because of this phenomenon, the PVDF membrane pores
are partially or completely chocked [13]. In addition, the
hydrophobic nature of PVDF can cause a huge problem
in wetting during the filtration process. By the addition
of hydrophilic materials to the PVDF membranes, which
enhance the wettability and decreases fouling potential [14].

Nanotechnology enables great potential in advanc-
ing wastewater treatment to improve treatment efficiency.
Nanofibers membrane possess excellent properties such
as large surface area, unique texture and porosity [15].
The application of nanotechnology in the wastewater
treatment process can overcome major problems faced by
existing treatment technologies as well as it also provides
new treatment capabilities that could allow economical
utilization of unconventional water sources to expand
the water supply [16]. The blending of polymers, for the
preparation of membrane, is a new trend to improve anti-
fouling properties, polymer to polymer interaction pro-
vides information about the nature of interaction [17]. The
miscibility of solvents blend are varied from solvent to
solvent [18] and the mixture of polymers are considered
as immiscible without any chemical interactions between
them [19].

Table 1

An approach is presented in the current study nanofi-
ber PVDF membrane converted into biofouling-resistant
PVDF membranes by modifying the synthesis recipe and
fabricated by electrospinning. The membrane was syn-
thesized by blending PVDF polymer with cellulose ace-
tate polymer (CAP) and co-electrospinning of nylon-6 was
carried out. The different interactions are possible between
blends due to hydrogen bonds, donor-acceptor interac-
tions between carbonyl groups and Fluorine in PVDF or
co-electrospinning in nylon-6.

The blending of PVDF with cellulose acetate (CA)
increased the enthalpy of mixing, decreased the thermody-
namic compatibility and increase both amorphous structure
and surface pore size which results in higher water flux [20].

The performance of the newly developed biofouling-
resistant PVDF membrane was assessed by comparing it
with a non-modified PVDF membrane. The modified mem-
branes have higher water flux, lower water contact angle
and reduction in biofouling as compared to non-modified
PVDF nanofibers membrane. This study demonstrated that
the membrane prepared by combining CAP and nylon-6
with PVDF polymer caused a reduction in hydrophobicity,
consequently, the synthesized biofouling-resistant PVDF
membrane was applied in MBR for wastewater treatment
and the results are presented in the paper.

2. Materials and methods
2.1. Materials

PVDF pellets of 5 mm (MW~534000) has been purchased
from Goodfellow Cambridge Ltd., (England) and its sol-
vents such as acetone, N,N-dimethylformamide (DMF) and
CAP having molecular weight 30 kDa and 39% acetyl con-
tent and nylon-6 all were purchased from Sigma-Aldrich
Company, (USA).

2.2. Synthesis of electrospun non-modified PVDF and
modified PVDF membrane

2.2.1. Synthesis of non-modified membrane

The non-modified membranes were made through
the electrospinning method. PVDF polymer 18% (w/w)
were dissolved with binary solvents of DMF and acetone
at equal volume ratio through procedure reported previ-
ous literature [21] and mixed by vigorously stirrer speed
at a temperature of 80°C for 5 h in an airtight glass bot-
tle. The electrospinning conditions and polymer compo-
sition is mentioned in Tables 1 and 2. The polymers were
then injected with a plastic syringe of 3 mL attached to the
capillary tip which consists of an inner diameter of 0.6 mm.

Electrospinning parameters for non-modified polyvinylidene fluoride membranes

Solution Ambient condition Electrospinning parameters
Polymer Solvents Con. (%) Temp. (°C) Humidity (%) App. voltage (KV) Distance (cm)
Polyvinylidene =~ Dimethylformamide/ 18 80°C 40-45 20 10

fluoride acetone
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Table 2

Electrospinning parameters for modified polyvinylidene fluoride membranes

Solution Ambient condition Electrospinning parameters
Polymer Solvents Con. (%)  Temp. (°C) Humidity (%) App. voltage (KV) Distance (cm)
Polyvinylidene Dimethylformamide/ 18 80°C 40-45 20 10
fluoride acetone
Cellulose acetate 18
Nylon Formic acid 22

The angle of the syringe was 11° from the abscissa. The
negative terminal was connected to the ground metallic
collector while the positive terminal was connected to cop-
per wire and dipped into the PVDF solution rotating at the
speed of 16 rpm. A distance between tip and collector was
adjusted to 10 cm and DC voltage was applied at 20 kV.
The non-modified PVDF nanofibers were deposited contin-
uously over a collector that was wrapped with aluminum
foil to obtain the desired thickness of 150-160 um. After the
electrospinning, the non-modified PVDF membranes were
peeled out from the collector and dried at room temperature
for 24 h.

2.2.2. Synthesis of the modified membrane

Similarly modified nanofibers membrane were made
by blending PVDF solution with cellulose acetate and co-
electrospinning with a nylon-6 solution in a ratio of 80:20
and 70:30 by increasing the concentration of cellulose acetate
to increase the hydrophilicity of membranes. The parame-
ters of electrospinning of modified PVDF membranes are
also given in Table 2.

2.3. Characterization of nanofiber membranes

To examine the morphology, the non-modified PVDF and
modified PVDF nanofiber membranes were characterized
using the scanning electron microscopy (SEM) technique.

The SEM images were generated with voltages of
10 kV, the working distance was kept at 4-mm and a dig-
ital micrometer having measuring efficiency up to 1 um
was used for the measurement of the average thickness of
modified and non-modified PVDF membrane. Further,
it was important to determine the hydrophilicity of both
membranes. The sessile drop method was used for the mea-
surement of hydrophilicity and hydrophobicity of both
membranes, and it was found that due to the presence of
cellulose acetate and nylon-6 in modified nanofibers mem-
branes and larger porosity, it has a lower contact angle
and higher water permeability. The apparent porosity and
apparent density of modified and non-modified PVDF
membrane were calculated using Egs. (1) and (2) [22].

Furthermore, the water flux test was performed and it
confirms that due to the hydrophilicity and larger porosity
of the modified nanofibers membrane, it has the highest
water flux as compared to non-modified PVDF nanofibers
membranes. It was also found that increasing the concen-
tration of cellulose acetate in PVDF solution caused an
increase in hydrophilicity of membranes.

A [ 8 j: Nf(g) (1)
“\ cm® Mt(cm)xMa(cmz)
M zl_A(g/CmS)XIOO% 2

P
g
)

where A, is the membrane apparent density, Nf is the
nanofibers membrane mass, M, is the membrane thickness,
M, is the membrane area, M is the membrane porosity
and B, is the bulk density of the mixture.

2.4. Membrane permeability

The membranes piece were cut from the large sheets of
non-modified PVDF and modified PVDF nanofibre mem-
branes according to the size of the vessel, and synthetic
wastewater was passed from both membranes and flux
rate was calculated through dead-end filtration setup
at constant pressure by using the following equation as
reported [23].

1%

= At )

where ] is a total flux, L m™? h; V is permeated volume, L;
A is an area, m? and T is the time, h.

From the above equation, it is found that modi-
fied membrane due to higher hydrophilicity and larger
porosity it has the highest water flux rate as compared to
non-modified PVDF membrane as shown in Fig. 6.

2.5. Membrane biofouling test

In order to determine the biofouling of non-modified
PVDF and modified PVDF nanofibers membranes, a dead-
end filtration experiment was performed using the system
known as Amicon Cell 200 ml (Amicon USA) experimen-
tal setup as shown in Fig. 1. From the large sheet of mem-
branes, a small piece of the membrane of 28.31 cm? was cut
according to the size and shape of the vessel, this piece of
material has the identical characteristic as it is installed in
the laboratory as a lab-scale model.

The synthetic wastewater was prepared as shown rec-
ipe in Table 3 in which the humic acid of 25 mg, 20 g of
sodium alginate, 25 mg of bovine serum albumin (BSA)
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Fig. 1. Schematic showing the dead-end filtration setup.

Table 3
Synthetic wastewater prepararion and its composition for
biofouling test

Magnetic Stirrer

Material/parameter Quantity/condition
Distilled water 800 mL
Temperature 22°C

Pressure 10 psi

Stirring speed 10 rpm

Sodium alginate 20g

Humic acid 25mg

Filtered sludge 20 mL

Bovine serum albumin 25mg

Time 30 min

were used, and for filtration 1.45 um filter paper was
used. The dung sludge filtered with 1.45 um filter paper
to remove suspended solids, and all chemicals are mixed
with distilled water of 800 mL and stirred for 3 h in order
to get homogeneity of the mixture. After mixing, this solu-
tion was placed for 10 days in a vessel in order to increase
the bacterial growth and finally, the membrane biofouling
tests were performed by using non-modified and modified
nanofibre membranes. The setup of the dead-end filtration
system can be seen in Fig. 1. The filtration was performed
using a stirred batch cell test. Nitrogen gas was introduced
in the vessel to keep a constant transmembrane pressure
(TMP) of 10 psi. The permeate generation was measured
at the outlet using a balance. The flux decline in case of the
non-modified PVDF was first then with modified PVDF
membrane as shown in Fig. 1.

3. Results and discussion

3.1. Morphology of nanofibers

The surface morphology of non-modified PVDF and
modified PVDF membranes was observed by using SEM.
The non-modified PVDF membrane is shown in Figs. 2a

| Permeate Collection
Vessel

Digital Balance

and b the uniform, smooth and bead free nanofibers mem-
branes, however in Figs. 2c and d the nanofibers rough-
ness were observed on the modified membranes it may
be due to the blending of cellulose acetate or nylon-6, the
average diameter of both membrane nanofiber was calcu-
lated through image — J Software and found that modified
PVDF nanofibers membrane has higher average diameter
than non-modified PVDF membrane, this may be due to
the blending of cellulose acetate and co-electrospinning of
nylon-6 with PVDF polymers.

It is shown in Figs. 2e and f from both histograms that
non-modified PVDF fibers have an average diameter of
610 nm, however, the modified PVDF fibers have a diameter
of 880 nm.

The causes of the increase of the diameter of nanofibers
are due to the increase of applied voltages [20]. Another
literature [24] shows that the most important parameters
which affect the fiber diameter are solution viscosity, higher
viscosity results in higher fibers diameter.

Since the diameter of modified and non-modified
PVDF Nanofibers varies, so it is crucial to know the poros-
ity of the membranes, by calculating the apparent density
of Nanofibers membrane and individual bulk densities
of polymers, the porosity of modified and non-modified
membranes were measured as in Table 4. It has been found
that the porosity of non-modified membrane was 83.6% by
addition of cellulose acetate and nylon-6 then porosity of
membrane was increased to 92.5%.

3.2. Fourier-transform infrared spectra of non-modified and
modified PVDF membrane

Fourier-transform infrared spectroscopy (FTIR) of the
non-modified PVDF, nylon-6, cellulose acetate and modi-
fied PVDF nanofibers are shown in Fig. 3, in non-modified
PVDF nanofibers. The band that appears at 642 cm™ are due
to the asymmetric stretching, at 1,067 and at 869 cm™ are due
to the CH, in and out of a plane in PVDF nanofibers [25].
The two absorption bands are observed in PVDF nanofibers
at 1,169 and 1,400 cm™ due to the CF, group [26].
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Fig. 2. (a and b) Scanning electron microscopy images for non-modified PVDF membrane, (c and d) modified membrane (PVDF/CA/
nylon-6), and (e and f) shows the diameter distribution of non-modified and modified PVDF membrane.

Table 4
Porosity of modified and non-modified polyvinylidene fluoride
membrane

Nanofibrous membrane Porosity%
Modified polyvinylidene fluoride 925
Non-modified polyvinylidene fluoride 83.6

The bands of cellulose acetate occurring at 1,727 cm™
are due to C=O symmetrical stretching of an acetyl group),
1,368 cm™ (C-H deformation), 1,221 cm™ (C-O stretching
of ester group), 1,029 cm™ (C-O-C cyclic ether bond), and
901 cm™ (CH bending) in the CA [27].

However in the FTIR spectra of nylon-6, the bands
at 2,931 cm™ are CH, symmetric stretching, 1,645 cm™
are Amide group and at 1,078 cm™ C-C stretching [28].
Accordingly in case of modified PVDF the vibration band
occurred due to symmetrical stretching caused by (C=O ace-
tyl group) at 1,725 cm™, (C-H deformation) at 1,368 cm™,
(C-O stretching of ester group) at 1,221 cm™ is due to the
presence of CA. However, the bands (N-H stretching hydro-
gen bond) at 3,300 cm™, (CO-NH amide group) at 1,645 cm™
these bands are due to the presence of nylon-6 so it can
easily be seen that the CA and nylon-6 were successfully
incorporated into the modified PVDF membrane.

3.3. Water contact angle of non-modified PVDF and
modified PVDF membranes

Hydrophilicity and hydrophobicity of non-modified
PVDF and modified PVDF membranes have been calcu-
lated through the Sessile Drop Method as reported [29].

And contact angle was used to measure the hydrophilicity
of the membrane [30]. With the help of a syringe a droplet,
water was placed on to the membrane surface and the con-
tact angle was measured, the five separate measurements
of each membrane were calculated.

The decrease of contact angle value was observed in
modified PVDF/CA/nylon-6 as compare to non-modified
PVDF membrane attribute to CA and nylon-6 into PVDF
matrix. The contact angle of the non-modified PVDF mem-
brane is 141° was much higher as compared to modified
PVDF with CA and nylon-6 having 125°. The ability of
membrane for wettability is the function of surface rough-
ness and hydrophilicity of membrane as reported in [31].
It was also observed that by addition of a higher concen-
tration of hydrophilic polymers into the PVDF matrix can
increase further its hydrophilicity. This value increases
further; this may be attributed to the particle aggrega-
tion resulting in the non-uniform distribution of particles
within the membrane matrix [32]. As shown in Figs. 4a
and b it was also indicated that modified PVDF membrane
consists of the higher concentration of hydrophilic poly-
mer incorporated into PVDF matrix result in a decrease
of contact angle hence leads to antifouling performance as
compare to non-modified PVDF membrane.

3.4. Filtration analysis of electrospun non-modified
and modified PVDF membranes

In order to calculate the permeability and rejection of
non-modified and modified PVDF nanofibers membranes,
a dead-end filtration is performed. The temperature of
distilled water and synthetic water was 22°C, stirrer speed
was 10 rpm and the pressure was 10 psi. Distilled water
was used as clean water and synthetic water was used as
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Fig. 3. Fourier-transform infrared spectroscopy results for non-modified PVDF, modified PVDF with nylon-6 and cellulose acetate.

Fig. 4. Water contact angle images for (a) non-modified PVDF and (b) modified PVDF membrane with nylon-6 and cellulose acetate.

polluted water. Clean water and synthetic water flux of
non-modified and modified PVDF with CA and nylon-6
as a function of TMP can be seen in Figs. 5a—-d. As shown
in Figs. 5a and b a modified PVDF with CA and nylon-6
had the highest clean water flux of 80 Lm? h™ and syn-
thetic water flux was 42 Lm= h™ highest rejection of syn-
thetic pollutants. This might be caused by the following
reasons. The modified PVDF membrane had better hydro-
philic property because of the addition of hydrophilic
polymers such as CA and nylon-6 into the PVDF matrix
and other reasons could be better porosity as reported [33].

However, in Figs. 5c and d, it is showed that the syn-
thetic and clean water had greater resistance to the flux of
non-modified PVDF nanofibers membrane. The clean water
flux was 55 L m™? h, and synthetic water flux was 22 Lm? h
because due to its hydrophobic nature and less porosity it has
greater resistance to flow. BSA which was taken as a model
of proteins which can easily interact with non-modified
PVDF membranes due to its hydrophobic-hydrophobic
interaction, so the synthetic water flux was also suddenly
declined. In filtration of proteins, the proteins adsorb more
strongly to hydrophobic surfaces than hydrophilic ones.
The use of hydrophilic membranes can help reducing mem-
brane biofouling [34]. On the other hand, the modified PVDF
membrane was found to be more hydrophilic as compare

to non-modified PVDF membranes so it had higher water
permeability. The proteins and bacteria’s biomass were not
easily interacted with modified membranes due to the hydra-
tion layer which prevents the membranes for biomass and
proteins deposition, so pores were not blocked easily and
higher permeate flux were seen in the modified membrane.

3.5. Anti-biofouling performance of non-modified and modified
PVDF membrane

Hydrophilicity and porosity of nanofibers membrane are
the major factors affecting the biofouling behavior and fil-
tration performance applications of nanofibers membranes.
Similarly, modified nanofibers were prepared by blending of
PVDF solution with cellulose acetate and co-electrospinning
of nylon-6 in the ratio of 80:15:5 and 70:20:10 by increasing
the concentration of cellulose acetate and nylon-6 then the
hydrophilicity and anti-biofouling properties of membranes
were increased. It has been found from Fig. 6¢ that mod-
ified PVDF nanofibers membranes with 70:20:10 have the
highest anti-biofouling properties as compared to Figs. 6a
and b due to the presence of a higher concentration of cellu-
lose acetate and nylon-6. Sodium alginate has been used as
a model of polysaccharides to study the filtration behavior
and fouling mechanisms of SMPs in many studies [35].
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Fig. 5. Water flux data (a and b) synthetic water and clean water flux of modified PVDF membrane and (c and d) synthetic and clean

water flux of non-modified PVDF membranes.

The biofouling is mainly caused by the SMP which is
polysaccharides and EPS which are mainly composed of
proteins, so for biofouling testing the synthetic water was
used as a model of biofouling by adding BSA, sodium algi-
nate, HA and so on as shown in Table 2. The normalized
flux J/]° was used to evaluate the anti-biofouling perfor-
mance of nanofibers membranes as shown in Figs. 6a—c.
From Fig. 6a, in the first filtration step, the flux declined to
start suddenly during 30 min to non-modified PVDF nano-
fibers membranes due to its highly hydrophobic nature, the
deposition of bacterial biomass, BSA as proteins model and
sodium alginate as a model of polysaccharide were easily
deposited on the surface of membranes which completely
block the membranes.

However, in the second filtration step, Figs. 6b and c
the flux declined to start slowly on modified nanofibers
membranes due to its hydrophilicity. In hydrophilic mem-
branes, a layer of water is formed onto the membrane
surface which consequently resists the penetration and
adsorption of pollutants on and into the membrane surface
and thereby the phenomenon of biofouling is reduced [36].
The hydrophobic surface of the membrane is a great cause of
biofouling due to the attachment of microbial cells because
of hydrophobic-hydrophobic interaction, for reducing the
biofouling membrane must be modified to hydrophilic
[37]. Here we compare the results of our proposed method
with those of traditional methods due to the presence of
cellulose acetate and nylon-6 on PVDF nanofibers mem-
branes then the morphology of PVDF has been changed
from hydrophobicity to hydrophilicity due to this bacte-
rial biomass, bovine serum albumin, and sodium alginate

are not easily deposited on membranes surface preventing
it from biofouling. Hence, compared to the hydrophilic
modified membranes, the non-modified PVDF membrane
is more susceptible to bio-fouling caused by organic
molecules. The obtained results are depicted in Figs. 6a—c.

From Fig. 6a it is seen that the non-modified PVDF
nanofibers membrane due to hydrophobicity the bacte-
rial biomass and polysaccharide are also hydrophobic in
nature so hydrophobic-hydrophobic interactions take place
and membranes are easily blocked and flux decline take
place easily. However, Figs. 6a and b the modified PVDF
membranes are hydrophilic and due to hydrophilicity, the
hydration layer is formed over the surface of membranes
so biomass of bacteria, proteins, and polysaccharide are
not easily deposited on the membrane surface so the flux
decline of modified membranes is less as compared to
non-modified PVDF membrane.

4. Conclusion

In order to control the biofouling issues of PVDEF
nanofibers membranes in a MBR, The membrane was syn-
thesized through electrospinning by blending of PVDF
polymers with hydrophilic CAP and co-electrospinning of
nylon-6 and its water contact angle decreased from 141° to
125° clean water flux increased from 55 to 80 Lm™ h. Due
to the hydrophilicity of membranes, the hydration layer
is formed between water and modified membranes so the
biomass of bacteria, sodium alginate model of polysaccha-
rides and proteins are not easily interacting on modified
PVDF membranes. Resultantly biofouling is decreased,



N. Bakhsh et al. / Desalination and Water Treatment 217 (2021) 74-82

Normalized Flux (J/Jo)

=
=]

4
®

=4
=)

°
a

o
N

o
=)

81

b)

o,
[)
308 . a)
i 0.6
E | |
02 e
0.0 )
0 Sspeciﬁc\}cgume (;Insl) 2
10[.
Sos
)
306
o [
T
Soq -
Eo.z
4
0.0

L
0 10 20 30 40 50
Specific Volume (ml)
c)

0

10 20 30 40 50 60 70

Specific Volume (ml)

Fig. 6. Flux decline data plot (a) non-modified PVDF, (b) modified PVDF with 80%/20%, and (c) modified PVDF with
70%/30% of cellulose acetate and nylon-6

the

study provides an innovative solution to control the

biofouling in the membranes and can result in a wider
application of MBR for wastewater treatment.

Symbols

] — Isatotal flux, Lm2h!

1% —  Permeated volume, L

A —  Area,m?

T — Time, h

A, — Membrane apparent density
N i — Nanofibers membrane mass
M, —  Membrane thickness

M, —  Membrane area

M, —  Membrane porosity

B, —  Bulk density of the mixture
DMF —  Dimethylformamide

CAP —  Cellulose acetate polymer
PVDF —  Polyvinyledene fluoride
BSA —  Bovine serum albumin

SA —  Sodium alginate

SMP —  Soluble microbial product
EPS —  Extracellular polymeric substance
References

(1

(2]

H.J. Lin, WJ. Gao, E.G. Meng, B.-Q. Liao, K.-T. Leung, L.H. Zhao,
J.-R. Chen, H.C. Hong, Membrane bioreactors for industrial
wastewater treatment: a critical review, Crit. Rev. Env. Sci.
Technol., 42 (2012) 677-740.

N.S.A. Mutamim, Z.Z. Noor, M.A.A. Hassan, A. Yuniarto,
G. Olsson, Membrane bioreactor: applications and limitations
in treating high strength industrial wastewater, Chem. Eng. J.,
1(2013) 109-119.

(3]

(4]

(5]

(6]

(7
(8]

(%]

(10]

(11]

(12]

(13]

[14]

N.A. Hashim, Y.T. Liu, K. Li, Preparation of PVDF hollow fiber
membranes using SiO, particles: the effect of acid and alkali
treatment on the membrane performances, Ind. Eng. Chem.
Res., 50 (2011) 3035-3040.

J.E. Hester, P. Banerjee, A.M. Mayes, Preparation of protein-
resistant surfaces on poly(vinylidene fluoride) membranes
via surface segregation, Macromolecules, 32 (1999) 1643-1650.
H.-C. Flemming, G. Schaule, T. Griebe, ]. Schmitt,
A. Tamachkiarowa, Biofouling —the Achilles heel of membrane
processes, Desalination, 113 (1997) 215-225.

Al]. de Kerchove, M. Elimelech, Formation of polysaccharide
gel layers in the presence of Ca* and K' ions: measurements
and mechanisms, Biomacromolecules, 8 (2007) 113-121.

T.R. Garrett, M. Bhakoo, Z.B. Zhang, Bacterial adhesion and
biofilms on surfaces, Prog. Nat. Sci., 18 (2008) 1049-1056.

Y.F. Yang, L.S. Wan, Z.K. Xu, Surface hydrophilisation and
antibacterial functionalisation for microporous polypropylene
membranes, Water Sci. Technol., 61 (2010) 2053-2060.

E. Poorasgari, P. Larsen, X. Zheng, PH. Nielsen, K. Keiding,
M.L. Christensen, Irreversible fouling of membrane bioreactors
due to formation of a non-biofilm gel layer, Water Sci. Technol.,
69 (2014) 1641-1647.

G. Buitron, 1. Moreno-Andrade, V.M. Arellano-Badillo,
V. Ramirez-Amaya, Membrane biofouling mechanism in an
aerobic granular reactor degrading 4-chlorophenol, Water Sci.
Technol., 69 (2014) 1759-1767.

J.H. Teng, M.J. Zhang, K.-T. Leung, J.R. Chen, H.C. Hong,
H.J. Lin, B.-Q. Liao, A unified thermodynamic mechanism
underlying fouling behaviors of soluble microbial products
(SMPs) in a membrane bioreactor, Water Res., 149 (2019)
477-487.

R. Komlenic, Rethinking the causes of membrane biofouling,
Filtr. Sep., 47 (2010) 26-28.

X.-M. Wang, X.-Y Li, K.M. Shih, In situ embedment and growth
of anhydrous and hydrated aluminum oxide particles on
polyvinylidene fluoride (PVDF) membranes, J. Membr. Sci.,
368 (2011) 134-143.

D. Rana, T. Matsuura, Surface modifications for antifouling
membranes, Chem. Rev., 110 (2010) 2448-2471.



82

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

N. Bakhsh et al. | Desalination and Water Treatment 217 (2021) 74-82

A. Ahmed, YM. Jia, Y. Huang, N.A. Khoso, H. Deb,
Q.G. Fan, J.Z. Shao, Preparation of PVDEF-TrFE based
electrospun nanofibers decorated with PEDOT-CNT/rGO
composites for piezo-electric pressure sensor, J. Mater. Sci. -
Mater. Electron., 30 (2019) 14007-14021.

X.L. Qu, PJ.J. Alvarez, Q.L. Li, Applications of nanotechnology
in water and wastewater treatment, Water Res., 47 (2013)
3931-3946.

C. Bhattacharya, N. Maiti, B.M. Mandal, S.N. Bhattacharyya,
Thermodynamic characterization of miscible blends from very
similar polymers by inverse gas chromatography. The poly(ethyl
acrylate)-poly(vinyl ~propionate) system, Macrmolecules,
22 (1989) 4062-4068.

D. Rana, BM. Mandal, SN Bhattacharyya, Miscibility and
phase diagrams of poly(phenyl acrylate) and poly(styrene-co-
acrylonitrile) blends, Polymer, 34 (1993) 1454-1459.

D. Rana, K. Bag, S.N. Bhattacharyya, B.M. Mandal,
Miscibility of poly(styrene-co-butyl acrylate) with poly(ethyl
methacrylate): existence of both UCST and LCST, J. Polym.
Sci., Part B: Polym. Phys., 38 (2000) 369-375.

M.H. Razzaghi, A. Safekordi, M. Tavakolmoghadam,
F. Rekabdar, M. Hemmati, Morphological and separation
performance study of PVDF/CA blend membranes, . Membr.
Sci., 470 (2014) 547-557.

D.Z. Wu, SH. Huang, Z.Q. Xu, ZM. Xiao, C. Shi, ].B. Zhao,
R. Zhu, D.H. Sun, L.W. Lin, Polyethylene terephthalate/poly
(vinylidene fluoride) composite separator for Li-ion battery,
J. Phys. D: Appl. Phys., 48 (2015) 285305.

W.He, ZW. Ma, T. Yong, W.E. Teo, S. Ramakrishna, Fabrication
of collagen-coated biodegradable polymer nanofiber mesh and
its potential for endothelial cells growth, Biomaterials, 26 (2005)
7606-7615.

J. Na, Y.G. Zhang, The effect of humic acid on ultrafiltration
membrane fouling, Energy Procedia, 11 (2011) 4821-4829.

H. Fong, I. Chun, D.H. Reneker, Beaded nanofibers formed
during electrospinning, Polymer, 40 (1999) 4585-4592.

Y. Liu, Z.-F. Ren, J.-H. He, Bubble electrospinning method for
preparation of aligned nanofibre mat, Mater. Sci. Technol.,
26 (2010)1309-1312.

X.Y. Hu, Y.B. Chen, HX. Liang, C.F. Xiao, Preparation of
polyurethane/poly(vinylidene fluoride) blend hollow fibre

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

membrane using melt spinning and stretching, Mater. Sci.
Technol., 27 (2011) 661-665.

T. Boccaccio, A. Bottino, G. Capannelli P. Piaggio,
Characterization of PVDF membranes by vibrational spectros-
copy, J. Membr. Sci., 210 (2002) 315-329.

ZH. Xu, L. Li, EW. Wu, SJ. Tan, Z.B. Zhang, The application
of the modified PVDF ultrafiltration membranes in further
purification of Ginkgo biloba extraction, . Membr. Sci., 255 (2005)
125-131.

Y.B. Baek, J. Kang, P. Theato, ].Y. Yoon, Measuring hydrophilicity
of RO membranes by contact angles via sessile drop and captive
bubble method: a comparative study, Desalination, 303 (2012)
23-28.

A XK. Nair, PM Shalin, PE. Jagadeesh Babu, Performance
enhancement of polysulfone ultrafiltration membrane using
TiO, nanofibers, Desal. Water Treat., 57 (2016) 10506-10514.

L.V. Skornyakov, V.P. Komar, IR spectra and the structure of
plasticized cellulose acetate films, J. Appl. Spectrosc., 65 (1998)
911-918.

K.-H. Lee, K-W. Kim, A. Pesapane, H.-Y. Kim, J.F. Rabolt,
Polarized FT-IR study of macroscopically oriented electrospun
nylon-6 nanofibers, Macromolecules, 41 (2008) 1494-1498.

Z.F. Fan, Z. Wang, N. Sun, ].X. Wang, 5.C. Wang, Performance
improvement of polysulfone ultrafiltration membrane by
blending with polyaniline nanofibers, J. Membr. Sci., 320 (2008)
363-371.

A. Abdelrasoul, H. Doan, A. Lohi, Fouling in Membrane
Filtration and Remediation Methods, H. Nakajima, Ed.,
Advances in Sustainable Energy and Environment Oriented
Numerical Modeling, IntechOpen, 2013 p. 195 doi:
10.5772/52370.

Y.H. Mo, K. Xiao, Y.X. Shen, X. Huang, A new perspective on the
effect of complexation between calcium and alginate on fouling
during nanofiltration, Sep. Purif. Technol., 82 (2011) 121-127.
G. Amy, Fundamental understanding of organic matter fouling
of membranes, Desalination, 231 (2008) 44-51.

F. Shen, XF. Lu, XK. Bian, L.Q. Shi, Preparation and
hydrophilicity study of poly(vinyl butyral)-based ultrafiltration
membranes, . Membr. Sci., 265 (2005) 74-84.



	_Hlk25054808
	_Hlk25058166
	_Hlk8094944

