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ABSTRACT

The current study elaborates the fabrication of the hydrophilic composite membrane (PVDF/PVP)
for the removal of heavy metals present at low concentrations in water. The modified hydrophilic
poly(vinylidene fluoride) (PVDF) composite membrane was prepared with a % ratio by blend-
ing hydrophilic poly(vinylpyrrolidone) (PVP) with hydrophobic PVDF. The Fourier transform
infrared analysis reveals an interactive relationship between polymer and additives but fails to
affect the crystal polymorphism of PVDF to an appreciable extent. Morphology of the fabricated
composite membrane was inspected through scanning electron microscopy, revealing that PVP
concentration strongly influences the overall morphology of the fabricated membrane. The low
concentration of PVP produced macro-voids while the high concentration produced spongy and
spherulitic morphology. Performance of the membrane was measured in terms of heavy metals
removal, porosity, and water uptake. The results are suggestive of the fact that this membrane
can be employed in real terms for the removal of heavy metals especially copper (Cu*) from water.
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1. Introduction

Heavy metals are classified as hazardous materials
since recognition of its dangerous impact on human life.
They are potent carcinogens, due to its non-biodegradable
nature and perseverance in the environment [1]. Among
heavy metals, copper (Cu) is usually found at high con-
centrations in wastewater, owing to its use in different
industries including metal finishing, ordinance factories,
electroplating, and etching. The permissible level of cop-
per (Cu) set by WHO and US EPA are 1.0 and 1.3 mg/L
(ppm) in the aquatic environments, and this limit is often
crossed, especially in developing countries, where strict
regulations are not fully enforced [2]. Cu ingestion may
cause acute and chronic medical conditions in humans
such as hemolysis, irritation of the upper respiratory tract,
gastrointestinal disturbance with vomiting and diarrhea,
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and a form of contact dermatitis. Therefore, it is necessary
to have a proper check on Cu concentration in water [3,4].
Commonly, different types of adsorptive materials
(activated carbon [5], natural materials like sawdust [6],
graphene [7], and membrane [8], etc.) have been used for
the removal of Cu from the water sample. These materi-
als proved to efficiently remove copper from an aqueous
solution. However, these adsorptive methods suffer from
poor adsorption capacity due to its pH dependency/com-
plex formation, laborious, low efficiency/cost ratio, and
generation of sludge. The generated insoluble precipitates
at pH < 6.0 of metal hydroxides restrict further adsorption
of high metal ion concentration [5-8], which is cumber-
some on an industrial scale. Therefore, such drawbacks
necessitated having an adsorptive material, which scav-
enges metals or specifically copper (Cu) and regenerated
after shedding the attached material and does not lose its
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capturing ability. In this scenario, polymer membrane is an
ideal candidate, consuming less operational energy, sim-
ple, and easy to process with compactness in design [9].
It is estimated that nearly 53% of the total methods used
in the purification of water are based on polymeric mem-
branes. Material for the membrane is selected, keeping
in view the stability of the porous structure, hydropho-
bicity/hydrophilicity balance, chemical resistivity, easy
scalability, and mechanical strength. These parameters
mostly affect the fouling (blockage of pores) of the mem-
brane. Fouling is mainly caused by polarization of pores,
hydrophobicity-hydrophilicity imbalance, thus leading
to adsorption/deposition of particles/ions/organic mat-
ter, on the membrane surface [10]. Among different poly-
mers poly(vinylidene fluoride) or PVDF is mostly used in
wastewater treatment operations. PVDF a semicrystalline
hydrophobic, chemical resistant polymer, and its various
membranes/films can be produced through the non-sol-
vent induced phase separation (NIPS) method. It is well
known, that in NIPS crystallization of the component(s) in
the non-solvent phase is triggered, leading to pores from
nano- to micro-size scale [11].

To circumvent the problem of fouling and control over
porosity, a variety of additives such as macromolecules
[12], small organic materials (13), and inorganic salts [14] or
particles [15] has also been tested.

Each additive has its own merits and demerits, but,
the application area is water cleaning. Therefore, it is
necessary to use a compound/polymer, which is biocom-
patible. Therefore, among such additives, the poly (vin-
ylpyrrolidone) or PVP, is a suitable choice based on its
non-toxicity, good miscibility, and hydrophilicity [16-18].
Similarly, it is reported that the addition of PVP may sig-
nificantly change the surface properties/morphology of
the membrane without macrovoids formation and impact
on its filtration performance and porous structure [19].
But it must be remembered that PVDF also possesses the
property of polymorphism, which was scarcely studied.

Therefore, in this work PVDF was modified with PVP
(a well-known hydrophilic porogen), and its impact on the
polymorphism and surface morphology of PVDF membrane,
the removal efficiency was evaluated in the separation of
copper (Cu) metal from water.

2. Experimental
2.1. Materials

Commercially available analytical grade chemicals
were used during the entire experimental work. The chem-
icals were highly pure, so, further purification was not
required and used as received. The (PVDF) pellet with
mol. wt ~180,000 g/mol, PVP of average MW~Mw: 40,000
and N,N'-Dimethylformamide (DMF) were obtained from
Sigma Aldrich, Germany.

2.2. Fabrication of membranes

The mixing ratio of the PVDF/PVP composite mem-
brane is shown in Table 1. The appropriate amount of
the dried PVDF and calculated mass of PVP was mixed

Table 1
Composition of samples used in this study (wt/wt%)

Sample code PVP (wt%) PVDF (wt%)
A 0 100

B 20 80

C 33 67

D 47 53

in DMF. The mixture thus produced was stirred at 700°C
for 4 h. The homogeneous mixture was cast into the
already labeled clean Petri-dishes. The casted solution film
was dipped into the water to separate the thin through
non-solvent induced phase separation (NIPS) technique.
The thin film was washed with enough water to clear the
residual DMF followed by drying at 50°C as shown in
Fig. 1. The films were characterized with Fourier transform
infrared (FTIR) and scanning electron microscopy (SEM).

2.3. Characterization of fabricated membranes

To characterize the performance of the fabricated
membrane, the following tests have been conducted.

2.3.1. Porosity

Membrane porosity was measured by the gravimet-
ric method. Briefly, 2.5 cm in diameter of circular mem-
brane sample was cut and soaked in glycerin. The porosity
of membranes was estimated by Eq. (1):

W, -W,
Porosity (%) = Aprd x 100 )

where “A” is the surface area of the membrane in m?, “T”
is the membrane’s thickness in cm and “p” is the density of
the wetted liquid in (g/cm®), W is the weight of the wetted
membrane sample, and W, is the weight of dry membrane

sample.

2.3.2. Water uptake

Uptake of water by different samples (membranes)
were calculated gravimetrically, a circular (2.5 cm in diam-
eter) membrane sample was cut and weighed/designated
as W, for the dry sample. W, is the uptake of water by
membrane samples which is calculated by wetting and
shaking sample with swelling liquid (water) in a beaker for
12 h at ambient temperature. The % uptake of water was
estimated from Eq. (2) and taken as hydrophilic property:

W, - W,
= %100 @)
W,

0

uptake

2.3.3. Separation efficiency of membrane

1 M CuSO, designated as solution 1 was prepared
and then standardized against 2 M Na,S5,0O, designated
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solution 2. The CuSO, solution is then passed through
each sample membrane and the filtrate from each sample
was titrated against solution 2 again, and the amount of
Cu present in the filtrate was calculated by using Eq. (3):

M,V,=M,V, ®)

where M, and V| are the molarity and volume of solution
No. 1 (CuSO,), while M, and V, are the molarity and volume
of solution No. 2 (Na,S5,0,) consumed during the titration
experiment. From the molar calculation, the amount of Cu
was calculated in the filtrate.

The metal removes by the prepared membrane was

calculated using Eq. (4):

C
% Removal = (1 - pJ %100 4)
Cf

where Cp is the concentration of filtrate and Cf is the
concentration of feed solution.

3. Results and discussion
3.1. Surface topology of the membranes

All membranes show the asymmetric morphology char-
acterized by the rough and bubbly domain (often labeled
as spherulite domain). The surface morphology of the
blended membrane was visualized through SEM bearing
no. JSM-IT-100, JEOL, Japan. The neat PVDF membrane
is distinguished by the presence of a dominant spheru-
lite phase with a rough surface. Fig. 2 represents the mor-
phological characteristics of the as-prepared pristine
PVDF membrane. Generally, the fabricated PVDF exhibits
three crystalline phases of o, B, and y phases, and intrin-
sically different from one another in terms of chain ori-
entation and polarity originated from re-arrangement of
the fluorinated skeleton [20]. This factor might be taken
into consideration for the generation of pores, as simi-
lar phases tend to accumulate forming a separate domain
leaving behind empty space called voids/pores.

The polar phase tends to retain a small fraction of water,
which directs itself away from the non-polar o phase of
PVDEFE. This incompatibility at the molecular level gener-
ates an uneven/rough surface that gives rise to support
to the already narrated assumption. In the inset of Fig. 3,
small pores were identified through Image]J software.
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@ Dissolution of PVDF pellets in DMF 40°C
and precipitation into Methanol
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Fig. 1. Schematic diagram for preparation of membranes.
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Similarly, in Fig. 3, the channelized finger-like structure
with voids can be seen. The voids seem to generate from
the knitting (attraction/repulsion) of entangled polymer
chains. The morphology of the pores is irregular and pres-
ent a network structure. Another important observation,
which can be noted is the creation of mixed pores (large/
small). It means pores are generated through competitive
processes of de-mixing (attraction/repulsion) of solvent in
the coagulant and polymer dope. The presence of PVP being
surfactant/amorphous may attenuate the thermodynamic
stability of the crystallized film, which favors competitive
de-mixing processes and generate macro-voids [21-25].

It was observed physically that this membrane is more
flexible as compared to other membranes. It is also sugges-
tive of the fact that an attenuated solid-air interface exists
in the membrane, which gives toughness to the material
through the polymer-air interface. According to Table 2,
the addition of amorphous PVP into the PVDF matrix leads
to a more porous structure with increased porosity. With
further increase in the concentration of amorphous PVP,
the surface of the film changes to spongy nature, with
the existence of numerous small pores as can be seen in
Fig. 4C1 and C2.

When the amount of PVP is increased as indicated
in Fig. 5D1 and D2, a very different structure can be seen.
The surface is full of spherulitic structures, but pores are
generated inside this structure. The possible explanation
may be the spherulites during the formation stage engulf a
small fraction of the PVP, which is leach out in the coagu-
lation bath due to its solubility in the water and thus pro-
duced small pores. The burst-out structure may be formed
by escaping/leaching of PVP into the water coagulation bath
or any other impurities at the time of crystallization of PVDE.

3.2. Crystal polymorphism and chain interaction

For investigating functional groups interactions between
the ingredients of the nanocomposites FTIR study of neat
and different blended membranes were conducted in 1,000—
400 cm™ (Fig. 6), and in 2,000-1,000 cm™ range (Fig. 7) for
easy readability. Calibration of the instrument was done
with styrene as a standard before the characterization of
the thin-film sample.

In Figs. 6 and 7A, the pristine PVDF generated peaks
at position 410; 489; 510; 532; 613; 763; 795; 841; 855; 873;
976; 1,065; 1,182; 1,274; 3,025 and 3,372 cm™. According to
literature the signals 410, 532, 613, 763, 855, and 976 cm™
were assigned to the presence of non-polar o form. The
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Fig. 3. SEM micrographs of the sample (B) at a magnification of B1 =5 pum, B2 =10 pm.

B phase contribution was confirmed from the presence of
510; 840 and 1,274 cm™ peaks [13, 20]. These bending and
wagging vibrations reveals the existence of CF, group in
different orientations, on which PVDF is classified as o
and B phases.

The a phase is the stable one while  phase is unsta-
ble and requires special treatment or insertion of the polar
molecule into the macromolecular galleries to stabilize it.

It is well-established that the absorption peak due to polar
B-phase appears around 839/840 cm™ and is characterized
by a mixed mode of CF,/CH, stretching vibrations seen in
sample A as highlighted in Figs. 6 and 7. It is possible that
polar DMF was used and might be responsible for mixed
polar phases (o and ) generation, as present in the spec-
trum of pure PVDF. Moreover, it is well-established that
FTIR spectra of PVP demonstrate a strong absorption
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Fig. 5. SEM micrographs of (D) at a magnification of D1 =5 pm, D2 =10 pum.

Table 2

Statistical data of the pore size, % porosity, % water uptake and % removal of PVDF/PVP composite membranes

S. No. Sample code Pore size (um) % Water uptake % removal % porosity
1 A 0.101 39.78 30 5.83

2 B 4.757 50.07 39 29.96

3 C 0.246 60.02 50 54.67

4 D 0.143 81.07 62 65.14
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peak at 1,600 cm™ due to C=O in the PVP skeleton [17].
The PVP also shows asymmetric CH, stretching vibra-
tions in the region around 2,900 cm™. The bands at 1,423
and 1,371 cm™ also correspond to the CH de-formation
modes from the CH, present in the PVP ring as shown
in Figs. 6 and 7B. Therefore, these regions may be taken
as an indication for the development of the interactions
between the PVDF and PVP as described elsewhere [16].

In Figs. 6 and 7B, where 20 wt% of PVP was added into
the dope solution of the PVDF, the following peaks were
recorded, which are centered at 420; 485; 510; 532; 613; 762;
796; 840; 874; 1,039; 1,109; 1,181; 1,404; 1,652; 2,884; 2,942
and 3,319 cm™. It can be seen from the data that some sig-
nal seen in the case of original PVDF appears again at 510,
532, and 613 cm™, which confirms that some fraction of
the o phase is still present [20]. The new peaks also appear
by a one-degree shift to lower/higher value showing the
development of specific interactions between PVP and
PVDE. The PVP shows strong absorption at 1,600 cm™ but
here it appears at 1,652 cm™ shows the shift in its position.
This is also a strong indication for the development of
interaction between the acidic hydrogen of the PVDF
and electronegative oxygen and nitrogen of PVP [16].

Figs. 6 and 7C show the FT-IR spectra of the sample (C)
having 33 wt% PVP. The signal observed were 412; 489; 532;
614; 762; 796; 841; 854; 874; 976; 1,066; 1,182; 1,382; 1,404;
1,669; 3,025 and 3,378 cm™. The spectra clearly show that
peaks are shifted from their earlier position and appear at
1,669 cm™ while at the same time some new peaks (3,025
and 3,378 cm™) appear. This shows that interactions become
stronger due to the increase in the amount of PVP, and
the band appears at higher values. The peaks at 3,025 and
3,378 cm™ might be suggested of the fact that the exis-
tence of polar fraction (/y) in the subject material may
retain a small amount of the strongly polar H,O molecules,
which mostly appear in this region due to the possible
existence of polarized fraction.

Figs. 6 and 7D are the FTIR spectra of the sample hav-
ing 47 wt% of PVP. The peaks recorded were visualized
at 418; 480; 510; 839; 878; 1,073; 1,171; 1,233; 1,272; 1,404;
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Fig. 6. Comparative FTIR spectra for samples (A-D) in the range
400-1,000 cm™.

1,463; 1,496; 1,662 and 3,395 cm™. This also shows that PVP
being miscible with PVDF and able to play role in the struc-
tural polymorphism of crystallized PVDE. It is reported
that the band at 875 cm™ sifted to 876/877 cm™ shows the
interaction between CF, and C=O of the PVP ring [26].

4. Performance of fabricated membranes
4.1. Water uptake

Water uptake studies show good evidence to support
the hydrophilic nature of the membranes. The % water
uptake of samples A, B, C, and D are 39.78%, 50.07%,
60.02%, and 81.07%, respectively, as shown in Table 2,
which clearly shows that the PVDF-PVP blended mem-
brane is transformed from hydrophobic to hydrophilic
with the addition of PVP. It is well-established fact, that
PVDF is hydrophobic but due to a small fraction of the 3
phase it can retain water as confirmed from the FTIR sig-
nals. The data confirmed that the addition of PVP leads
to the generation of polar fraction, which selectively per-
mits water molecule through the phenomenon of pores
polarization, and responsible for the increasing trend
depicted in Fig. 8.

By increasing PVP concentration in the dope solution,
the hydrophilic sites are also increasing and may engulf
some aqueous fraction through H-bonding forming a fine
film that boosts the water transportation through mem-
branes, which prevents hydrophobic foulants to adhere to
the surface of the membrane [18,27].

4.2. Porosity (%)

Interaction of hydrophilic PVP with the hydrophobic
PVDF may be responsible for the development of spongy
structure as observed in SEM analysis and conclusively
suggesting the presence of network structure. Consequently,
by increasing the concentration of PVP in the casting solu-
tion the porosity of the membrane is enhanced. According
to Table 2, the % porosity of samples A, B, C, and D, are

D
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Fig. 7. Comparative FTIR spectra for samples (A-D) in the range
1,000-2,000 cm™.
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5.838%, 29.961%, 54.677%, 65.147%, respectively. In gen-
eral, porosity is the measure of the void fraction, that is,
the membrane having finger-like structure and macro
void fraction with respect to the spongiform membrane,
confirmed by SEM analysis and visualized in Fig. 9.

It is clear from the data linked to sample B, C, and D
that increment in PVP concentration reduces the pore size
and increase its number per unit area through molecular
interactions (attraction/repulsion) [28]. It may be due to
the competitive demixing of the solvents in the dope and
casting solution. It is believed that PVP increases the vis-
cosity of the solution, and when this dense solution is
poured into the casting solvent (H,0), the PVDF solvat-
ing medium (DMF) tends to migrate from the nascent film
into the water and aids in PVDF crystallization. On the
contrary, the amorphous nature of PVP may contribute
toward the delayed crystallization of PVDFE.

4.3. Separation efficiency

The prepared membranes were utilized for the removal
of heavy metals especially copper (Cu) as graphically
shown in Fig. 10.
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Fig. 8. Water uptake by membranes (%).
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Fig. 9. Porosity (%) of membranes.
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The % removal data for the sample A, B, C, and D are
as follows 30%, 39%, 50%, and 62%, respectively. Results
show that the removal efficiency of copper by blended
membranes were increased with the increase in PVP con-
centration in the polymer dope solutions. Such an increase
leads to the production of more porous membranes with
small pore size.

In Fig. 11, the studied parameters are collectively dis-
played graphically, showing direct relation of porosity
with water uptake and copper removal efficiency of the
different blended membrane(s).

The probable explanation for this might be the estab-
lishment of interactive forces between the electronegative
fluorine atom and the positive charge center present in the
PVP ring. Such charge equilibration may leave an appre-
ciable negative charge for the scavenging of metal ions by
the membrane surface and appear in increase % removal [29].

4.4. Mechanism of high separation efficiency of membrane

The PVP a well-known hydrophilic additive while
PVDF is hydrophobic, but both are miscible. When such
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Fig. 10. Removal of Cu (%) from composite membranes.
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Fig. 12. The proposed (A) cross-sectional view of membrane’s pores (B) mechanistic view for high separation efficiency.

blend is exposed to the aqueous environment, the PVP
may absorb water molecules and tends to swell, while at
the same instant PVDF try to stretch away from it. This
stretching or de-mixing phenomenon creates pores and a
bubbly structure as seen in Fig. 5. This process may occur
inside a bubbly structure and create small pores. It is
well-established fact that liquid when flowing in a circu-
lar path, changes its direction resulting in the sluggishness
of velocity, which gives an opportunity for the copper sul-
fate crystal to crystallize at that moment. Once the nuclei
formed, facilitates heterogeneous nucleation, and result
into the narrowing of the pores due to the deposition
of copper sulfate crystals. It may also probable that the
increased concentration of PVP leads to swelling and gela-
tion, which is reported to enhance the crystallization of the
entrapped molecule [30]. Such behavior may increase the
removal percentage of copper according to the mechanism
proposed in Fig. 12.

5. Conclusions

Hydrophobic PVDF membrane was modified via
phase inversion method using different concentrations of
hydrophilic PVP. The blending of PVDF with PVP leads
to produce a more porous structure with mixed pore mor-
phology. The morphology of the fabricated membrane is
strongly influenced by the concentration of PVP in the
polymeric dope solution. With low contents of PVP, the
membrane with large voids is obtained but with increas-
ing content of PVP, the wide pore structure transforms
into a smaller one through de-mixing of the interfaces
involved and developed interactions among the ingredi-
ents. The morphology is asymmetric and strongly influ-
ences the % removal of heavy metal, water uptake, and
porosity. The increase in the water uptake is convincing
proof of the hydrophilic modification of the fabricated
PVDF membranes. Overall, PVP a well-known hydro-
philic additive succeeded in pore formation and upgraded
the performance of the blended membrane. The outcomes
of this work revealed that modified membranes have
enhanced hydrophilicity, asymmetric porous structure,
and effective in the removal of copper ions from water.
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