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Abstract - Ultrafiltration (UF) has long been a leading separation technology with a strong historical track record for a
wide range of applications such as the treatment of ground water, surface water and wastewater. The utilization of
nanofillers in the fabrication of organic UF membranes has brought about breakthrough progress in membrane science
and technology. The present study demonstrates modification of polyvinylidene fluoride (PVVDF) membranes using zinc
oxide (Zn0), polydopamine (PDA), and ZnO/PDA powders by blending and coating methods, respectively. ZnO/PDA
nanoparticles were synthesized by the sol-gel method and were characterized using X-Ray Diffraction in comparison to
ZnO and dopamine (DA) powders. Filtration performance of the fabricated membranes were determined in terms of water
flux, sodium alginate (SA) rejection, and anti-fouling properties. Moreover, lead (Pb*?) ions were chelated with chitosan
following rejection of the formed lead-chitosan complexes from the fabricated membranes. Although water flux and SA
rejections of the pristine PVDF membrane in the presence of different powders could not be substantially improved, anti-
fouling properties could be enhanced markedly. PVVDF/ZnO/PDA membrane was found to exhibit the best separation
performance with 92% flux recovery ratio and 97% SA rejection and had the highest lead-chitosan removal of 88.5%
from aqueous solutions. The enhanced separation performance of the PVDF/ZnO/PDA membrane was revealed by SEM
images, which demonstrated remarkable morphological changes such as more porous, longer and interconnected finger-
like formations compared with the pristine PVDF membrane.
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Sulu Ortamlardan Kursun Giderimi i¢cin PVDF Membranlarin Cinko
Oksit/Dopamin ile Modifiye Edilmesi

Oz - Ultrafiltrasyon (UF), uzun zamandir yeralt1 suyu, yiizey suyu ve atik su arttimi gibi ¢ok cesitli uygulamalarda
kullanilan giiclii bir gegmise sahip, lider bir ayirma teknolojisi olmustur. Organik UF membranlarinin iiretiminde nano
dolgu maddelerinin kullanilmasi, membran bilimi ve teknolojisinde ¢igir agan ilerlemeler saglamistir. Bu ¢aligmada,
¢inko oksit (ZnO), polidopamin (PDA) ve ZnO/PDA tozlari sirasiyla harmanlama ve kaplama yontemleri ile poliviniliden
floriir (PVDF) membranlarinin modifikasyonu ig¢in kullamilmigtir. ZnO/PDA nanoparcaciklari sol-jel yontemi ile
sentezlendikten sonra, X-Isin1 Kirmim ile ZnO ve dopamin (DA) tozlari ile karsilastirilarak karakterize edilmistir.
Uretilen membranlarin filtrasyon performansi, su akisi, sodyum aljinat (SA) giderimi ve kirlenmeye karsi direng
ozellikleri ile belirlenmistir. Ayrica, kursun (Pb*2) iyonlarmin kitosan ile kompleks haline getirilmesinden sonra olusan
kursun-kitosan komplekslerinin membranlardan giderimi test edilmistir. Saf PVDF membranin su akist ve SA giderimi
farkli tozlar varliginda kayda deger bir miktarda arttirilamasa da, kirlenmeye karsi direng 6zellikleri 6nemli 6lgiide
iyilestirilmigtir. PVDF/ZnO/PDA memraninin %92 su akisi geri kazanim oran1 ve %97 SA giderimi ile en iyi ayirma
performanst gosterdigi ve sulu g¢ozeltilerden en yiiksek kursun-kitosan giderimini (%88,5) sagladigi belirlenmistir.
PVDF/ZnO/PDA membraninin iyilestirilmis ayirma performasi, saf PVDF membrana kiyasla daha gozenekli, uzun ve
birbirine bagli parmaksi olugumlarin varligini gosteren SEM goriintiileri ile ortaya koyulmustur.

Anahtar kelimeler: Membran, Nanotanecik, Cinko Oksit, Dopamin, Kursun giderimi
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1. Introduction

In recent years, the limited availability of freshwater, which plays an important role in human life
and the ecosystem, has led to a great interest in water and wastewater treatment technologies [1].
Surface and groundwater pollution, which has become a global environmental problem due to rapid
population growth and global industries reveals the importance of wastewater treatment [1,2,3].
Besides, wastewater treatment is an important issue that needs to be addressed, as only 0.5% of the
water in the world is fresh water [4,5]. The release of heavy metal ions, which are toxic even at low
levels and cause damage to human health and the aquatic ecosystem, into water sources without
adequate treatment is one of the main causes of surface and groundwater pollution [1,6,7,8]. In
particular, heavy metals such as arsenic, cadmium, and lead must be removed from wastewater before
they accumulate in living organisms. These non-biodegradable heavy metals have become an issue
of great concern due to their hazardous effects. Especially lead is one of the most toxic metal
pollutants and lead pollution has become an issue of great concern due to its large discharge and high
mobility in an aqueous environment, and easy accumulation in the human body. Lead exposure is
known to damage the nervous system, kidneys, and reproductive system, and excessive lead exposure
can lead to headaches, stomach pain, cancer, and even death. Therefore, The World Health
Organization (WHO) ascribes lead as one of the greatest public health issues [8,9,10,11]. According
to WHO, the maximum contaminant level (MCL) of Pb*? in drinking water should be less than 15

Mg/L [12].

Many technologies such as chemical precipitation, coagulation-flocculation, adsorption,
membrane technology, ion exchange, and electrochemical purification are applied in the separation
of lead from water [9]. In the last decades, membrane separation processes have become widespread
owing to a number of advantages including high efficiency, easy integration with other separation
techniques, feasible scale-up, and improvable fabrication techniques [13,14]. The most common
membrane processes particularly applied for water treatment are microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), reverse osmosis (RO), electrodialysis, and membrane distillation. NF and
RO membranes are used in various water treatment processes and heavy metal removal due to their
appropriate pore sizes, but they require higher pressure and energy consumption compared to UF and
MF processes. However, the application of UF and MF processes for the removal of heavy metals is
limited due to their large pore structure. Therefore, modification of UF/MF membranes is necessary
to enable the removal of heavy metal ions from aqueous solutions [11]. Membrane fouling, which is
the most limiting factor for wider applications of membrane processes, causes a serious reduction in
permeability and considerable technical problems such as requirement for higher operating pressures
and harsh cleaning conditions [6,11,15]. The incorporation of fillers into the membrane matrix by
physical blending, chemical grafting, and surface modifications has been demonstrated to enhance
the hydrophilicity, permeability, and contamination resistance of the membrane [16, 17]. Zinc oxide
(ZnO) has been used as a membrane filler for its exceptional physical and chemical properties as well
as its antibacterial activity [16,18]. Dopamine (DA), which is a very hydrophilic molecule and
biocompatible with catechol and amino groups, has recently attracted considerable attention in the
modification of membranes. DA is a highly suitable material for surface modification since it self-
polymerizes to polydopamine (PDA) under alkaline conditions on almost any surface regardless of
its morphology or chemical composition [19, 20, 21]. PDA coating has several advantages such as
electrostatic attraction, chelation, and covalent bonds with the surface [21]. Some studies on the
synthesis of ZnO/PDA powders and their incorporation into membrane matrix with an aim to enhance
filtration performance have been reported in the literature. Tavakoli et al. synthesized a new
composite material by decorating ZnO nanoparticles with PDA and reported that the oxygen atoms
in the ZnO were bonded to hydrogen atoms in the amine and catechol functional groups of the PDA
molecule through hydrogen intermolecular forces. They also reported that coating ZnO nanoparticles
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with PDA did not result in a change in their morphology, but some spherical precipitations on the
surface of the nanoparticles confirmed the presence of PDA coating [22]. Zhang et al. incorporated
PDA-modified titanium dioxide (TiO>) fillers into the PVDF membrane matrix by blending method
and also coated the membrane surface with PDA and reported that water flux of pristine P\VDF
membrane increased by 312% and 287% by coating the membrane using 2 g/L DA solution and with
the addition of a PDA-modified TiO> additive by blending method, respectively [20].

In addition to the membrane modification methods mentioned above such as incorporation of
fillers into the membrane matrix by physical blending, chemical grafting, and surface modifications,
the complexation-membrane filtration or polymer-assisted ultrafiltration (PEUF) is another
noteworthy technique for heavy metal removal from water [23]. The overall idea of this method is
based on binding the cationic heavy metals to a water-soluble polymer to increase the molecular
weight of the heavy metal so as to retain even trace amounts of metal on the membrane surface [23,
24]. The use of polymers containing carboxylic or amine groups as complexing agents such as
carboxyl methylcellulose (CMC) [25], polyvinylethylenimin (PEI) [26,27], polyvinyl alcohol (PVA)
[27], poly(acrylic acid) (PAA) [28], and chitosan have been reported to be capable of removing
several heavy metals from wastewater. Chitosan is a natural biodegradable polymer that can be used
to bind metal ions by interacting with them through -OH and -NH. functional groups. That is, the
stoichiometry of chitosan-metal complex is based on the number of amine groups (R-NH>) bound to
the metal ions [29]. The formation of probable metal-chitosan complex is given in Figure 1. Metal-
complexing agent ratio and pH of the solution are significant parameters that affect the removal
efficiency of the metal, while membrane characteristics and operating conditions of the process
influence the reusability of the membrane. Polymer can easily be removed from the complex
subsequent to filtration.

NH, CH.0H
CH,OH o
o o .
0
| HO
NH
CH,OH 2
HO " 2
NH,
HO
0
[s] ) c:i
3 3
o CH,OH 5 3
&2 p
\\‘ p ]
w7
S —

Figure 1. Probable molecular structure of the metal (M*2)-chitosan complex.

Although several studies have attempted to incorporate different fillers including ZnO, DA, PDA
along with their combined forms into polymer-based membrane matrices, utilizing them for heavy
metal removal from aqueous media using polymer assisted ultrafiltration technique is still lacking in
the literature. Present study aims at fabricating polyvinylidene fluoride (PVDF) based nanocomposite
membranes modified with ZnO, PDA, and ZnO/PDA powders using the phase inversion technique
for the investigation of their separation performance not only in terms of lead removal from aqueous
solutions but also other filtration characteristics such as water flux and anti-fouling properties in
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comparison to that of pristine PVDF membrane. In this context, ZnO and ZnO/PDA powders were
incorporated into the membrane matrix in certain proportions by blending method, and PDA was
added by coating method. Membrane characterization was carried out by exploring their morphology,
porosity, mean pore size, bulk thermal stability, and mechanical strength using several equipments
and analytical techniques. In addition, as a complexing agent, chitosan was employed in polymer-
assisted ultrafiltration process to remove lead ions from aqueous solutions and the highest lead-
chitosan removal performance was highlighted by investigating the main operating conditions such
as lead: chitosan ratio and pH of the solution.

2. Materials and Methods
2.1. Chemicals

PVDF (Molecular Weight (MW) = 534,000 g.mol™), polyethylene glycol (PEG, MW= 6,000 Da),
3,4-dihydroxyphenethylamine (dopamine hydrochloride), Tris(hydroxymethyl) aminomethane
(Tris), ZnO (particle size <100 nm), chitosan (from shrimp shells, >75%) and sodium alginate (SA)
were purchased from Sigma-Aldrich. 1-Methyl-2-pyrrolidone (NMP, >99%) and lead nitrate
(PbNO3) were supplied by Alfa Aesar and Carlo Elba, respectively. All the other chemicals were used
as received without further treatment. Deionized (DI) water was produced by a Milli-Q system
(Millipore, US).

2.2. Synthesis of ZnO/PDA Powders

ZnO/PDA nanoparticles were prepared by the sol-gel method using ZnO and dopamine
hydrochloride (DA) [20]. 0.5 g ZnO nanoparticle was added into 50 mL DI water and ultrasonically
dispersed for 30 min. Besides, a Tris solution with a concentration of 1.0 g/L was prepared and its
pH was adjusted to 8.5 using either NaOH or HNOs3 solutions. 0.5 g DA was ultrasonically dispersed
in 200 mL Tris-HCI buffer. PDA solution was obtained by self-polymerization of dopamine in tris-
HCI buffer solution since hydrophilic DA can self-polymerize under alkaline conditions. The ZnO
suspension prepared in the first step and DA solution were mixed in a magnetic stirrer at room
temperature for 24 h. The sediment obtained was centrifuged at 5000 rpm and then filtered under
vacuum. Finally, the ZnO/PDA nanoparticles were washed with ethyl alcohol and DI water three
times and then dried at 85 °C prior to characterization.

2.3. Fabrication of Membranes

Pristine PVDF, ZnO, and ZnO/PDA doped nanocomposite membranes were fabricated using
blending and phase inversion with immersion precipitation technique [20]. For the preparation of
membrane casting solutions, ZnO or ZnO/PDA nanoparticles (0.5wt. % of PVDF) were added into
NMP and stirred in an ultrasonic bath for 3 and 1 hours, respectively. After the addition of PVDF and
PEG, the resulting mixture was stirred at 70°C for 48 hours to get a homogenous solution. The casting
solution was poured on a glass plate and cast into a film of 150 pum thickness using an adjustable
casting blade and the thin film was immediately immersed into a coagulation bath of nonsolvent
water. Membrane was transferred into a container of fresh water to get rid of the residual NMP. All
the membranes were dried in an oven at 50°C under vaccum for 24 hours before the characterization
tests [20]. The viscosity of each casting solution was measured at least twice using a Rotational
Viscometer (Fungilab, Smart R, Spain) at room temperature with 50 rpm speed and 60% torque, and
the average values are reported [30].

To investigate the effect of PDA coating, a pristine PVDF membrane was immersed into a 2 g/L
DA solution for 24 hours. For this purpose, 0.4 g DA was added into 200 mL ethanol-Tris-HCI buffer
solution (1:1, v/v) and the pH was adjusted to 8.5. The solution was stirred at 25°C for 24 hours, and
the DA in the solution was self-polymerized into PDA [31]. Finally, nanocomposite membranes were
washed with DI water and ethanol to remove the residual PDA particles [32].
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The compositions of the membranes prepared by blending and coating methods are listed in Table
1.
Table 1. The compositions and viscosities of the casting solutions.
Membran 1D PVDF PEG NMP Additives Viscosity
)] (@) )] (Yowt.) (Pa.s)
PVDF 9 0.5 40.500 - 9.7
PVDF/ZnO 9 0.5 40.455 0.5 Zn0 10.8
PVDF/ZnO/PDA 9 0.5 40.455 0.5 ZnO/PDA 14.6
PVDF/PDA 9 0.5 40.455 PDA -

2.4. Characterization

The morphology of the top surface and cross-section of the pristine and nanocomposite membranes
were determined by Field Emission-Scanning Electron Microscopy (FE-SEM) (Hitachi Regulus
8230).

Membrane porosity was calculated by gravimetric method using the following equation [33].

w

2« 100% (1)

= pw(mr2l)

where Wy, and Wy are the masses of the wet and dry membranes (g), respectively, pw is the density
of the water at room temperature (g/cm?3), r is the radius (cm), and | is the thickness (cm) of the
membrane.

The mean pore diameter of the membrane was calculated using the Guerout-Elford-Ferry equation
given below [34, 35].

@)

_ |29 = 1.75¢) * (8ulQy,)
= cAAP

where a denotes the mean pore diameter (m), € is the porosity, p is the viscosity of the filtrated
water at room temperature (Pa.s), Quw is the water flux (m?/s), | is the thickness (m), A is the filtration
area of the membrane (m?), and AP is the transmembrane pressure (Pa).

The crystallinity of ZnO, DA, ZnO/PDA powders, and the fabricated membranes nanocomposite
membranes were characterized by X-ray diffraction (XRD) analysis (Rigaku Miniflex 600). The
addition of ZnO and ZnO/PDA fillers and the effect of PDA coating on the thermal behavior of the
pristine membrane were investigated by thermogravimetric analysis (TGA, Perkin Elmer (STA)
6000). The functional groups of pristine and nanocomposite membranes were characterized by
Fourier-Transform Infrared Spectroscopy (FTIR) (Thermofisher Science, Nicolet iS10). The
mechanical stabilities of the membranes were determined using a single-column mechanical tensile
tester (Instron 5944) and the results are reported in terms of Young modulus (MPa), tensile strength
(MPa), and elongation at break (%).

2.5. Separation Performance of Membranes

Water flux values of the membranes were measured using a dead-end ultrafiltration system. A
membrane sample with an effective surface area of 28.7 cm? was placed in a stirred cell (Millipore,
Amicon Stirred Cell) of 200 mL capacity. Each membrane was compacted at 0.21 MPa for 1 h before
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the ultrafiltration experiments. Then the pressure was lowered to 0.07 MPa and all the ultrafiltration
experiments were carried out at this transmembrane pressure (TMP). The solution in the cell was
stirred at 400 rpm to minimize concentration polarization [33]. Permeate was weighed in one-minute
time intervals using a balance, and the data was collected and stored using a software (Radwag,
Poland). The water flux was calculated using the following equation.

Av 3)

where Jw,1 is the pure water flux (L/m?h), AV is the volume change of the permeate (L) in one-
minute time interval, A is the membrane filtration area (m?), and At is the permeation time (h).

The water flux values of the membranes were determined at different TMP (0.07-0.27 MPa) to
investigate the compaction behavior and stability of membranes.

Rejection tests of the fabricated membranes were carried out using SA solution with a
concentration of 20 mg/L. Concentrations of the collected permeate and feed for each membrane were
determined quantitatively using a TOC-L Analyzer (Shimadzu, Japan) and calculated by the
following equation [33].

R(%) = (1 - &> x 100 )
Cr

where Cp and Cs are the concentrations of the permeate and feed solutions, respectively.

To assess the anti-fouling properties, a membrane sample was subjected to SA solution for 4 hours,
washed with DI water and the flux was measured again. The anti-fouling property was interpreted in
terms of flux recovery ratio (FRR), which was calculated using the equation below [36].

FRR (%) = jw—z x 100 ()

w,1

where Jw,1 and Jw,2 denote the pure water flux and water flux after the SA fouling test, respectively.

During SA filtration, foulant molecules are adsorbed on the surface and inside fingerlike pores of
the membrane structure that in turn leads to a flux decline. To understand the fouling resistances of
the membranes, the resistance-in-series model was used [17, 36].

AP (6)
U*Jwo

R, =Ry + Ry + Ry =

where R: denote the total fouling resistance of the membrane (m™), (Rm) is the intrinsic membrane
resistance (m™), Rir is the irreversible fouling resistance (m™), Ry is the reversible fouling resistance
(m1), Jw2is the water flux after the SA fouling test (m3/m?.s), AP is the corresponding transmembrane
pressure in (Pa) and p is the dynamic viscosity of water at room temperature (Pa.s) [17]. Each
resistance was computed using the following equations.
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AP (7
R =
m [,l >k]w,l
—_4r (8)
r uxJw,3 Rm
Riy = Rt — Ry, — R, (9)

where Jw,3 denotes the pure water flux (m3/m?.s) measured after backwashing of membranes for 30
min.

2.6. Lead Removal Efficiency

The performance of the fabricated membranes was tested for Pb*2 removal from aqueous solutions
using polymer assisted ultrafiltration method. For this purpose, Pb*? ions were bound to chitosan to
form a lead-chitosan complex before the filtration experiments [29, 37]. For this purpose, 10 ppm
Pb*? solution was added to chitosan solutions of different concentrations (500 ppm and 1000 ppm) in
0.4 vol% acetic acid, and the resulting mixture is stirred for 24 hours to form a complex. pH was
adjusted to the desired value using either 0.1 M NaOH or 0.1 M HNOs solutions. The concentrations
of the permeate and the feed were determined using UV-Vis Spectrophotometer (Shimadzu, UV
2600/2700) at a wavelength of 200 nm.

3. Results and Discussions
3.1. Characterization of Nanoparticles

The crystallinity of ZnO, DA, and ZnO/PDA powders was characterized by XRD analysis. As
shown in Figure 2a, the peaks observed at 31.82°, 34.46°, 36.3° corresponded to the hexagonal
wurtzite crystal structure of ZnO [22, 38, 39, 40]. The peaks observed at 23.1°, 25.9°, 26.7°, 27.7°,
28.7°, and 31.3° in Fig. 2b were attributed to the characteristic peaks of DA that confirmed its
crystalline structure [41]. XRD pattern of ZnO/PDA (Fig. 2c) powder had diffraction peaks similar
to those of ZnO nanoparticles indicating that PDA did not cause any destruction during its interaction
with ZnO and the crystalline structure of DA was degraded due to its self-polymerization into PDA
[22, 41].

3.2. Effects of Environmental Conditions on Adsorption Study

The surface and cross-section images of the pristine and nanocomposite membranes were
determined by SEM analysis and the results are given in Figure 3 and Figure 4, respectively. As
shown in Figure 3, the pristine PVDF membrane exhibited the largest surface porosity with some
defects and nonuniform distribution of pores and the number of the surface pores decreased with the
addition of nanoparticles into the membrane matrix. A significant amount of ZnO clusters (as
highlighted with yellow circles in Fig. 3b) were observed on the surface of the PVDF/ZnO membrane,
indicating that ZnO was not uniformly distributed in the matrix due to its poor interaction with PVDF
[42]. However, the incorporation of functional ZnO/PDA powders to the membrane matrix enhanced
the interaction of PDA chains with PVDF, which in turn led to a uniform distribution surface pores
in the matrix. As also shown in Figure 3c, negligible amount of aggregates (shown with yellow circles
in Fig. 3c) were detected on the membrane surface. PVDF/PDA membrane had the lowest porosity
with a significant amount of PDA clusters on the coating surface (shown with yellow circles in Fig.
3d) [43].
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Figure 2. XRD patterns of nanoparticles a) ZnO b) DA c) ZnO/PDA.

As seen in Figure 4, all membranes consisted of an active upper layer with a low pore density and
a support layer containing larger macropores, where the active upper layer separated by an orange
line from the support layer [13,44]. The finger-like structures (yellow circles in Fig. 4) of the pristine
PVDF membrane extended along the membrane cross-section. However, with the addition of ZnO to
the matrix, as the size of the finger-like pore sizes were shortened, macroporous gaps (red circles in
Fig.4b) occurred in the lower sections. However, PVDF/ZnO/PDA membrane showed finger-like
formations, which extended along the cross-section, similar to that of the pristine PVDF membrane.
Due to the non-uniform distribution of PDA powders on the coating surface, apparently the finger-
like pores in the cross-section of the PVDF/PDA membrane was almost eliminated, and instead
macroporous gaps (red circles in Fig.4d) were formed at the membrane base.

Some morphological properties of the fabricated membranes are given in Table 2. The porosity
and mean pore diameter of the PVDF/ZnO nanocomposite membrane (84.6% and 14.1 nm,
respectively) were similar to those of the pristine PVDF membrane (85.4% and 14.4 nm, respectively)
since ZnO nanoparticles could not be distributed evenly over the membrane surface and finger-like
pores (Table 2). The PVDF/ZnO/PDA membrane had the highest porosity (96.1%) with a
comparatively smaller mean pore size indicating the existence of a large number of smaller pores in
the matrix. The mean pore diameter (10.5 nm) of the PVDF/PDA membrane was the lowest since a
long coating time may have caused the formation of a thick PDA layer on the surface or probably
PDA aggregates clogged the membrane pores [45]. The morphological properties of membranes were
in good agreement with the water permeability values.
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Figure 3. Surface SEM images of the membranes a) PVDF b) PVDF/ZnO c) PVDF/ZnO/PDA d) PVDF/PDA.
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Figure 4. Cross-section SEM images of the membranes a) PVDF b) PVDF/ZnO c¢) PVDF/ZnO/PDA d) PVDF/PDA.
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Table 2. Some morphological properties of membranes.
Membran ID Porosity Mean pore diameter Thickness
(%) (nm) (pm)

PVDF 85.4 14.4+0.8 732

PVDF/ZnO 84.6 14.1+0.5 772

PVDF/ZnO/PDA 96.1 12.8+0.4 75%2

PVDF/PDA 93.3 10.5+0.5 74%2

The crystallinity of the pristine PVDF membrane and nanocomposite membranes were
characterized by XRD analysis. It can be seen from Figure 5 that, the characteristic diffraction peaks
of the PVDF membrane observed at 18.8°, 21.1°, and 39°correspond to (020) (110) and (131) planes
of the PVDF polymer. The fact that the peak intensity increased in Figure 5b could be attributed to
the non-uniform distribution of ZnO nanoparticles in the membrane matrix [46]. The XRD patterns
of PVDF/ZnO/PDA and PVDF/PDA membranes were similar to that of pristine PVDF membrane
with no significant changes in the crystal structure [47, 48].
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Figure 5. XRD patterns of membranes a) PVDF b) PVDF/ZnO c) PVDF/ZnO/PDA d) PVDF/PDA.

Functional groups of all membranes determined by FTIR analysis are given in Figure 6. The
spectra of PVDF/ZnO and PVDF/ZnO/PDA nanocomposite membranes are quite similar. The wide
peaks between 3500 cm! and 2950 cm™! could correspond to the stretching vibrations of the N-H
and hydroxyl groups resulting from catechol, which is the main functional group of PDA. The bands
at 3500 cm™ were assigned to the O-H group of adsorbed water [38]. In addition, new clear peaks at
1500-1700 cm™ in the spectra of PVDF/PDA/ZnO and PVDF/PDA membranes were attributed to the
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superposition of phenylic C-C stretching vibrations, N-H bending vibrations, and N-H shearing
vibrations [49]. The FTIR spectra of the membranes show vibrational peaks at about 840 and 700
cm !, which are typical vibrational characteristics of the p-crystal phase [50]. The bands at 1177, 977,
840, and 509 cm™ ! are able to be assigned to the vibration of the p-PVDF polymorphic phase [51]. It
was observed that the intensity of the bands at 1177 and 840 cm™ ! increased after the addition of ZnO
nanoparticles which indicated that ZnO nanoparticles enhanced the crystallization of the B-PVDF

phase. In addition, the strong absorption band at 1177 cm™ ! is able to associate with the stretching
vibration of —-CF- [51].
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Figure 6. FTIR spectra of the pristine PVDF and modified nanocomposite membranes.

The thermal properties of the fabricated membranes investigated using TGA analysis are given in
Figure 7. The degradation of the pristine membrane occurred between 430-500°C with a mass loss of
65%. Decomposition temperatures of ZnO-doped and the PDA-coated composite membranes were
similar to that of the pristine PVDF membrane, which was probably due to the fact that neither the
ZnO nanoparticles and nor the PDA layer could not be distributed homogeneously in the polymer
matrix, as also supported by SEM analyses results. Decomposition of the PVDF/ZnO/PDA
nanocomposite membrane was observed in the range of 470-510°C with a mass loss of 57%. This
improvement in thermal stability of PVDF/ZnO/PDA membrane could be attributed to the strong
interaction of ZnO/PDA powders with the polymer chains [21, 31].
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Figure 7. TGA thermograms of the fabricated membranes.

Mechanical properties of the pristine PVDF and nanocomposite membranes were evaluated by
Young's modulus (MPa), tensile strength (MPa), and elongation at break (%), and the results are
presented in Table 3. The mechanical properties of porous membranes depend mainly on the
characteristics of the polymer, fillers as well as porosity and pore size distribution of porous
membranes. The Young’s modulus, which is a measure of stiffness of a material, can be found from
the slope of the stress-strain curve in the elastic region, which describes how much of the material
tested deforms for different levels of applied stress. As shown in Table 3, the Young’s modulus of
the pristine PVDF membrane was 67.1 MPa and increased to 117.8 MPa and 98.9 MPa with the
addition of ZnO and ZnO/PDA powders to the membrane matrix, respectively. A more rigid structure
of both composite membranes could be attributed to the presence of nanofillers serving as a bridge
between the polymer chains [52]. Tensile strength is the value of the maximum stress that a material
can handle. The tensile strength of the PVDF/ZnO and PVDF/ZnO/PDA membranes had higher
values in comparison to that of pristine PVDF membrane since more energy would be required to
break the bonds between ZnO and PVDF and also between PDA/ZnO and PVDF due to the rigidity
enhancement of polymer chains [18]. The elongation at the break is an indicator of the elasticity of a
material. Elongation at break of the PVDF membrane increased from 14.5% to 19.0% with the
addition of ZnO/PDA powders into the membrane matrix since PDA was able to absorb energy during
the tensile test, thereby leading to a decrease in the fragility of the membranes [49, 53]. However,
even though PVDF/ZnO membrane exhibited the highest Young’s modulus and tensile strength
values, significant amount of ZnO clusters observed on the PVDF/ZnO membrane surface (Figure
3b) led to weaker interactions of the nanoparticles with the polymer chains in some spots and resulted
a decrease in the rupture elongation value of the membrane [54]. It is well known that nanoparticles
can significantly resist the applied stress and improve the modulus on the condition that they are
uniformly distributed along the matrix. Any defects resulted from aggregations can remarkably
reduce the mechanical strength due to brittleness [55]. Although the mechanical properties are
expected to be better for membranes with a smaller pore size, due to the non-uniform distribution of
PDA fillers on the surface caused the formation of weak stress zones, which in turn resulted in the
poor mechanical stability of the PVDF/PDA membrane [56]. However, when the PVDF/ZnO/PDA
membrane is examined, it is seen that the mechanical properties of the membrane improve as an effect
of the distribution of ZnO/PDA powders in the membrane matrix.

Table 3. Mechanical properties of the membranes.

Membrane 1D Youn?,'\jI Igr;‘(;dulus Terzf\i/:(;:l;rength Elongati(%;;)at break
PVDF 67.1+1.85 1.89+0.35 14.5+2.88
PVDF/ZnO 117.8+4.02 2.23+0.49 10.4+0.57
PVDF/ZnO/PDA 98.9+3.05 2.15+0.43 19.0+2.00
PVDF/PDA 61.9+2.87 1.69+0.05 12.0+1.50

3.3. Separation Performance of Membranes

The separation performance of the fabricated membranes was determined in terms of water flux,
rejection, and anti-fouling properties. At least three measurements were made to for each performance
indicator and the average of these values were reported.

Water flux and SA rejections of the fabricated membranes are shown in Figure 8. According to
Figure 8, water flux values of pristine PVDF, PVDF/ZnO, PVDF/ZnO/PDA, and PVDF/PDA
membranes were determined as 45 L/m?h, 46 L/m?h, 49 L/m?h, and 32 L/m?h, respectively. This
result showed that modification of PVDF matrix with nanoparticles resulted in no significant change
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in water flux, whereas surface coating caused a reduction in the flux. This was supported by observing
a significant amount of ZnO and PDA clusters on the surface of the PVDF/ZnO (Fig. 3b) and
PVDF/PDA (Fig. 3d) membrane in the SEM analysis, respectively, and the porosity results.

The SA removal of pristine PVDF membrane increased from 93% to 95% and 97%, with the
addition of ZnO and ZnO/PDA fillers to the membrane matrix, respectively, which was attributed to
the improved hydrophilicity of the matrix. The increase in hydrophilicity with the addition of fillers
reduced the interaction between SA and the membrane surface, preventing the penetration of
contaminant molecules through modified membranes during SA filtration [57, 58].
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Figure 8. Water flux and SA rejections of the fabricated membranes.

The compaction behavior of the nanocomposite membranes in comparison to that of pristine
PVDF membranes were investigated by measuring the water flux values at varying transmembrane
pressures. As seen in Figure 9, water flux of all fabricated membranes increased with the applied
transmembrane pressure. Even though the water flux of PVDF, PVDF/ZnO, and PVDF/ZnO/PDA
membranes increased linearly with TMP until 0.15 MPa and 0.20 MPa, respectively, deviations from
linearity were observed for all three membranes due to the pore deformation. However, the water flux
values of the PVDF/ZnO/PDA membrane remained linear until the highest applied pressure, which
revealed that with the addition of ZnO/PDA powders to the membrane matrix, the pore integrity was
maintained even at high transmembrane pressures as a result of improvement in mechanical
properties. The results agree well the mechanical properties given in Table 3.
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Figure 9. Variation of water flux with transmembrane pressure.

The anti-fouling properties of the fabricated membranes determined in terms of FRR and
resistance values are shown in Figures 10 and 11, respectively. The FRR of the pristine PVDF
membrane was as low as 51% due to the extremely hydrophobic nature of PVDF. Modification of
membrane matrix with ZnO, PVDF/ZnO, and PDA provided an increase in FRR values to 57%, 92%,
and 70%, respectively. The negatively charged groups (-OH) in ZnO/PDA nanoparticles repel the
negative ions in the SA foulant solution mitigating the adsorption of the particles onto the membrane
surface and internal pores, and therefore the anti-fouling properties were enhanced markedly [59]. In
addition, the hydration layer induced on the membrane surface due to the presence of hydrophilic
fillers would inhibit SA molecules from attaching to the membrane surface [60]. The FRR value of
the PVDF/PDA membrane was not as high as PVDF/ZnO/PDA membrane due to the uneven
distribution of PDA fillers in the matrix.
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Figure 10. FRR values of the fabricated membranes after SA fouling.

According to Figure 11, the total fouling resistance of the ZnO/PDA membrane decreased
compared to that of the pure PVDF membrane. The irreversible resistance of the pristine PVDF
membrane (12.75x108 m™) decreased to 10.05x108 m™ and 0.70x10® m™* with the addition of ZnO
and ZnO/PDA fillers into the matrix, respectively. This result confirmed that the improvement of
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membrane hydrophilicity with the addition of ZnO/PDA powders reduced the interaction between
SA and membrane surface, which in turn avoided the permanent fouling [57, 58]. Non-uniform
distribution of PDA coating layer on the surface led to a comparatively higher internal membrane
resistance with regards to pristine PVDF membrane and yet no significant improvement was
demonstrated in reversible and irreversible resistances.
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Figure 11. Filtration resistances of the fabricated membranes during SA fouling.
3.4. Lead Removal Efficiency

Since the pore sizes of the ultrafiltration membranes were not appropriate to separate Pb*2 ions
with high efficiency, chitosan as the chelating agent was used for binding the metal to form
macromolecular complexes (Figure 1). The lead-chitosan removal efficiencies of the fabricated
membranes were investigated for a constant Pb*2 concentration of 10 ppm and pH value of 9.0 for
different lead/chitosan ratios of 1:50 and 1:100 by mass. The results are given in Figure 12.
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Figure 12. Lead-chitosan complex removal performance of membranes at different Pb/chitosan ratios (pH:9).
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Chitosan, which is a cationic polyelectrolyte, is soluble in aqueous acidic media, and chelates
metal ions. The formation of the metal-chitosan complex occurs primarily through the amino groups
of chitosan, which act as ligands [61]. The interaction of metal ions with -OH and -NH2 connects one
or more chitosan chains. The complex structure formed has a larger diameter than the membrane
pores allowing the Pb*2 ions to be retained by the membrane [62, 63]. The main parameters affecting
on complexation of target metal with polymer are metal and polymer type, loading (the ratio of metal
to polymer), pH, and existence of other metal ions in the solution [63]. As seen in Figure 12, lead-
chitosan complex removal efficiency of pristine PVDF membrane increased as a result of the addition
of different fillers into the pristine membrane matrix. Moreover, doubling the concentration of
chitosan led to a marked increase in the lead-chitosan removal efficiency from aqueous solutions in
the case of all fabricated membranes. The lead-chitosan complex removal performances of pristine
PVDF, PVDF/ZnO, PVDF/ZnO/PDA, and PVDF/PDA membranes were determined as 42%, 63.5%,
88.5%, and 75.5%, respectively for a lead-chitosan ratio of 1:100. Among the fabricated membranes,
PVDF/ZnO/PDA membrane exhibited the highest lead-chitosan complex removal efficiency, which
was probably due to the combined effects of uniform dispersion of ZnO/PDA nanoparticles in the
membrane matrix, especially on the surface and relatively small pore size distribution of the
PVDF/ZnO/PDA membrane.

4. Conclusions

In the present study, PVDF-based nanocomposite flat-sheet membranes were developed by adding
certain amounts of ZnO and ZnO/PDA powders to the membrane matrix and coating the membrane
surface with PDA. The separation performance of the membranes were investigated in terms of water
flux, sodium alginate (SA) rejection, and antifouling properties in comparison to pristine PVDF
membrane. Moreover, lead removal efficiencies of the membranes from aqueous solutions with
polymer-enhanced ultrafiltration method was investigated using chitosan as a chelating agent. The
SEM images exhibited remarkable changes in pristine PVDF membrane morphology with higher
connectivity among channels due to the presence of ZnO/PDA powders, indicating a uniform
dispersion of the fillers as well as strong interaction with the polymer chains. As a result, bulk
properties such as thermal stability and mechanical strength were enhanced substantially. Even
though there was no significant improvement in water permeability of the pristine membrane, SA
rejection increased from 93% to 97%, and a marked enhancement of 80% was obtained for FRR value
with the addition of 0.5% ZnO/PDA fillers into the membrane matrix. Moreover, PVDF/ZnO/PDA
membrane provided the highest lead-chitosan complex removal efficiency of 88.5% from aqueous
solutions for a Pb-chitosan ratio of 1:100, which was probably due to the combined effects of uniform
ZnO/PDA dispersion in the matrix, and comparatively smaller pore size distribution of the membrane
structure.
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