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Abstract

In this study, the physical and filtration properties of PVDF-Cellulose polymeric composites containing silver particles were
prepared with two different methods and their structure were investigated. In the first method, precipitation with NaBH4 in solution
medium (method 1), and in the second method, composites were prepared according to phase separation by mixing previously
precipitated powder. The molecular interactions of the prepared samples were analysed by FTIR spectroscopy, and the surface
properties were imaged by SEM device. Changes in the thermal resistance of the composites were investigated by TG-DTA
analysis. Filtration properties of flat-shaped composites were evaluated according to pure water flux and methyl orange model
pollution removal performance. Thanks to the homogeneous pore distribution of the composites prepared by the solution
precipitation method, the pure water flux of 53 Lm2h-bar*and the MO rejection efficiency were calculated as 46.5% for AgP1.
The formation of contamination on the membrane surfaces were analysed and the composite prepared by method | had been found
as least rough surface. It was understood that the preparation methods of the composites are the effective variables in porosity,
water retention and filtration efficiency.

© 2023 DPU All rights reserved

Keywords: Filtration; polymeric composites; silver particles; contamination accumulation

* Corresponding author. Tel.: +90 228 2142841
E-mail address: hsyngms2016@gmail.com

1. Introduction

Ceramic and polymeric structures are mainly used in the physical separation of pollutants in water. While the high
physical and chemical resistance of ceramic structures is the reason for preference. The difficulties in adjusting the
pore structure and the high cost have increased the use of polymeric structures. For this reason, synthetic and natural
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polymers such as polyvinylidene fluoride (PVDF), polysulfone (PSF), polyether sulfone (PESU), cellulose, cellulose
acetate (CA), chitosan and their mixtures are used in filtration applications [1]. The ability to adjust the desired
thickness (150-300 pm) and pore width of the polymer, having good physical and chemical resistance, easy processing
and low cost have increased the preference of polymeric composites in filtration applications. This makes it easier to
convert PVVDF into membranes [2]. Solid or liquid additives added to PVDF in solution form are effective in regulating
the pore size and membrane structure. TiO2/Al,O3 doped ultrafiltration PVDF membranes have been used in oil/water
separation [3].

Thanks to the increased hydrophilicity, oil separation was achieved and contamination accumulation on the
membrane surface was prevented [4]. Polyvinylpyrrolidone was cross-linked to the PVDF surface by grafting method.
The sulfobetaine monomers structure formed on the surface pores that acted as sieves [5]. LiCl, clay, and various
metal oxides were used as additives to improve the desired properties of the polymer [6], [7]. Ortho phosphoric acid
and glycerol added PVDF obtained by the NIPs method in triacetin solution exhibited good CO- flux performance
thanks to its large pore structure in gas purification [8]. PVDF membrane with dopamine grafted to the surface was
activated with silver nanoparticles. The contact angle of membrane gained a high hydrophobic property of 150°.

Cellulosic structures are biodegradable composite materials that can be obtained from various biological materials.
Cellulose acetate, carboxymethyl cellulose, methyl cellulose and nano-micro cellulosic structures can be used as
membranes directly or by various chemical processes [9]. In addition, cellulose and its derivatives can be prepared
from many biomass by various physical and chemical methods and are clean, environmentally friendly alternatives to
petroleum-derived composites [10]. Cellulose particles obtained by hydrolyzing textile wastes were dissolved in
DMACc and mixed with 50% PVDF to prepare PVDF-Cellulose composites [11]. When the cellulose ratio of the
composite reaches 75%, the physical strength decreases. The best composition was obtained at a 1:1 PVDF-Cellulose
ratio. Cellulose mixed with PVDF increases the surface hydrophilicity of the structure. In addition, the Ag particles
added to the structure provide antimicrobial properties to the composite in addition to the surface properties, and are
effective in preventing the accumulation of dirt on the surface of filtration membranes. Due to the wide band gap (3.2
eV), TiO, with anatase structure was activated with Ag* to ensure absorption in the visible light region, and the
resulting hydrogel was coated on the glass surface by spin coating method. The composite with a surface area of 85-
231 m?/g showed 98.86% performance in the catalytic removal of methylene blue and methyl orange from water with
photocatalytic effect in the presence of UV [12]. Due to its high UV absorption capacity, TiO; is frequently used in
photocatalytic applications. The addition of silver cation to the structure reduced the energy level between the
conduction bands of the molecule and allowed absorption in the visible region.

Silver nano/micro particles are usually made by adding a reductant to the silver salt solution. In addition, many
microorganisms, plant extracts and enzymes were used as reductants to obtain Ag particles with the green method
[13]. AgNNPs with a size of 32 nm reduced with R. aculeatus plant extract showed high antimicrobial activity against
Bacillus subtilis and Enterobacter aerogenes ATCC 13048 [14]. Different reductants, temperatures, mixing rate and
times, as well as the method of fixing Ag particles to the composite have the potential to make significant changes in
the physical and chemical properties of the composite. In this study, Ag particles were incorporated to PVDF-Cellulose
composite mixed with cellulose at aratio of 1:1 in order to increase the hydrophilic property by two different methods.
Ag precipitation with NaBH, in solution medium (Method 1) and PVVDF-Cellulose composites with Ag particles added
precipitated with NaBH. (Method I1) were prepared by phase inversion. The physical and filtration performances of
membranes incorporating Ag into the PVDF-cellulose polymeric mixture by two different method, precipitation and
powder mixing will be examined in this study for the first time according to our literature research. SEM, FTIR and
TG-DTA analyses, porosity, water retention and contact angle measurements of the composites were performed. The
performance of the composites in removing methyl orange as a model pollutant from water was tested in a filtration
cell. Methyl orange is anionic character at neutral pH. It interacts with the membrane surface with the organic groups
it contains, making it easier to obtain information about the surface structure. In addition, organic dyes such as methyl
orange, Methylene Blue, Congo Red, and Malachite Green are frequently used in industrial activities and cause serious
water pollution. Filtration, an advanced version of the traditional adsorption method, is a fast and practical solution.
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Due to the functional groups of MO that tend to bond as a result of interaction, their widespread use in industry, and
their polluting properties, various methods are being developed to separate them from water. [15,16]. Contamination
accumulation of surface experiments and flux performances were reported in this study for Ag incorporated PVDF-
Cellulose composites by two different methods.

2. Materials

In our previous study, cellulose particles separated from textile waste were mixed as composite material [11].
Polyvinylidene fluoride (PVDF; Solef 6010, mw:530.000) and analytical grade polymer solvent N,N-
Dimethylacetamide (DMAC, 87.12 g/mol, 99%) were purchased from Sigma-Aldrich. Silver nitrate, AGNO3 (169.87
g/mol, 4.350 g/cm?, >99%) and sodium borohydride (37.83 g/mol) were purchased from Sigma-Aldrich as silver salt.
Methyl orange (MO, or Orange Il1) aqueous solution was used as model dye pollutant and distilled water were used
as solvent and phase inversion, respectively.

2.1. Preparation of Ag particle added polymeric composites

The synthesis of Ag-doped composites was carried out by two different methods. Method I: 1.6 g of 1:1 PVDF-
Cellulose mixture was dissolved in 10 ml of DMAc at 80 °C. Then, AgNO; at the amount 10% of the polymer was
added in accordance with our former study [13] by stirring in a very small amount of solvent. NaBH4, equal to the
molar ratio of Ag, was added by stirring at a constant temperature. The mixture first turned orange-yellow and then
dark brown due to the formation of Ag particles. The solution was poured onto a 20x20 cm glass surface and
distributed to a thickness of approximately 250 um. The glass plate was quickly placed in the water bath and the
composite was prepared by phase inversion. The composite containing 10% Ag in proportion to the polymer mass
was named AgP1. In the preparation of AgP2 composite with the method 11, a polymer solution preparation process
similar to AgP1 was applied. For this, first a certain amount of AgNO3; was dissolved in 100 ml of water. NaBH, in
Ag molar ratio was added slowly and stirred at 250 rpm. First a yellow then a dark brown precipitate was obtained.
The precipitate was filtered and washed with pure water, dried at 40 °C and ground. For the homogenization, ground
Ag particles were sieved through a 17-micron sieve. Ag particle at amount 10% of the polymer was added to the
solution of PVVDF-Cellulose in DMACc and mixed. Then, the mixture spread on the glass was phase inverted in a water
bath to obtain AgP2. Ag-free PVDF-cellulose (PC) composite was prepared as a control sample with the same method.
Ag particle and composite preparation steps were presented in Fig. 1.
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Fig. 1. lllustration of AgP and AgP-doped composite preparation.
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2.2. Characterization

The properties of the composites were investigated by functional group, surface images and thermal analysis
methods. FTIR analyses were performed with ATR method in the range of 650-4000 cm (Perkin Elmer). For SEM
images, gold-coated composite surfaces were scanned at 10 kV power (Carl Size Ultra Plus). For cross-sectional
surface images, composites were fractured and imaged in liquid nitrogen. For thermal analyses, 12-15 mg samples
were heated at 10 °C/min heating rate in a 5 mL/min nitrogen atmosphere and were performed in the range of 25-700
°C (Seiko Exstar 7200 thermal analyzer). The mass change versus temperature graph was obtained. For the calculation
of water retention capacity%, which is an important feature for membranes, the membranes were cut into 2x2 cm
dimensions before being wet. They were weighed after being lightly wiped (Ww) by paper, composites were dried at
40 °C for two hours and weighed again (Wd). The same procedures were repeated with 3 repetitions. The WU%
capacity of the membranes was calculated according to equation 1:

Wy —Wq

WU(%) = = —"x100 @)

The porosity of the membranes was calculated in terms of %PO according to equation 2;

Wy —Wy
PO(%) = —as X100 2)
Here d is the density of pure water (1 g/ml), A is the membrane area (4 cm?) and § is the thickness value of the wet
membrane (cm) determined by the Insize thickness measuring device. Surface hydrophilicity is an indicator of the
water permeability of the membranes and is determined by the contact angle measurement. The contact angle values
of the membranes were measured with at least 3 repetitions according to the sessile drop method using the KSV
Attention, Finland contact angle device.

2.3. Filtration and reusability tests

Pure water flux (PWF) tests of the membranes were performed in a constant flux cell. Flux values were calculated
in Lm~hbar?. The flux pressure of the system was tested in the range of 0.5, 1 and 1.5 bar. Pure water was passed
through the membranes and conditioned. Pure water flux calculation was made according to equation 3.

PWF = — 3)

\'4
t

In this equation, V represents the volume of pure water passing through the membrane (L), A represents the
membrane area (1.7x10°3 m?), and h represents the flux time. MO removal experiments were performed in the same
membrane cell. Previously, the membrane was adjusted to constant flux with pure water. 3L, 40 mg/L MO solution
was pumped into the filtration cell. The filtered MO concentration was analyzed in a UV-Vis spectrometer (Shimadzu,
2550) at 466 nm wavelength. MO removal performance was calculated according to equation 4:

Eap(%) = (COC;CQ

0

)x100 @

Here Cy is the initial concentration and Ce is the concentration of the filtered MO solution. The reuse efficiency of
the membranes and their resistance to surface contamination were tested. For this purpose, the MO filtered membranes
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were washed with 0.25 mol.L* hydrochloric acid and then the pure water flux values were measured. This process
was repeated 3 times. The flux recoveries of the (FRR) membranes were calculated according to equation 5.

PWF;
PWF;

FRR(%) = (

)x100 ®)

PWF; represents the initial pure water flux of the membrane, PWF; represents the flux performance after the 3
iteration. Using the flux values, the reversible (R;), irreversible (Ri) and total fouling (R:) rates resistances against the
pollution accumulated on the membrane surface were calculated with equations 6-8 [17].

R, (%) =(1- %‘;’1‘”“) x100 ®)
R, (%) = (1- .'iﬁi) x100 @
R(%) = (1- :xz) x100 ®)

3. Results and discussion
3.1. Characterization

Infrared spectrums of pristine and composites presented in Fig.2 indicating the effect of Ag addition by two
methods. Although it was mixed with cellulose, the characteristic peaks of PVDF were observed more clearly. This
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Fig. 2. FT-IR spectrum of PC and composites.
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may be due to the differences in structural formation as a result of the PVDF-cellulose-powder interaction. CH and
CF; bond stretching vibrations for PVDF were observed at 1403 and 877-1175 cm respectively [18]. CF stretching
vibration corresponded to at around 1071-1072 cm™ and no exact change had been observed with Ag addition. a-
phases of PVDF in PC could be seen by 763, and 975 cm™ bands [19]. The bands at around 838-840 cm™ with 1273
and 1431 cm™ confirmed the presence of o and B-phases. Intensity of 977 cm™ increased while a new clear band
showing B-PVDF emerged at around 796 cm™ for all composites [20]. Intensity of characteristic 1232 cm™ band for
PC decreased for modified samples. Reducing intensity of this band and emerging of new bands indicated that Ag
addition resulted in noticeable readjustment for crystal phases of polymer and alpha/betha phases of PVDF increased.
In addition to changes of crystallinity for PC, the bands emerged at around 1630-1661 cm™ for AgP1 and AgP2
represents carbonyl groups of amid bending vibrations from primary and secondary amines with the bands at around
1540 cm'* of N-H vibration [21].

At the SEM images of composites presented in Fig. 3 it was seen that cross section of PC consisted of sponge
like (top) and finger-like structures (upper). Finger like channels shrink towards top surface of membrane and turned
to pores which are main component for filtration. At the method I, Ag addition to polymer can be seen clearly from
the SEM images. Thick skin layer on the top surface of AgP1 was best indicator for changes compared with pristine

PC. A well dispersion and interaction of Ag with polymer matrix in dope solution effective due to application
method (I). Another important change observed at the top surface of AgP1 was formation of noticeable pores on the
surface of membranes. Pores with radius 205-327 nm width formed on the smooth surface of composite membranes.

Although AgP2 has similar cross section structure as PC in terms of sponge and finger like structure distribution,
tightly sequenced structure of AgP2 can be seen from the images. Agglomerated structures formed on the PC which
reduce filtration performances of membrane became more compact. A lot of pores with 182-225 nm width were
formed on the top surface of composites. Large quantity of pores indicated that slow phase inversion occurred in the
phase inversion process due to high concentration of dope solution. The formation of porous structure on the AgP2
doped PC surface confirmed that phase inversion rate of AgP2 solution was faster than AgP1. It is understood from
the results that the preparation method is very important, and that AgP1 creates a nearly uniform surface thanks to

Fig. 3. SEM images of composites, cross section (top) and surface (bottom) respectively.
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its homogeneous distribution and controlled nucleation. While precipitation in solution is difficult to control but
provides a more homogeneous distribution, powder mixing is easy but results in heterogeneous formations. Thermal
decomposition of PC and composites were investigated. Due to organic nature of polymer matrix, and very few
amounts of Ag, a little number of residues had been observed after thermal analysis Fig. 4. Decomposition of PC and
AgP1, AgP2 occurred at two stages at around 448-470 and 530-542 °C. Decomposition starts with breaking of CH
and CF bonds of polymer and progresses by weight loss. Ag addition slightly decreased the decomposition temperature
of PC. That may be core effect of Ag that absorb heat. Thus, the thermal degradation of the polymer accelerated.
Polymer additives have the potential to alter the thermal behavior of the composite. This change depends on many
factors, including the type and amount of additive, the polymer type, and the composite preparation method [22]. Also,
dispersion of Ag among polymer chain can make cavities which are called as pores and channels effective in
transportation and filtration. These additives weaken the structure rather than clay like additives strengthened effect.
At the DTA curves of samples (Fig. 4), main exothermic peak emerged as a result of decomposition of organic
structure was observed at decreasing temperatures for all samples. It was recorded at 558 °C for PC however it was
545 and 533 °C for AgP1 and AgP2 respectively. Water uptake and porosity of membranes were measured to observe

Weight loss (%)

100 200 300 00 500 600 700 800
Temperatura ["C)

Fig. 3 Thermal analysis curves of PC and composites.

Ag addition effect with different methods. From the results presented at Table 1, water uptake values of AgP1 changed
proportionally with its porosity values. Water uptake and porosity of composites were increased to 65.4 and 58.5%
respectively. It can be concluded that increase in porosity promoted to increase of water absorbed inside the membrane
which consequently measured as increasing at water uptake. Although there is a strong relationship between pore
numbers (%) and water absorbed (%) inside the structure of a membrane, a different trend was observed with porosity
and water uptake values of AgP2 compared with AgP1. Highest water uptake was obtained with AgP2 membrane.
Presumably larger pores were formed inner site of the AgP2 composite due to enlarged molecular structure. The
powders added to the polymeric structure is in the form of small particles. So, deviations from homogeneous
distribution occurred. As a result, differences in attraction occur in nucleation, which changes the pore size during
phase inversion. The surface hydrophilicity of the membranes was investigated. The Ag additive effective in terms of
structural change as well as interaction with water molecules in changing the hydrophilicity of the surface. The contact
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angle value of the PC composite was recorded as 64° due to the hydrophilic structure of cellulose [23]. The increase
in the contact angle of AgP1 indicates that the structure has gained some hydrophobic properties. The reason for this
is that the structure has become less rough with the addition of Ag. Thus, the penetration of water molecules into the
membrane has slowed down. The reason for this is that the structure has become less rough with the addition of Ag.
Thus, the penetration of water molecules into the membrane has slowed down. The main reason for the higher
hydrophilicity of AgP2 is its rough surface. The more nonuniform distribution of Ag particles compared to AgP1 has
increased the surface roughness. In parallel with this, the penetration of water droplets increased with the wide pores.
The contact angle value is an effective parameter in adjusting the surface properties.

Table 1 Properties of composites.

Membrane Water uptake (%) Porosity (%) Contact Angle (°)
PC 56.8+1.1 51.5+1.0 64+1.2
AgP1 65.4+0.7 58.5+0.8 75+1.3
AgP2 69.1+0.8 55.8+1.5 73+1.1

3.2. Filtration results

The filtration tests of the membranes were carried out in a cylindrical flux cell at room temperature in the pressure
range of 0.5-1.5 bar. After the permeability of the membrane was incorporated to the appropriate flux value with pure
water, the MO solution was filtered. The pure water flux values and MO filtration performance of the membranes are
presented in Fig. 5. While the flux values of the Ag-added composites prepared with both methods partially decreased
compared to PC, the MO removal values of composites increased. AgP2 exhibited the highest pure water flux and
good MO removal. Although the amount of Ag added to the polymer was the same, the change in the membrane
structure was different and that affected the flux and removal performance. While the relatively more dispersed and
varying-sized pore structure of AgP2 provided high flux performance, it caused a decrease in the MO removal
efficiency. The highest MO removal performance of AgP1 was found to be 46.5% (those were 26.2 and 42.9% for PC
and AgP2 respectively). The highest MO removal performance of AgP1 can be directly explained by the membrane
structure. The solution precipitation method applied in the production of AgP1 provided a more uniform porous
membrane thanks to the uniform distribution of Ag particles. The densely arranged and small porous pore structure
compared to AgP2 and PC was effective in the removal of MO by AgP1. One of the many parameters affecting the
filtration performance is the chemical properties of the filtered material. In this study, the MO solution was tested as
a model pollutant at neutral pH value [24]. Heavy metals, medical wastes, organic-inorganic chemicals, dyes-oils-
petroleum derivatives are the main substrates separated by filtration [25]. The interaction and bonding of the functional
groups of the surface and the substrate or their repulsion is the most important feature that determines the filtration
efficiency. Physical or chemical adsorption as a result of the repulsion of opposing groups provides a certain amount
of pollution removal from the filtered solution. However, the accumulation of pollutant on the membrane surface
usually causes a decrease in flux and therefore a decrease in filtration efficiency [26,27]. The resistance of the
membranes to fouling accumulation was analyzed by measuring the pure water flux after MO filtration. After the
membranes subjected to MO filtration, they were washed and rinsed in 0.25 mol/L acidic solution for 5 min, the pure
water flux performances were measured. The experiments were repeated in 3 replicates and the FRR, reversible (Ry),
irreversible (Rir) and total fouling (R;) values were calculated according to the equation [5-8] and the graphics are
given in Fig. 5. When compared with PC, the FRR values of the composites increased, after MO filtration all FRR
values decreased with different ratio. The best FRR was obtained with AgP2 with 89.2%. While the large pore

167



Gumus, H., (2025), Journal of Scientific Reports-A, 062, 160-170

structure resulted in decreased MO removal performance, the pores were less blocked. The mechanism of the decrease
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Fig. 5 MO removal and pure water flux, reversible (Rr), irreversible (Rir) and total fouling ratio (Rt) of MO filtrated P and composite membranes
during 3-run recycling process. Area: 1.7x10-% m?, 1500 mL 40 mg/L MO solution, conditioning pressure = 1 bar, application pressure = 0.5 bar,
three consecutive steps of MO filtration (1st step), filtration after water washing (2" and 3™ step), time of washing =5 min.

FRR value can be explained by the accumulation of fouling on the membrane surface and in the pores. The change
in FRR in repeated uses provides information about the interaction of the fouling with the membrane. The R, values
of PC and composites increased very little rate close to the constant value, whereas R reached the highest value only
in PC. A little increase was observed in R values of composites. These results mean that the MO accumulation on the
composite surface occurs with weak interaction. Thus, the removal of contaminants from the surface becomes easier.
High Rir indicates that the interaction between the surface and the contaminant molecules may be chemisorption and
the clogging is more permanent [28]. R;, which varies inversely with FRR values, indicates the total fouling value.
The highest Ry was calculated with MO filtered PC flux values, while the lowest was obtained with AgP2. Considering
the surface properties, AgP2 exhibited better filtration and pollution resistance despite containing roughness suitable
for permanent settlement of pollutants. The main reason for this is the pore structure with different dimensions. This
difference was effective in continuing its function as a result of clogging of small pores while clogging of large pores
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less. There are 8-20% difference among the filtration performance of AgP1 and AgP2. However, the filtration
performance of both composites is higher than PC. AgP1 exhibit better efficiency especially in the separation of oil-
water mixtures thanks to its high hydrophobic feature. Additive anchoring is a method that has a great effect in
regulating many properties of the polymeric structure. AgP1 and AgP2 composites offer different outputs worth
applying with their different physical and filtration properties. Hydrophilicity and fouling have complex mechanisms
that are shaped by many parameters such as membrane structure, pore volume and number, functional groups of the
filtered molecule, and filtration conditions. Therefore, specific evaluation of each composite in terms of the filtered
molecule and filtration conditions can yield more accurate results [29].

Conclusions

In this study, the physical and filtration properties of the composites prepared by fixing Ag particles to the PVDF-
Cellulose mixture with different methods were investigated. The changes in the functional groups were investigated
with FT-IR and the changes in the phase of the polymer were recorded. It was understood from the SEM images that
the composites gained different properties as a result of the two methods. While AgP1 prepared with Method | had a
more uniform and smoother structure, a rougher and more particle-like structure was formed in AgP2. The Ag additive
caused both structures to decompose faster than PC by decreasing the decomposition temperature as a result of thermal
heating. Flux, FRR and reusability of membranes were effective in the filtration efficiency. The hydrophobic structure
of AgP1, understood from the high contact angle values, was more vulnerable in the accumulation of molecules on
the surface. However, the small pores of AgP1 exhibited less resistance to clogging than AgP2. Despite its rough
surface suitable for the adhesion of contaminants, AgP2 with heterogeneous pore sizes showed better filtration
efficiency. AgP1 exhibited the highest MO removal as 46.5% compared to 26.2% for PC. The type of additive
anchoring has the potential to directly affect the structure of the composite, and both Ag-doped composites provided
better filtration efficiency than PC.
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