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A B S T R A C T

The effectiveness of light-sensitive particle-added composites as alternative materials in the treatment of waste 
water was investigated. Infrared responsive polyvinylidene membranes were prepared with anchoring the 
graphite supported silver particles reduced by quince seed extract. X-ray diffractometer, scanning electron mi
croscope and Fourier transform infrared spectroscopy analysis were used to characterize physicochemical and 
structural properties of composites. Photoluminescence, surface area and contact angle measurements were 
carried out. The filtration performances of the membranes were tested under infrared light in a continuous flow 
system. Methyl orange and bovine serum albumin solutions were used as model pollutants. The silver-graphite 
additive acted as light absorber and energy converter. Owing to the photothermal effect, the water flux, rejection 
and roughness of the AgNP-G-P membrane improved significantly, and those were recorded as 74.7 L.m− 2.h− 1. 
bar− 1, 54.6 % and, 75.0, respectively (32.5, 22 and 74.1 %, respectively, for PVDF). The composites almost 
retained their initial performance after repeated use and did not cause solution leaching. In this study photo
thermal particles, which are frequently used in medical applications, were successfully adapted to the filtration 
system. It has the ability to add a specific and new dimension to the protection of the environment by purifying 
wastewater.

1. Introduction

Compared with ceramic membranes, polymeric membranes have 
attracted great attention from researchers and industrial users due to 
their easier to prepare. Their controllability during the preparation 
phase, and practical application in gas separation, fuel cells, bioreactors 
and water purification are main reasons for this preference [1,2]. 
PVDF’s high physical and chemical resistance, easy processability and 
ultraviolet–visible radiation resistance compared to other polymers 
have made it the privileged membrane material. The biggest disadvan
tage encountered in PVDF, which are widely used as ultra, micro and 
nano filtration membranes, is the fouling that occurs on the membrane 
surface. Its hydrophobic structure promotes the rapid accumulation of 
organic molecules, microorganisms, proteins and dyes [3,4]. The 
fouling, which causes a decrease in water flux and rejection perfor
mance, can be partially eliminated by chemical washing. However, this 
method causes a decrease in membrane durability and an increase in 
filtration costs [5]. In the solution phase of membrane preparation, 
fouling is attempted to be prevented by adding combinations such as 

Al2O3, FeO, TiO2, graphene derivatives, Ag and Ag-metal oxide, as well 
as organic additives such as PVA, PEG, cellulose and chitosan (i) or by 
grafting antimicrobial and hydrophilic structures onto the membrane 
surface (ii) [6,7]. Another important effect that increases filtration ef
ficiency and membrane life by reducing fouling is the photocatalytic 
degradation of impurities. Semiconductor additives such as TiO2, ZnO, 
WO3 and Ag3PO4 are effective in both regulating the physical structure 
of the membrane and gaining light sensitivity of the membrane for 
photocatalysis [8].

However, in addition to their wide band-gap energies of mentioned 
semiconductors, low sensitivity and fast electron/hole recombination 
rates of them with the structural wear on the material surface due to 
ultraviolet light sensitivity create a drawback. Research has been carried 
out to shift the photo-induce in the UV region to the visible region by 
doping at surface sites or creating defects in the crystal lattice [9,10]. 
With the addition of 0.1 % Sm to TiO2, which is frequently used due to its 
low cost, high photocatalytic activity and optical-electronic properties, 
the band gap energy value decreased to 2.673 eV and was effective in the 
photocatalytic degradation of 99 % methylene blue [4]. Graphite, 
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graphene oxide (GO), and reduced graphene oxide (rGO) with graphene 
quantum dots were combined with semiconductors and used to obtain 
photocatalytic membranes. Thus, the membrane’s roughness, 
mechanical-chemical resistance, electronegativity, antimicrobial prop
erties gained superior effect thanks to the uniform dispersion of carbon 
additives and fast electrical charge transfer [11]. Graphite additive is 
effective in conductivity of the polymer. Adding 0.5 % graphite to PVDF 
+ 5 wt% Barium Titanate resulted in a 9.5 % increase in dielectric 
constant, a 50.4 % increase in capacitance, and a 8.58 % decrease in 
dielectric loss and a 4 % decrease in AC conductivity at the highest 
frequency of 2 MHz [12]. The presence of graphene-like fillers in a 
polymer matrix results in improvements in the physical, thermal and 
electrical conductivity of the polymer due to their structural properties. 
Carbon-based hybrid polymer composites have remarkable tensile 
strength, high Young’s modulus and significant resistance to deforma
tion due to the intrinsic strength, stiffness and strong interaction with 
other fillers-polymer matrix [13]. The young modulus and tensile 
strength of 2/24 wt% GNP/Carbon black added Ethyl
ene–propylene–diene terpolymer rubber (EPDM) composite increased 
by approximately 195 % and 17 %, respectively [14]. In order to better 
utilize the large surface area and porous structure of expandable 
graphite, graphite foam was fixed to PVDF to obtain a composite. It 
provided high removal by adsorbing dye molecules with π-π interaction, 
hydrogen bonding and charge interaction between functional groups 
and dyes. EG doped PVDF effectively treat about 60 ml MB wastewater 
(10 ppm) per cubic centimeter with 200 L m− 2h− 1 flow velocity [15]. 
The acrylic resin polyethyleneglycol diacrylate supported graphite oxide 
and reduced graphite oxide were used for the removal of orange II and 
rhodemine B. While the GOx containing composite with showed good 
photocatalytic activity, dye removal decreased for rGO fixed polymer. 
Dye removal of rGO was due to adsorption, and since it did not show 
photocatalytic activity after fixing to the polymer, dye removal 
decreased [16].

While UV induced photocatalysis is highly effective compared to 
visible light and provides successful results in the degradation of mi
croorganisms and pollution, it poses a threat to living tissues and rapid 
degradation of membrane materials. Owing to these drawbacks, pho
tothermal effective particles have been developed as an alternative to 
UV induced filtration applications.

The photothermal (or plasmonic) effect occurs when electrons 
excited by visible or infrared light resonate and release heat energy. In 
addition, various reactions can be catalyzed in a similar way with 
photocatalysis. The photothermal mechanism could be initiated by 
interaction of the electron or the electron gaps formed with light 
exposure with the chemical in the environment. The most important 
component of the system are particles that can absorb near infrared rays 
(650–900 nm) with high efficiency and convert them into heat. Indoc
yanine green, some noble metals, carbon nanomaterial’s, gold, silver, 
palladium, copper sulfide, some of the monolayer transition metals, 
dichalcogenides, graphene and its derivatives are examples of photo
thermal active particles [17–19]. The plasmonic effect of carbon nano
tube and polypyrole coated melamine sponge (CNT)(m-CNT/PPy@MS) 
decreased the viscosity of the solution to be separated by increasing the 
temperature. Thus, the energy requirement for separation was reduced 
and the oil separation efficiency increased. With 1.0 kW/m2 sunlight 
acting on the membrane, when the temperature increased to 118.6 ◦C, 
the separation time decreased by approximately 93 % compared to the 
normal membrane, while the adsorption increased 31 times [20]. 
Notably the Ce-MoO3 catalyst degrades methylene blue 10 times more 
effectively than MoO3 in the presence of visible light [21,22]. Au-Ag/ 
WO2.72/rGO nano photocatalyst was effective in the adsorption and 
photocatalytic degradation of dye impurities. The addition of Au and Ag 
plasmonic metals increased the photocatalytic efficiency of the com
posites at wavelengths of 420 nm and above [23]. The plasmonic effects 
of gold, graphene, carbon, lead, copper sulfate and some organic com
pounds have been used in the treatment of tumor cells. GO-PEG, 

Glucose-rGO, ZnFe2O4–rGO, PEG–GO/CuS, GO–BaGdF5, rGO–Cu2O 
were selectively distributed to cancer cells and heat release was ach
ieved by interacting with NIR (808 nm) light. While the heat released 
inside the cell (50–60 ◦C) was effective in breaking down the protein 
structure of cancer cells, it did not cause any damage to other tissues and 
cells [19,24]. Gene therapy, hydrogen extraction from water, antimi
crobial composites, and photothermal nanofluids are examples of other 
areas where plasmonic materials are used [25–27].

Plasmonic effective composites can be used in conventional filtration 
systems. Advantages such as flux control, degradation of impurities by 
creating electron holes, and increasing rejection efficiency with heat 
energy can be beneficial. Ag-TiO2 binary metal composite prepared via 
an electrochemical method was effective in capturing electrons released 
from both Ag and TiO2 and showed plasmonic activity. The chlor
ophenol degradation efficiency of sample containing 5 % Ag was 
recorded as 97 % [28]. Ag-TiO2 was used to obtain hydrogen from water 
by photocatalytic effect, and 95 µmol H2 yield was achieved with 79 nm 
sized TiO2 particles at 457 nm irradiation.

One of the important parameters affecting the composite efficiency is 
particle size. Nanoscale small particles are frequently preferred due to 
their large surface area, quantum size and volume, as well as their 
biocompatibility, light absorption and antimicrobial properties [29]. 
AgNNp, which have good photocatalytic-photothermal properties, are 
produced using microorganisms, enzymes and plant extracts with green 
synthesis methods and offers eco-friendly, sustainable and low-cost al
ternatives. There are many physical and chemical methods applied for 
the synthesis of AgNNPs with many plants such as olive leave, cydonia 
oblonga seed, oak fruit hull (Jaft), aloe vera, green tea extracts. pH, 
temperature, settling time and extract content affect the activity of the 
particles in green synthesis methods [30]. Silver nanoparticles (SNPs) 
with an average size of 25 nm were prepared by quince petal aqueous 
extract and used as an antimicrobial agent for Erwinia amylovora bac
teria [31]. Dyeing was done by absorbing aqueous extraction of quince 
leaves into wool fiber, then mordanted with AgNO3 and ZnCl2. Darker 
reddish-brown shades colored wool showing AgNNP formation showed 
the highest antimicrobial activity [32].

Graphite is the starting material of expanded graphene or graphene 
oxide, which belongs to the carbon family, and is frequently used in 
combination with metal oxides to obtain composites. There are few 
studies on the use of graphite as a composite additive with AgNP. In this 
study, AgNP prepared using quince seed extract according to the green 
synthesis method was combined with graphite and fixed to PVDF. 
Graphite-supported AgNP-PVDF (PAG) filtration membrane was pre
pared. While Ag is effective in absorbing infrared light, graphite ensures 
homogeneous dispersion of AgNP and an infrared sensitive functional 
composite membrane is obtained. The composites were characterized 
via XRD, FT-IR, SEM, PL analyses. The filtration performance of the 
obtained Ag-Gr-PVDF (PAG) composite membrane under specific 
infrared light (808 nm) was first tested in this study. Photothermal- 
plasmonic effective composite anchored PVDF membranes suitable for 
use in filtration under light-on and off conditions were prepared and 
applied as filtration material.

2. Materials and methods

2.1. Materials

The polymer matrix polyvinylidene fluoride PVDF (Solef 6010, 
MINGER) and solvent N, N-dimethylformamide, DMF (73.09 g/mol, 
0.944 g/mL Sigma Aldrich) were used in analytical grade. Ethanol, 
(C2H5OH, pure, ≥95 %), sodium hydroxide (NaOH, ≥98 %), hydro
chloric acid (HCl, ≥37 %) were obtained from Sigma Aldrich and used 
without any purification. For the synthesis of silver particles, AgNO3 
(169.87 g/mol, %99) was purchased from Sigma-Aldrich.

The reducing extract was obtained from quince (Cydonia Oblonga 
Miller) seed collected from the Osmaneli Town of Bilecik/Turkey in 
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October 2023. The samples were stored in polyethylene cups and kept at 
4 ◦C in the laboratory. Before using, quince seeds were washed and 
wiped quickly to protect its extract. Double distilled water, methyl or
ange (MO, Orange III) and graphite (+100 mesh) were purchased from 
Sigma Aldrich and used without any purification. Bovine serum albu
min, BSA (MW: 66,000 Da, ≥98 % purity, Sigma Aldrich) was used as 
model protein solution with boric acid, H3BO3 (MW: 61.83 g/mol, 
Sigma-Aldrich), phosphoric acid, H3PO4 (MW: 98 g/mol, Sigma- 
Aldrich) and acetic acid, CH3COOH (MW: 60.05 g/mol, 99.7 %, 
Sigma-Aldrich) for pH adjustment.

2.2. Membrane preparation

Aqueous quince seed extract was obtained from whole seeds (10 g) 
using distilled water at 25 ◦C (water to seed mass ratio of 40:1). The 
mixture was stirred at 250 rpm for 3 h to scrape the extract. The mixture 
were then filtered with 80 mesh (200 µm) sieve to separate from seeds 
and insoluble residues. It was evaporated by low temperature (Heidolph 
4000, 40 ◦C) until a concentration of approximately 90 % (v/v).

AgNPs particles were prepared by the precipitation method in cast
ing solution. For this, the polymer solution was prepared by dissolving 
1.6 g PVDF in 10 ml DMF solvent at 65 ◦C. A total of 0.16 g of ground 
silver salt was added to polymer solution. 5 ml quince extract was added 
drop vise and solution was mixed until color change was complete. After 
a dark brown color was obtained, the solution was homogenized by 
ultrasonic bath for 5 min. Then it was poured onto a 15x15 cm glass 
surface and sprouted out with a 300 µm applicator at 25 ◦C. After 
waiting for 10 s to stabilization glass was immersed in distilled water 
bath for phase separation. Excess silver ions were removed, the com
posites were washed and stored in water with 0.1 % hydrogen peroxide 
until analysis and filtration. Control samples were prepared by adding 
0.16 g of graphite to the polymer solution of similar composition in the 
presence of silver + quince extract and without silver. Graphite powder 
was mixed for uniform distribution in the polymer solvent. The mixture 
was homogenized in an ultrasonic bath for 10 min. before being added 
to the casting solution. The preparation of silver particles was done as 
described above. The silver content of the composites was designed to be 
10 % of the polymer mass. The amount of extract required to reduce the 
specified silver salt was determined by control experiments at different 
concentrations before adding it to the polymer solution. The obtained 
powder and particles formed inside polymer was called AgNP. The 
schematic representation of experimental steps of PVDF, Ag, graphite, 
Ag and graphite doped (P, PA, PG and PAG respectively) composites 
with filtration cell are shown in Fig. S1.

2.3. Characterization

The crystallinity of the structures was investigated in the range of 5- 
80⁰ by XRD (Panalytical/Empyrean) analysis. The morphological 
structure of gold plated composites was imaged by SEM analysis at 
10.00 kV (ZEISS/Supra 40 VP, Germany). The distribution of graphite- 
AgNP particles anchored on the PVDF was imaged with a Hitachi H 
7650 transmission electron microscope (TEM) at 100 keV. Phc poly
meric composite of 50 nm were placed on a copper grid using a 
microtome. Molecular interaction of polymer and additive was analyzed 
by FT-IR in the region between 4000 and 650 cm− 1 with Perkin Elmer 
Frontier L128-0099 FT-IR ATR. The electron-hole pair recombination of 
composites was determined by photoluminescence spectrometer (Perkin 
Elmer FL6500, PV instruments) at the range of 355–900 nm wavelength. 
MO and BSA concentrations were determined by UV–visible spectrom
eter (PG instruments, T80) at 466 and 280 nm wavelength respectively. 
Surface hydrophilicity of samples was investigated by contact angle 
analyzer (KSV Attention, Finland) at room temperature.

The water uptake capacity (WU) were calculated to estimate water 
affinity of the samples. Membranes were weighted (Ww) after mopping 
with blotting paper. The samples were subsequently dried in a vacuum 

oven at 40 ◦C for three hours and it was weighted again (Wd). Water 
uptake capacities were calculated by Eq. (1). 

WU(%) =
Ww − Wd

Ww
× 100 (1) 

The porosity percentages of membranes (PO%) was calculated by Eq. (2)
to get knowledge about pores: 

PO (%) =
Ww − Wd

dAδ
× 100 (2) 

Where d is the density of distilled water (kg.m− 3) at 25 ◦C, A is mem
brane area (1.7 × 10− 3 m2) and δ is the thickness of wet membrane (m).

Pore radius was determined by Guerout-Elford-Ferry equation [20], 
Eq. (3). 

rm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2, 9 − 1, 75ε)8ηlQ

ε.A.ΔP

√

(3) 

where rm is average pore radius (nm), ε is porosity, η is viscosity of water 
(8.90 × 10− 4 Pa.s) at room temperature, l represents membrane thick
ness (m) and Q is flow rate of water (m3/s). A and ΔP mean effective area 
of membrane (m2) and flux pressure (Pa) respectively. The thickness of 
the dried and wet membranes was tested by thickness measuring in
strument (Hornbach, 0.25–0.01 mm range)

The pure water flux (PWF) performances of membranes were 
measured in an ultra-filtration cross flow membrane cell (designed for 
laboratory studies) with distilled water and calculated in L.m− 2.h− 1. 
bar− 1. Transmembrane pressures (TMP) of system were adjusted as 1.0, 
1.5 and 2.0 bar after the membrane was for 8 h. The PWF was calculated 
by Eq. (4). 

PWF =
V
At

(4) 

where V is amount of permeate (L), A is membrane area (1.7 × 10− 3 m2) 
and Δt is the filtration time (h). To better understand the compression 
behavior of the membrane under applied pressure compaction factor 
(CF) was calculated from the initial PWF/constant PWF value.

2.4. Rejection and antifouling experiments

The organic matter rejection performances of composite membranes 
(R%) were measured at ultra-filtration cross-flux membrane cell used for 
filtration experiments. A single lamp self-designed photo reactor with 
cooling equipment with an 8 W infrared lamp (2 × 2 cm, Philips, spectral 
range 808 nm) was used. A schematic representation of process is given 
in Fig. S1. MO used as a model pollutant for rejection experiments. For 
this purpose 50 mg/L MO solution was prepared by dissolving a certain 
amount of MO in distilled water. MO filtration was performed at a pH of 
approximately neutral (7.4). This pH value is the optimum value for MO 
removal and was determined by investigating the adsorption behavior of 
MO at different pH values in previous studies [33]. The BSA filtration 
performances of composites was also investigated with 0.5 g/L BSA into 
phosphate buffer solution (0.01 M, pH:7.4) as a pH stabilizer agent. Pure 
water, BSA or MO solution was pumped to membrane cell continuously 
by air pressure. A membrane with the effective filtration area of 1.7 ×
10− 3 m2 was placed in the filtration cell. It was irradiated by one 8 W 
lamp at the distance of 5 cm. Initially the membrane was pre-pressed at 
1.0 bar for 30/45 min. Pure water was used for stable permeation and 
the permeate was collected until compaction for 3 min. After the lamp 
was turned on, MO solution was provided into the membrane cell under 
infrared light at 0.5 bar for 90 min. The permeate was collected and MO 
concentration was determined by UV-spectrometer at 466 nm which 
was calculated by Eq. (5). 

R(%) =

(

1 −
Cp

Cf

)

× 100 (5) 
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Where, Cp and Cf are the concentration of organic matter in permeate 
and feed solutions respectively. BSA rejection tests were conducted 
similarly to the MO experiments and, the concentration was analyzed 
via UV spectrometer at 280 nm.

2.5. Reusability studies

Three different fluxes were determined according to application 
order. PWF1 means first water flux. After MO/BSA filtration, membranes 
were washed and immersed in distilled water for 5 min. Then PWF 
values of cleaned membranes were measured by pure water filtration 
again to calculate PWF2. PWF3 values of MO/BSA filtrated and light 
irradiated membranes were obtained by by pure water filtration. The 
flux recovery ratios of membranes (FRR) were calculated by Eq. (6). 

FRR(%) =

(
PWF3

PWF1

)

× 100 (6) 

Recycling performance of membranes was evaluated in 3-run filtration 
test. After washing and measuring the fouled flux, the membrane irra
diated for 1 h to degrade the contaminants. The reversible, irreversible 
and total fouling rates were calculated by Eqs. (7)–(9) [34]

Rr(%) =

(
PWF3 − PWF2

PWF1

)

× 100 (7) 

Rir(%) =

(

1 −
PWF3

PWF1

)

× 100 (8) 

Rt(%) =

(

1 −
PWF2

PWF1

)

× 100 (9) 

The metal analysis in the PWF1, 2, 3 effluents was conducted to deter
mine leaching by analyzing the water using AAS (Perkin Elmer, 
PinAAcle 900 F).

3. Results and discussion

The XRD diffraction patterns of raw PVDF and composites are given 
in Fig. 1. The crystalline arrangement of PA and PG composites prepared 
with AgNP and graphite additives is significantly different from that of 
raw PVDF. The peak observed around 2Θ = 20.3◦ in all composites is 
due to the dominance of the beta phase of PVDF. The very low-intensity 
peaks indicate that the presence of alpha-phase PVDF in PA and PG 
largely disappeared in PAG. The beta phase peak of PAG also shifted to 
21.1◦ [35,36]. It is understood from this that with additive anchoring to 
polymer, the crystal structure changes by partially compressing the gaps 

Fig. 1. XRD patterns of composites.
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between the layers. The sharp peaks around 2Θ = 38, 44, 64 and 77◦

observed in the diffraction patterns of PA and PAG are the result of the 
presence of AgNP with compatibility of AgNP with polymer matrix 
[31,37,38]. The presence of graphite is evident from the sharp peak 
observed at 26.6◦ in PG and shifting to around 27.2◦ in PAG, which also 
indicates the narrowing of the interlayer distance. The presence of this 
sharp peak was interpreted as the interlayer distance being approxi
mately 0.334 nm [39]. The peak observed around 54.8◦ in PG and PAG 
also indicates the presence of graphite, and its low intensity may be due 
to the homogeneous distribution of graphite. The changes in crystal
linity recorded by presence of AgNP and graphite addition to the poly
mer indicate that the new composite has been successfully prepared.

Cross sectional and surface SEM images of composites are presented 
in the Fig. 2. The morphological structure of raw PVDF has been 
changed by AgNP, graphite and AgNP + graphite additives. Finger-like 
structures expanding from top to bottom were formed in all composites. 

However, changes have occurred in the formations of lengths and widths 
of these channels, which determine the membrane permeability and 
filtration performance. The additive type is the most important reason 
for these changes, and finger-like structures in PAs have extended 
downwards and exceeded half of the section compared to P. Addition
ally, the number of small channels on the upper surface of the PAs has 
increased. Unlike others, in PG composite, the formation of channels is 
minimal and, no small channels in the upper layer are formed. In this 
state, PG exhibited a more homogeneous distribution than raw PVDF. 
The interaction of PVDF and graphite effectively maintains the homo
geneity of the structure during phase inversion The homogenizer effect 
of graphite was partially preserved in PAG and a uniform distribution 
and polymer network were achieved despite the presence of AgNP. This 
proves that the graphite additive is reasonable and should be applied to 
improve the AgNP light absorption effect. The favorable structure of the 
PAG composition is also evident from the surface images. The AgNP 

Fig. 2. Cross section and surface SEM images of composites.
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particles observed on the PA surface were evenly distributed in the inner 
parts of the PAG. The PAG combination stands out as a structure in 
which light active particles are anchored to the polymer via the optimal 
route. In addition, the beginnings of finger-like channels observed at 
different sizes on the PG surface were more homogeneously distributed 
in the PAG. The elemental composition and EDX spectrum of the SEM 
image taken from the cross-sectional area of PAG are given in Fig. S2. 
The Ag content of 13.59 % is very close to the component ratio formed in 
the solution phase, indicating a suitable composition. A uniform distri
bution of AgNP can also be observed in the TEM images of hemispherical 
AgNP and PAG with dimensions of 35–45 nm Figs. S3 and S4. Tem
perature, settling time and acidity are the most important primary pa
rameters that affect particle size and therefore particle activity.

Molecular interactions between PVDF and additives and structural 
changes were analyzed by FT-IR Fig. 3. Changes occurring in the range 
of 400–600 cm− 1 in Ag-doped composites indicate Ag-O stretching vi
brations. The vibrations of characteristic CH and CF2 bond stretches of 
PVDF are represented by the 1400 and 879–1180 cm− 1 bands, 

respectively. The distinct bands observed at 1070 and 838 cm− 1 belong 
to the stretching of CF, CH bonds and remained unchanged in all the 
composites. The effect of AgNP addition on the crystal structure of the 
polymer can be understood from the decrease in the 765 cm− 1 band 
intensity in PA and PAG, which indicates the alpha phase of polymer 
[40]. The alpha phase is preserved in the crystal structure of the polymer 
in the PG composite. In raw PVDF and other composites, the band cor
responding to 1269 cm− 1 shows that the beta phase is dominant [41]. 
The beta phase crystal arrangement of PVDF is a preferred form due to 
its superior physical and electrical conduction [42]. PAG composite has 
a combination of beneficial crystallinity, alpha and beta along with the 
homogeneous effect of graphite additive.

By analyzing the light emitted from excited electrons, the beam 
sensitivity of the composite was determined via the photoluminescence 
technique Fig. 4. PL density provides information about electron-hole 
pair recombination. A higher PL intensity indicates a longer gap be
tween the two bands and therefore lower photocatalytic activity. The 
energy supplied to the absorber material causes the valence electrons to 

Fig. 3. FT-IR spectrums of composites.
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be excited and move to the conduction band. The place where the 
electron comes out is called defect sites, positively charged hole (h+). 
The number of excited electrons and holes increases in proportion to the 
energy applied to the semiconductor material. This recombination 
continues as long as energy is applied until all electrons are excited [34]. 
Compared with those of the PA and PAG composites, the intensities of 
the PL values measured for P and PG are quite high. This indicates that, 
the conduction bands become closer because of the AgNP in the struc
ture of PA and PAG composites, and these are excited more easily in the 
presence of light. The intense and broad peaks observed in the 500–550 
nm range are caused by reflected light and show the light-shielding ef
fect of the polymer. PA prepared with AgNPs and PAG with AgNP and 
graphite additives showed absorbance at similar wavelengths in the 
visible and near infrared regions. Absorbance values were observed at 
783 and 851 nm wavelengths in the PL spectrum of pure AgNP Fig. S5. 
By anchoring AgNP to the polymer, the absorbance properties of AgNP 
are successfully transferred to the polymer. The findings prove that the 
composites are sensitive in the presence of visible and near infrared 
light.

3.1. Physical properties of the membranes

The contact angle values, which are an indicator of hydrophilicity, 
are given in Table 1 along with pore radius, water uptake, and porosity 
percentage and compaction factor. The addition of AgNPs increased the 
hydrophobicity of the polymer. This occurred because AgNPs induced 
the formation of a smoother surface.. As the roughness decreased, the 
speed of water penetration from the surface into the pores also slowed 
down. That creates a higher water droplet on the membrane. The rela
tionship between roughness and hydrophilicity was explained by 
examining AgNP-doped membranes of different sizes, and increasing the 
particle size to 33 nm effectively filled the voids on the surface and 
reduced roughness. The hydrophilicity of the smooth surface decreased 
as a result of larger and convenient area for water drop [43]. The 
smallest average pore radius was calculated as 41.5 nm with PA. The CA 
value decreased significantly in PG and PGA with the addition of 
graphite, and the membrane became more hydrophilic than that of PA. 

Since the fluid character of graphite provides homogeneous distribution, 
larger pores are formed due to faster phase separation. This increased 
the rough structure and larger pore width of PG facilitating the entry of 
water droplets easily. In PAG, the opposing properties of AgNP (tend to 
smooth surface, high hydrophobic) and graphite additives against hy
drophilicity are balanced by proceeding competitively. The WU% value 
of the PA decreased in proportion to its pore structure and hydrophi
licity, which is highly compatible. While hydrophobicity was effective in 
reducing water uptake, this value was recorded as highest at 69 % for 
PG. At the same time, the most porous structure was obtained with PA 
according to PO% value of 66.5 %. These data that many small pores 
exist. Despite the widest pore radius of PG among all composites, its low 
porosity is reasonable. The WU and PO% values were 63.5 and 65 
respectively in PAG, and the addition of graphite and AgNP resulted in 
the optimum combination. This shows that the pore size can be adjusted 
with graphite and an active metal-additive composite structure with the 
desired properties can be obtained. The compaction values and their 
durability were analyzed by dividing PWF1 by PWF2. Moreover, infor
mation was obtained about the space between the pores and the resis
tance of the membrane to filtration pressure. The highest CF value of the 
raw PVDF membrane indicates that the greatest compression occurs 
during filtration. This resulted from the large gaps in the structure of the 
membrane. Although the high flux value recorded in the first filtration is 
a positive feature, the pressure resistance of the membranes is necessary 
for both constant flux and filtration efficiency. It is understood from the 
CF value of PA that the voids in the structure are at the lowest level and 
compression as a result of filtration is minimal. It is understood that 
spherical AgNP particles disperse most tightly into the polymer during 
phase inversion, minimizing the formation of voids. Compared with 
those of P, the CF values of PG and PAG are more resistant to 
compression.. The large particles of the graphite additive were partially 
effective in the formation of large voids. However, this was tolerated by 
the presence of AgNP in PAG, and the formation of voids was balanced, 
and the CF value was obtained as 1.4. These values affect the separation 
efficiency of the membrane depending on the solution type. More hy
drophobic structures with relatively small pores are favorable for the 
separation of organic substances from the aqueous environment. In 
addition, hydrophilicity becomes important in catalytic processes where 
water-soluble structures are required for easy transportation of substrate 
to active sites [44,45].

3.2. Flux, rejection and antifouling performances of composites

The pure water flux performance of the membranes was tested at 
three different pressure Fig. 5. There was a linear increase in the fluxes 
of all the membranes with increasing pressure from 1 to 1.5 bar. At all 

Fig. 4. Photoluminescence spectra of composites.

Table 1 
Physical performances of composites.

Sample Contact Angle 
(◦)

WU 
%

PO 
%

Pore Radius 
(nm)

Compaction Factor 
(CF)

P 74.1 ± 0.2 61 62 34 1.8
PA 82.3 ± 1.7 57 66.5 31.5 1.3
PG 72.5 ± 0.9 69 61 44 1.5
PAG 75.0 ± 0.1 63.5 65 37.2 1.4
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pressure values, the highest water flux of 84 L.m− 2.h− 1.bar− 1 was ob
tained with PG at 3 bar. This result is well compatible with the physical 
properties of the membrane. As a result of the increasing pressure, the 
first blockage occurred at P. PA and PAG showed an average change in 
pressure changes, exhibiting a flux of 62 and 74.7 L.m− 2.h− 1.bar at a 
pressure value of 3 bar. The flux of PAG is within the range of P and the 
flux of composites indicates that the composite composition and struc
ture are well ordered. Compared to raw PVDF (59.5 L.m− 2.h− 1.bar-1at 3 
bar), it is understood that the fluxes of AgNP and graphite incorporated 
membranes increased, while AgNP alone exhibits lower flux (47.8 at 1.5 
bar). This is probably the result of the hydrophobic character of AgNP 
compared with others resulting from its smooth structure [46]. The 
decrease in flux with increasing pressure indicates that the voids in the 
structure collapse and compress. However, it is understood from the flux 
values that there is no sudden compression in PG and PA. Particulate 
additives prevented this collapse by increasing the resistance of the 
polymer’s filtration channels (1) and creating smaller pores (2). While 
graphite additive induced the formation of large pores, AgNP was 
effective in the formation of smaller pores. The combination of two 
additives in the same composite ensures in equal distribution of these 
properties, and the average flux value is obtained with the PAG mem
brane. The distribution of finger-like transfer channels triggered by 
AgNP was homogeneous distribution with graphite, thus providing 
optimal pure water flux. The high porosity value tolerated the restriction 
caused by the compression of additive.

In Fig. 6b and c normalized values of 10 and 50 mg/L MO solution 
filtration of different membranes are given (PWF1/PWF0) with the 
normalized values of three different runs. Compared with P and PG, PA 
and PAG membranes were beneficial during the 120 min removal 
period, especially at low MO concentration. The increase in PG perfor
mance was due to the improved hydrophilicity and homogeneous dis
tribution with the favorable additive ratio and therefore the increased 
filtration ability. AgNPs effectively oxidize of organic molecules in the 
presence of infrared light. This effect is due to the light absorption of 
particles and the effective transfer of light-excited charges. Therefore, 
PA and PAG presented a higher and more stable fluxes than the others in 
the presence of 10 mg/L MO. The increasing amount of organic matter 
caused a decline and instability in the flux performance of all 
membranes.

3-run recycling filtration with normalized flux values of the mem
branes is presented in Fig. 6a. In each run, direct MO filtration, filtration 
after rinsing and filtration at light irradiation were carried out. After 3 
runs, the normalized flux values of the PA, PG and PAG membranes 
became more stable than those of P. The increasing flux value after each 
washing indicated that the organic contaminants accumulated on the 

surface are weakly attached to the surface. Flux values increased further 
with infrared light in PA and PAG. These findings indicate that light 
exposure provides self-cleaning properties in AgNP-doped membranes. 
The small increases observed in the normalized flux value of P at 
different steps are due to the cleaning effect by the applied steps. 
However, the combination of AgNP and graphite showed a more stable 
performance for recycling compared with performance of P. These re
sults indicate that AgNPs effectively catalyze organic impurities. Unlike 
the addition of other photocatalyst, the addition of AgNP to polymer 
resulted in increased filtration efficiency owing to the surface plasma 
effect and the light sensitivity of the composite membrane.

The surface temperatures of the composites as a result of infrared 
light exposure for 10 min were recorded in dry and aqueous environ
ments with infrared temperature (Medisana, precision: ±0.1 ◦C) for 10 
min. Fig. S6. While the surface temperature of PAG composite increased 
from 26.5 ◦C to 36.5 ◦C, the temperature of PA changed to 30.9 ◦C only. 
A small changes was observed on the surface temperature of PG and P 
due to the heat of the light source. The temperature increase recorded on 
the PA and PAG surface as a result of 10 min of light exposure was due to 
the light sensitivity of the composites [47]. Composites that respond 
faster to light exposure and provide more photothermal conversion can 
be developed with improvements in parameters such as beam power, 
additive amount, and pore structure. The importance of this study is the 
successful preparation of infrared light responsive composites.

The possible mechanism of MO removal occurring on the composite 
surface with the synergistic effect of Ag graphite additives proceeded 
through the photocatalytic-photothermal mechanism. The electrons 
(e− ) leaving the solid as a result of the light radiation exposure of the 
AgNP-graphite combination and the holes (h+) created by these elec
trons interact with the molecules in the environment. In addition to the 
e− /h+ electron-hole pair, the radicals formed by the oxidizing mole
cules such as oxide, hydroxide or peroxide as a result of the electron-hole 
pair interaction decompose organic pollution. Radical formation can 
proceed via many different initiators such as light, chemical or active 
metals. The reaction of the Fenton process initiated by light and pro
ceeding via iron derivatives is an example of this. The radicals formed as 
a result of the interaction of Fe2+ ion/peroxide and oxygen molecule/e−
in the PFb composite structure have shown effectiveness in organic 
removal [48,49]. The photocatalytic degradation mechanism of MO 
carried out by PA, PG and PAG composites is given in Fig. S1.

While AgNPs are effective in organic decomposition, graphite is 
active in the formation of homogeneous structure and increasing the 
efficiency of light absorption. In particular, keeping the thermal energy 
in the structure and ensuring its equal distribution with graphite made it 
easier for the substrate to reach the pores. An effect similar to thermal 
energy accelerating the flux by reducing viscosity in oil/water filtration 
was encountered here in the form of rapid advancement of MO [20]. 
Moreover, the induced electron transfer also accelerated with elevated 
temperature. Thus, the penetration of possible oxy and hydroxy radicals 
increased with the degradation of MO, a source of organic pollution. The 
photothermal effect can be understood from the resistance of PA and 
PAG membranes to fouling, which is one of the biggest problems in 
filtration membranes In addition, TOC analysis was performed to 
determine whether organic matter removal was based solely on filtra
tion. For this purpose, the TOC values of the filtration solution and the 
initial concentration of 10 mg/L MO were compared. Table 2 shows that 
some of the filtration eluent was catalyzed and broken down. In a 
continuous flow system, these values are quite valuable compared to 
traditional filtration efficiency. While some of the MO is separated by 
adhering to the structure as a result of filtration-adsorption, some of it 
may be broken down into acetate, water and carbon dioxide. While 
almost no degradation was recorded with P, PA and PAG membranes 
exhibit a catalytic effect in the presence of light. Efficiency can be 
further increased with parameters such as additive amount, light in
tensity and different oxidizing agents (such as H2O2). Light induced 
structures are superior to traditional filtration methods based on 

Fig. 5. Pure water flux performances of composites at different pressures. Test 
conditions: membrane area = 1.7 × 10− 3 m2, filtration time = 0.5–1 h.
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adsorption.
The reversible, irreversible and total fouling performances of the 

membranes were calculated along with the FRR values Fig. 7. The FRR 
values of composite membranes are more stable and higher than those of 
P. For example, the FRR of PA was obtained as 86 % in the 1st run, and 
only a 4 % decrease was observed in the 3rd run. However, the FRR of P 
sharply decreased from 77.8 % to 52.5 %. These data provide infor
mation about total fouling, which is an indicator of the reusability ef
ficiency of the membrane. After the 3rd run, the reversible fouling of P 

decreased unlike that of the composites, and the total fouling increased 
noticeably. Although the irreversible fouling values of PAG are unstable, 
the total fouling decreased and it was recorded as 22.4 %. These results 
indicate the self-cleaning ability of the AgNP additive composites is 
effective. The results supporting the anti-fouling performance can be 
seen from the rejection data during the 3-run Fig. 7. The rejection per
formance of composite were found to be higher than performance of P. 
This reveals that AgNP and graphite incorporation improved the struc
tural properties with light-sensitive effect of AgNP. The decrease in the 
rejection efficiency of PG can be attributed to its wide gap permeable 
structure and lack of light sensitivity.

In terms of the irreversible and reversible values, filtration under 
light exposure is much more effective than the water washing process. 
All the membranes maintained their physical durability during the 
recycling period but exhibited different efficiencies. In addition, fouling, 
one of the biggest problems in filtration applications, is inevitably 
infested. While the type of additive significantly affects all properties of 
the membrane, the amount of additive should be investigated separately 
for each composite. The rejection performance of membranes changed 

Fig. 6. Normalized flux values of time-dependent MO rejection on composite membranes during 3-run recycling, MO filtration, 5 min. water rinsing and light 
irradiation for 1 h. (a), normalized flux values of composites for 10 mg/L (b) and 50 mg/L (c) MO concentrations on under light irradiation. Test conditions: 
membrane area = 1.7 × 10− 3 m2, pressure = 0.5 bar, one 8 W Xe lamp (λ = 808 nm).

Table 2 
Mineralization % and decolorization% of MO on light sensitive composite 
membranes.

Sample Decolorization (%) Mineralization (%)

P 5.8 0.7
PA 11.3 3.5
PG 9.7 1.7
PAG 13.5 3.8
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with direct light exposure. Photocatalytic effect have a significant 
importance on improving membrane properties compared to the effect 
of just the additive type and amount. As a result of the metal analysis 
performed with calibration solutions in the range of 1 × 10− 3-1 × 10− 5 

mol/L in the filtration waters, no metal ions were detected.
To elucidate the mechanism of methyl orange removal, the change in 

the composite surface was analyzed by FT-IR at the molecular level 
Fig. S7. Clearly different from the IR spectra of PVDF and composites, 
the 1700–1800 cm− 1 bands indicate the carbonyl groups of bonded MO 
derivatives. This is a proof that substrate adsorption is inevitably 
effective in filtration. Light-induced electrons, oxidation agents and 
holes interact with molecules adsorbed on the surface and remove 
pollution. Thermal energy generated by the light effect has the potential 
to prevent organic destruction and fouling by accelerating the sub
strate’s transformation to active areas. As a result of light exposure and 
MO adsorption, crystallinity of the polymeric structure is predominantly 

amorphous. This shows the deterioration of the structure with the 
release of energy and chemicals as a result of continued use.

The prepared composite membranes have potential as filtration 
materials with and without light. Additives added to the polymer pro
vided improvement in pore size, pore distribution and physical prop
erties as well as light sensitivity. The flow behavior of the membranes 
was investigated by different molecules in different sizes. Therefore, the 
filtration capabilities of the membranes were tested in the presence of 
BSA. The experiment conditions were set as in MO rejection. From the 
normalized flux graphic, flux decreased sharply. There is more accu
mulation as a result of BSA filtration than of MO rejection Fig. 8. The 
large molecular structure of BSA accumulates in pores and accelerates 
clogging. Rapid blockage occurred after the first BSA filtration, espe
cially in PA, which consists of many small molecules. The blockage in P 
and PG is partially less than the othersbecause these two membrane 
structures are more permeable and have a larger cross-sectional area 

Fig. 7. Flux recovery ratio (FRR), reversible (Rr), irreversible (Rir) and total fouling ratios of composites for 3-run recycling with MO rejection efficiencies. Test 
conditions: membrane area = 1.7 × 10− 3 m2, compression pressure: 1 bar, 1000 mL 10 mg/L MO solution, pressure = 0.5 bar, one 8 W Xe lamp (λ = 808 nm).

Fig. 8. Normalized flux values of time-dependent BSA rejection on composite membranes, BSA filtration, 5 min. water rinsing and light irradiation for 1 h. with BSA 
rejection%. Test conditions: membrane area = 1.7 × 10− 3 m2, 1000 mL 10 mg/L BSA solution, pressure = 0.5 bar, one 8 W Xe lamp (λ = 808 nm).
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than the other structures. Fluxes after pure water washing are infor
mative about the adhesion of impurities to the surface.

The adhesion of BSA molecules on the surface of PG and PAG is 
weaker than the others and therefore these molecules are easily removed 
from the surface by washing. Although the smooth surface provided by 
AgNP largely prevented the adhesion of BSA molecules to the surface, 
the blockage of PA resulted from organic impurities settling in small 
pores that could not be removed by washing. The flux performances of 
composite membranes even those not activated with light is consider
able for use in traditional filtration processes. The change in the flux of 
composites as a result of light exposure is decisive for the importance of 
light responsive mechanism. In particular, as a result of light activation 
of PA and PAG membranes, their flux increased significantly compared 
to the others and reached the water washing values of PA and PAG. 
While a partial increase was recorded in PG, the blockage in P becomes 
deeper. Light activation increased the flux rate of the composite mem
branes which contains infrared responsive particles.

To understand the effect of the improvement in flux rate on BSA 
rejection performance, the BSA concentration in the permeated solution 
was analyzed. The BSA rejection rate of composite membranes was 
recorded to be greater than 50 % that was approximately 2 times higher 
than rejection% of P. Consistent with the flux values, BSA rejection% 
increased for light responded PA and PAG, while they decreased in the 
others. The stability of the rejection% rate is valuable for filtration ef
ficiency, and the composites maintained this efficiency in terms of BSA 
rejection with light exposure. FT-IR analysis of BSA filtrated PAG was 
performed to elucidate the interaction between organic matter and the 
polymer surface Fig. S8. The band observed around 1656 cm− 1 and 
recorded differently from the raw FT-IR spectrum of PAG (Fig. 3) cor
responds to carbonyl stretching vibration [50]. BSA and other organic 
impurities form an adhered cake layer on the membrane surface, 
blocking the pores and causing a decrease in both flux and separation 
performance and membrane wear. The FT-IR band indicating the pres
ence of BSA proves that it is inevitably adsorbed on the membrane 
surface. The pollution that accumulated on the surface to be degraded by 
photon activation induced by light activation. AgNPs were effective in 
the formation of light sensitivity, roughness and small pores, and 
graphite was effective in activating this sensitivity as well as in homo
geneous pore distribution. Thus, on the composites, both the adhesion of 
organic molecules to the surface and the destruction of adsorbed mol
ecules were slower than those on raw PVDF.

4. Conclusion

Infrared responsive AgNP doped composite membranes were pre
pared by solution precipitation and phase inversion methods. AgNPs 
were precipitated via the in-situ green synthesis method using quince 
seed extract in polymer solution. This method provided uniformly 
dispersed AgNPs preparation. In this study where photothermal appli
cations were adapted to filtration, better antifouling and rejection were 
obtained with PA and PAG membranes under infrared light for MO and 
BSA rejection. The surface bond of the pollutant adsorbed on the surface 
were weakened and destroyed by photo-induced plasma effect. Thus, the 
formation of the cake layer causing blockage on the surface was reduced. 
The rejection-antifouling performance obtained at low light intensity 
can be improved by increasing the amount of solid fixed to the polymer 
and increasing the energy. In addition, the PL spectrum revealed that 
AgNP doped composites are suitable for activation at different light 
wavelengths. While the prepared composite membranes exhibit better 
filtration performance than raw PVDF even in the absence of light. 
Increasing the additive amount and light intensity can provide better 
antifouling and filtration performance. This study includes theoretical 
findings for the design of sustainable antifouling membranes operating 
with light activation.
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