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ARTICLE INFO ABSTRACT

Keywords: PVDF-ZnO nanocomposites, prepared through phase separation-assisted nanoprecipitation with varying ZnO
Phomdegrada_ﬁ‘m concentrations, exhibit enhanced photocatalytic performance against organic dye pollutants. Comprehensive
Phase separation characterization methods, including X-ray diffraction, spectroscopic and microscopic analyses, and thermal
rﬁzzzﬁ;ﬁs stability studies, are employed to assess the microspheres of phase-separated PVDF composites. Band gap
Nanoprecipitation analysis and optical characteristics of the nanocomposites are studied using Tauc’s plots. The band gap energy of

ZnO is determined as 3.47 eV, and the microsphere diameter averages between 0.23 and 0.24 pm. The incor-
poration of 1-3 wt% ZnO increases the decomposition temperature to approximately 480 °C. Photocatalytic
performance tests utilizing various organic dye pollutants such as Methyl Orange (MO), Thymol Blue (TB), and
Cresol Red (CR) reveal significant degradation efficiencies of 86 %, 84 %, and 35 %, respectively, under natural
sunlight exposure. Despite the reduction in crystallinity of the phase-separated PVDF particles with the addition
of ZnO, notable enhancements in the photocatalytic activity are achieved for the composites. Phase separation
provides a synergistic interaction between the aligned polymer chains and the ZnO nanoparticles, contributing to
the high degradation efficiency. Moreover, the presence of ZnO active photocatalytic sites induces active dye
degradation. The study showcases the potentiality of PVDF/ZnO nanocomposites in photocatalytic dye degra-
dation, with recoverability of composite particles from dye solutions, a simple composite development method,
and direct exposure to natural sunlight. Significant implications are anticipated in pollution control and envi-
ronmental remediation through the purification of industrial wastewater.

1. Introduction

Despite the industrial significance of dyes, their indiscriminate
release into the environment during pre/post-production processes re-
sults in significant pollution. These wastes consist primarily of both
organic and inorganic dyes, extensively used across diverse industries
such as textiles (Gopal, 2019; Puzyn and Mostrag-Szlichtyng, 2012),
paper and pulp (Mandeep et al., 2019; Ilyas et al., 2019), leather
(Kanagaraj et al., 2015), paints (Fleischmann et al., 2015), cosmetics
(Guerra et al., 2018), plastics (Patti and Acierno, 2022), and pharma-
ceuticals (Jain et al., 2005). Due to their complex chemical composition
with a carbon basis, dyes inherently resist environmental degradation
(Ong et al., 2018), making efficient removal or breakdown particularly
challenging. It is imperative to eliminate these pollutants before dis-
charging effluents into the environment, as they can pose serious health
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hazards, adversely affecting both human life and aquatic ecosystems.
Many dyes are known to be carcinogenic (Gopal, 2019; Mandeep et al.,
2019) and their high solubility in water makes complete elimination
through conventional treatment processes challenging. In recent years,
research efforts have focused on developing innovative technologies and
materials for effectively removing and degrading dyes from industrial
wastewater. However, classical treatment methods often exhibit poor
effectiveness, high costs, or the generation of secondary pollutants
(Bekru et al., 2022). Consequently, developing an environmentally
friendly, efficient, and cost-effective dye degradation methodology be-
comes crucial (Ibrahim et al., 2016).

Photodegradation has emerged as a highly promising and exten-
sively researched method for treating wastewater originating from in-
dustrial sources. This technique harnesses the power of photocatalytic
materials to efficiently convert organic and inorganic contaminants into
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less complex and non-toxic constituents (Hezam et al., 2022). Recently,
scientists have directed their efforts towards advancing catalysts utiliz-
ing nanostructured materials as a potential substitute for current
methodologies (He et al., 2023; He et al., 2022). Within this category,
catalysts based on semiconductors, specifically zinc oxide (ZnO), have
captured considerable interest, particularly in dye degradation (Para-
ngusan et al., 2022). ZnO is an intriguing material that exhibits excep-
tional physicochemical properties when employed in photocatalytic
applications (Parangusan et al., 2018). The unique combination of
properties in ZnO, such as its high surface area, strong photocatalytic
activity, and stability, make it an ideal candidate for efficient dye
degradation in wastewater treatment. ZnO is a semiconductor with
desirable attributes like high thermal conductivity, a large exciton
binding energy (60 m eV), elevated electron mobility, and a wide band
gap ranging from 3.2 to 3.4 eV (Zhang et al., 2009). To utilize the visible
region of the solar energy spectrum in addition to the ultraviolet region,
one approach is to form coupled semiconductors by incorporating nar-
row band gap semiconductors, given the wide band gap of the material
(He et al., 2016). Many practices, such as developing heterostructures
and combining with polymers, are employed for this purpose (He et al.,
2021).

Poly (vinylidene fluoride) (PVDF) has emerged as a promising ma-
terial for water treatment due to its inherent hydrophobicity, chemical
resistance, biocompatibility, membrane-forming capabilities, and
remarkable mechanical stability (Parangusan et al., 2022). These
exceptional properties have made PVDF widely utilized in scientific
research and various industrial processes (Kang and dong, Cao Y ming. ,
2014). In line with this, our study aims to develop a photo-catalytically
active material supported by a PVDF hydrophobic substrate, which fa-
cilitates the efficient recovery of the catalyst following photo-
degradation. This approach reduces the risk of secondary pollution and
allows for material reuse. By implementing this strategy, we aim to
enhance the environmental sustainability and efficiency of catalyst
separation processes. In literature, various fabrication methods have
been reported for the synthesis of PVDF-ZnO composites, such as
advanced electrospinning to create a ZnO-PVDF nanocomposite coating
(Radwan et al., 2016). Kadir et al. developed tri-phase composite
membranes consisting of an inorganic semiconductor, an organic poly-
mer, and conducting nanofillers using the same nanocomposites (Kadir
et al., 2020). While Pratihar et al. investigated the impact of ZnO
nanorod’s aspect ratio on the electrical properties of PVDF (Pratihar
et al., 2020), Li et al. studied the pyroelectric properties of electrospun
PVDF/ZnO composite fibers (Li et al., 2020). Regardless of the photo-
catalytic efficiency and dye degradation performance, all methods
follow complicated processing steps and UV-assisted photocatalysis.

In this work, we successfully prepared a hydrophobic PVDF-ZnO
composite by encapsulating photo-catalytically active nano ZnO in
PVDF, using the phase separation-induced nanoprecipitation method
(Mishra et al., 2022). Nanoprecipitation is a valuable technique for
producing nanospheres and nanocapsules due to its simplicity, speed,
and reproducibility (Rao and Geckeler, 2011). Phase separation pro-
vides distinct advantages in terms of efficiency, control over particle
morphology, and thereby improved photocatalytic properties. We
incorporated ZnO in different compositions into PVDF using two sol-
vents of different polarities. The novelty of the work relies on the
method of preparation of the ZnO/polymer composite by the phase
separation method, which avoids the usual secondary pollution
happening due to ZnO nanomaterials. The method allows enhanced
surface availability to significantly improve the rate of photocatalysis
when compared to the composite thin films of fibers. Composite parti-
cles were produced by incorporating various compositions of ZnO, such
as 1 wt%, 2 wt%, and 3 wt%. All resulting samples were comprehen-
sively characterized using XRD, FT-IR, TGA, and DSC analysis tech-
niques. Furthermore, the photocatalytic degradation efficiency of
composites was studied using three different dyes, Cresol Red (CR),
Methyl Orange (MO), and Thymol Blue (TB). The primary objective of
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this study is to elucidate the prospective utility of these artificially
produced materials within the realm of photocatalysis.

2. Experimental techniques
2.1. Materials

Zinc Acetate dihydrate (Zn(CH3COO),-2H20) and sodium hydroxide
(NaOH) were used as precursor chemicals for nano ZnO. PVDF, Acetone
(CH3COCH3), methanol (CH3OH) and the dyes MO, TB, and CR were
purchased from Sigma -Aldrich and used without further purification.
Purified water used for the analysis was obtained from the Millipore
Milli-Q water system.

2.2. Synthesis of ZnO nanoparticles

Nano ZnO was prepared using the co-precipitation method. To pre-
pare the precursor solutions, 1 M NaOH and 0.5 M Zn(CH3COO)5-2H50
solutions were separately prepared in deionized water. These solutions
were then mixed dropwise with magnetic stirring, and kept under con-
stant stirring for about 2 h at room temperature. The resulting precipi-
tate was separated by centrifugation, washed with deionized water and
acetone until neutral, and dried in an oven at 75 °C for approximately
1.5 h. The dried sample was powdered using an agitar mortar and
weighed.

2.3. Synthesis of phase-separated PVDF-ZnO composite microspheres

PVDF microspheres were prepared using a phase separation-induced
nanoprecipitation method with a solvent-antisolvent procedure, as
illustrated in Fig. 1. PVDF (0.1 g) was dispersed in 20 ml acetone (sol-
vent) by handshaking in a centrifuge tube. A mixture of methanol-water
(1:1) [anti solvent] was injected slowly from the bottom end of the
centrifuge tube with the PVDF dispersion. PVDF microspheres were
precipitated at the solvent-anti-solvent interface and deposited at the
bottom end of the centrifuge tube. The precipitate was separated by
centrifugation, washed with ethanol at 4000 rpm, and dried in an oven
at 80 °C for 6 h.

PVDF-ZnO composite particles were synthesized by adding various
percentages (1 wt%, 2 wt%, 3 wt%,) of ZnO to the precursor PVDF-
Acetone dispersion. This was achieved by sonicating specific amounts
of ZnO, (0.001, 0.002 and 0.003 g for respective 1 wt%, 2 wt%, 3 wt%
compositions) in 5 ml acetone for 1 h, followed by mixing it with the
PVDF dispersion in acetone to make the total solvent amount 20 ml. The
solution was magnetically stirred overnight at 1500 rpm to achieve
homogeneous dispersion of ZnO in PVDF. Phase separation was induced
after overnight stirring, followed by centrifugation and washing pro-
cedures as done for neat PVDF.

2.4. Characterization techniques

The crystalline structure of the samples was determined using an X-
Ray diffractometer (EMPYREAN, PANalytical Co., Almelo, Netherlands)
operating with CuKa radiation (A = 0.1564 nm) in the 26 range of 10° to
80°, at 45 kV and 40 mA. Fourier-transform infrared spectroscopy
(FTIR) analysis was conducted in transmission mode using a Perki-
nElmer Spectrum 400 spectroscope in the wavelength range of 400 to
4000 cm ™!, with a resolution of 2 cm™'. UV-visible spectroscopic ex-
periments were carried out using a Biochrom UV-Visible spectropho-
tometer, scanning samples within the wavelength range of 200-900 nm.
The morphological characteristic of ZnO was investigated using a
transmission electron microscope (TEM; FEI TEM, Model Tecnai G2 S
Twin F20), and the microspheres morphology was studied using a
scanning electron microscope (SEM; Nova Nano SEM 450) equipped
with an EDAX. The crystallinity of the samples was determined using a
Perkin Elmer DSC 4000 differential scanning calorimeter (DSC) by
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Fig. 1. Schematic diagram of preparation of PVDF-ZnO composite.
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Fig. 2. (a) UV -visible spectrum and (b) Tauc plot for the ZnO nanoparticles (c) TEM image for ZnO.
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0.02 g of the prepared nanocomposite was added to test degradation
efficiency. The absorbance of the solutions before and after sunlight
exposure was measured at intervals of 0.5h, 1 h, 2h, 3h, and 6 h using a
UV-visible spectrophotometer.

3. Results and discussion
3.1. Structural, morphological and electronic properties of ZnO

The structural characterization of the ZnO nanoparticles was con-
ducted through FTIR and XRD analyses, as depicted in Fig. S1 (Sup-
porting Information). In the FTIR spectrum (Fig. S1a), a prominent peak
at approximately 3359.78 cm™! corresponds to the characteristic
vibrational mode of -OH bonds. Peaks identified at 1650, 1400 and
1054 cm™! are associated with Zn-O vibrational bands in the ZnO
nanoparticles (Mallakpour and Madani, 2012; Zhao and Shen, 2012;
Ling et al., 2013), while the peak at 890 cm™! corresponds to the
vibrational mode associated with Zn-O bonds. Additionally, the peak at
1504 cm ™ is attributed to unreacted zinc acetate precursor in ZnO. The
spectrum displays a relatively smooth profile, indicating a lack of sig-
nificant vibrational modes or bonding interactions involving other ele-
ments, highlighting the predominance of zinc (Zn) and oxygen (O) in the
nanoparticles’ composition. The absence of significant peaks originating
from other elements further reinforces the purity of the ZnONPs under
investigation, with only minimal traces of CO; detected (Handore et al.,
2014).

Fig. S1b illustrates the X-ray diffraction pattern of the ZnO nano-
powder, with peaks detected at approximately 31°, 35°, 36°, 48°, 57°,
63°, 68°,69°, and 75° corresponding to the (100), (102),(101),(102),
(110), (103), (112), (201), and (004) crystallographic planes,
respectively, associated with the hexagonal wurtzite phase of ZnO (Zhou
et al., 2007; Khoshhesab et al., 2011). No additional XRD peaks were
observed, indicating the absence of impurities in the synthesized
ZnONPs (Talam et al., 2012).

In Fig. 2a, the UV-Visible absorbance spectrum for ZnO nano-
particles dispersed in water reveals an absorption peak at approximately
375 nm, corresponding to the hexagonal wurtzite structure of ZnO
(Wooten et al., 2009). This observation represents a red shift compared
to bulk ZnO (365 nm) by approximately 10 nm (Suwanboon and
Amornpitoksuk, 2012), which can be attributed to shallow levels within
the band gap, often due to foreign atoms in the lattice (Reddy et al.,
2011). The redshift indicates a reduction in the optical band gap,
particularly concerning the energy of the first bright exciton (Baskoutas
and Bester, 2010; Baskoutas and Bester, 2011), attributed to quantum
confinement and crystal defects (Reddy et al., 2011). The band gap of a
semiconductor refers to the energy separation between its valence band
and conduction band, where no energy levels are available. This
parameter is crucial, as it dictates the minimum energy of photons
required to generate photoelectrons and holes within the semi-
conductor. Tauc’s equation (Equation (1) was utilized on the UV-visible
absorbance data to determine the band gaps (Fig. 2b).

For materials with a direct band gap (Baskoutas and Bester, 2011),
the equation is expressed as follows:

(¢hv ) =k (ho — Ey) @

where hv is the photon energy, Eq is the band gap energy, k is a constant,
and o is the absorption constant.
Equation (1) can be further expressed as:

(2.303" A"1240/1) > = k (1240/A — Eg) 2

where A and )\ are absorbance and wavelength, respectively, obtained
from the absorption spectra of ZnO. This equation is used to plot the
absorption curve (Fig. 2b), and the tangent of the curve was used to
determine the energy band gap of the nanoparticles (Ekennia et al.,
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2021). Previous investigations have documented band gap energies of
biosynthesized ZnO nanoparticles as 2.88 eV and 3.10 eV (Goncalves
et al., 2021), as well as 3.28 eV (Suresh et al., 2018), 3.31 eV (Al-Ariki
etal., 2021), and 3.51 eV (Akhtar et al., 2015). In our case, the band gap
energy of ZnO was determined to be 3.47 eV, which falls within the
reported range. The particle morphology was also examined using
transmission electron microscopy (TEM). Fig. 2c displays the TEM image
of the synthesized ZnO nanomaterials, revealing particle dimensions
ranging between 50 nm and 100 nm.

3.2. Structural, morphological and thermal properties of phase-separated
PVDF/ZnO microspheres

The structural characteristics of pure PVDF and PVDF-ZnO com-
posite microspheres were assessed using XRD patterns, as given in Fig. 3.
A small but distinct peak is observed at a 20° diffraction angle for all
samples, corresponding to the polymer chains. Previous studies indicate
that this peak corresponds to the (200) plane of the PVDF p-phase,
indicating the semicrystalline nature of PVDF (Devi and Ramachandran,
2011; Singh et al., 2006; Rajendran et al., 2007). The peak consistently
remained at the same position for all composites, indicating the uniform
dispersion of ZnO within the polymer. As the ZnO concentration in-
creases, the intensity of peaks enhances, attributed to the improved
interaction of PVDF chains with ZnO, consequently influencing the de-
gree of crystallinity (Ma et al., 2002). The crystallinitiy values were
calculated for all composites, showing a trend from 34.23 to 37.60 %
from PVDF to PVDF-ZnO at 3 wt%., as expected. Additionally, all
composites exhibit minor peaks corresponding to the ZnO crystalline
planes (typically around 30-40° diffraction angles), with peaks around
31.8°, 34.4°, and 36.3° (260 values) corresponding to the (100), (002),
and (101) crystal planes of ZnO; however, these peaks have diminished
intensity as the concentration of ZnO is comparatively lesser. It is worth
mentioning that the structural stability and crystallinity promote charge
separation and transfer, influencing the photocatalytic activities of the
composites. Higher crystallinity leads to improved charge carrier
mobility and longer carrier lifetime, and the orientation causes better
interaction of photons with target pollutants during photocatalysis.
Fig. 3b presents the FTIR spectra for the PVDF and composite micro-
spheres, further elucidating the physical interaction of ZnO with PVDF
without the formation of any additional chemical bonding. All vibration
bands correspond to different stretching and bending vibrations of the
PVDF molecular chains. Specifically, the peaks at 1179 cm™* and 1397
cm ! in all composites relate to C-F bond vibrations in the PVDF skel-
eton. When compared with neat PVDF, there is a slight change in the
intensity of these peaks in the ZnO-containing composite microspheres,
which can be attributed to the influence of Zn-O bonding vibrations on
the PVDF skeleton. However, the comparatively lesser amount of ZnO is
the reason behind the less significant variation in this case.

The morphological analysis of the phase-separated particles was
conducted using SEM images, as depicted in Fig. 4. During phase sepa-
ration at the interface, the microspheres begin to form and settle at the
bottom of the tube through diffusion-assisted precipitation (Mishra
et al., 2022). As indicated in a previous study (Mishra et al., 2022), the
interactions between the —CF; dipoles of the PVDF chains and water
molecules lead to the self-folding of the polymer, resulting in the for-
mation of microspheres, which consistently occur at the solvent inter-
face. Introducing the non-polar solvent, acetone, to the medium
interrupts the hydrogen bonds between water molecules, creating voids.
Simultaneously, this process can initiate new hydrogen bond formations
between neighbouring water molecules, preventing longer polymeric
chains from entering the voids. This reduces the surface area and sub-
sequently affects the formation of polymer microspheres. The SEM
image clearly shows the spherical morphology of all particles, and the
average particle size distribution indicates no significant influence on
particle size with varying ZnO concentration. The ZnO particles formed
a nanoflake structure, as depicted in the inset of Fig. 4b; however, these
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Fig. 3. (a) XRD and (b) FTIR for PVDF-ZnO nanocomposite.
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structures are consistently enveloped within the polymer chains in the
nanocomposite morphologies. This uniform and well-distributed
arrangement of microspheres within the polymer medium (also evi-
denced from the EDX mapping image in the Fig. 4c inset) during com-
posite preparation can be attributed to this phenomenon.

The endothermal and exothermal curves obtained from the differ-
ential scanning calorimetry (DSC) analysis of PVDF and its nano-
composites were examined (Fig. S2). A comparison between PVDF-ZnO
and the pure polymer revealed a slight improvement in crystallization
and melting temperatures. However, minimal variations were observed
when different concentrations of ZnO (1 wt%, 2 wt%, and 3 wt%) were
compared. The presence of ZnO in the nanocomposite acted as a
nucleating agent, accounting for the observed effects on crystallization
and melting temperatures (Yang et al., 2014). Interestingly, slight in-
creases were observed in the melting and crystallization temperatures
when comparing the PVDF-ZnO nanocomposite to pure PVDF. These
findings suggest that incorporating ZnO into the PVDF matrix influences
its crystallization behaviour, primarily by affecting the polymer chain

mobility and kinetics. The results indicate the potential of PVDF-ZnO
nanocomposites in improving structural stability and promoting strong
intermolecular forces.

The thermogravimetric and derivative thermogravimetric curves
were obtained for the PVDF-ZnO nanocomposite particles, as shown in
Fig. S3. The curves indicate that the PVDF composites exhibit excellent
stability up to approximately 480 °C, beyond which degradation occurs.
In comparison, the pure PVDF material shows a decomposition tem-
perature of around 450 °C. However, with the addition of ZnO (Du et al.,
2018), the decomposition temperature increases to approximately
480 °C. This enhancement can be attributed to the effective dispersion of
ZnO within the PVDF polymer matrix, which restricts the mobility of
PVDF chains. The presence of well-dispersed nanoparticles leads to a
higher crosslink density, stronger adhesion with the polymer chains, and
improved crystallinity, consequently improving thermal stability (Tsai
et al.,, 2011). Moreover, the PVDF-ZnO nanocomposite exhibits a
remarkable improvement in thermal stability, achieving temperatures as
high as 480 °C when incorporating 1-3 wt% of ZnO.
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3.3. Photocatalytic activity of PVDF-ZnO composite microspheres

In the photocatalytic decomposition of dye pollutants, the excitation
of electrons creates electron-hole pairs between the conduction and
valence bands. The photogenerated holes (h™) in the valence band
subsequently react with either water molecules or hydroxide ions (OH").
The following reaction can describe this phenomenon.

h* +H,0 > OH +H*
h*+OH - OH"

Meanwhile, the electrons (e~) in the conduction band react with the O,
and generate Oy forming OH* radicals. The generated species finally
decompose the dye molecules.

e +0,-0; + H" - HO, + 0, - HO, + O
2HO,— H,0, + 0,

H,0, +hon— 2HO"

HO" + O + Pollutant— CO, 4+ H,0

In the PVDF-ZnO microspheres, the photocatalytic mechanism (Fig. 5)
begins with the absorption of photons by uniformly distributed ZnO,
leading to the generation of electron-hole pairs in its conduction and
valence bands, respectively. These electron-hole pairs migrate to the
surface of the ZnO particles, where they participate in redox reactions
with adsorbed species, such as water molecules or hydroxide ions
(OH—), as explained before. Specifically, photogenerated holes (h) in
the valence band can oxidize water molecules or hydroxide ions to
produce hydroxyl radicals (OHe), which are highly reactive and
contribute to the degradation of organic pollutants. Meanwhile, photo-
generated electrons (e-) in the conduction band can reduce oxygen
molecules to form superoxide radicals (Oge-), which also participate in
oxidative reactions with organic molecules. Additionally, the presence
of the polymer composite microsphere provides a stable support matrix
for the ZnO nanoparticles, ensuring their uniform distribution and
facilitating the adsorption of dye molecules onto the catalyst surface.
This enhanced adsorption, combined with the efficient charge separa-
tion and transfer properties of ZnO, promotes the degradation of various
dye molecules through oxidative and/or reductive pathways, ultimately
leading to the effective removal of pollutants from the environment.
The photocatalytic properties of all PVDF/ZnO composite particles
were thoroughly examined using three organic dyes, namely MO, TB,
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and CR. The PVDF-ZnO composite fabricated through the phase sepa-
ration assisted nanoprecipitation technique facilitates high surface area
and exposure of ZnO active sites within the composites. This interaction
between the dye molecules and ZnO active sites enhances photon ab-
sorption, generating electron-hole pairs that initiate the photocatalytic
process. For the photocatalytic experiments, solutions of the three dyes
were prepared at a concentration of 10 ppm. Subsequently, 5 ml of each
dye solution was measured, and 0.02 g of the PVDF-ZnO nanocomposite
was added to each solution. The absorbance of the dyes was measured at
specific intervals (0.5, 1, 2, 3, and 6 h) using a spectrophotometer.
Though PVDF is a favourable choice for fabricating mechanically and
chemically stable nanocomposites through the phase separation
method, the polymer does not possess any inherent photocatalytic
properties (Kang and dong, Cao Y ming. , 2014). Using the nano-
precipitation technique, synthesizing the PVDF-ZnO composite at
various ZnO concentrations (1 wt%, 2 wt%, and 3 wt%) ensured the
successful incorporation of ZnO active sites onto PVDF chains. By
monitoring the absorbance of the dyes at various time intervals, we
could quantitatively evaluate the photocatalytic activity of the com-
posites. The results obtained from this comprehensive investigation
provide valuable insights into the photocatalytic efficiency of the PVDF-
ZnO composite, thereby elucidating its potential applications in envi-
ronmental remediation and wastewater treatment. Moreover, the find-
ings offer valuable information on the impact of ZnO concentration on
the photocatalytic behaviour of the composite material.

To investigate the degradation process and reusability of PVDF-ZnO
composites towards different concentrations of CR dye (1 %, 2 %, and 3
%), absorption spectra and cyclic photodegradation experiments were
conducted, as depicted in Fig. 6a, b, and c. Continuous monitoring of the
UV absorption spectra of CR observes noticeable changes in absorbance
under prolonged light exposure. The results demonstrate a decreasing
trend in absorbance as the irradiation time increases. In particular, a
significant weakening of the absorption peak intensity was observed
after 6 h of irradiation, indicating a substantial decrease in CR concen-
tration within the solution. The degradation efficiencies are quantified
by comparing the absorbance values obtained from the UV-visible
spectral analysis. The degradation typically results in a decrease in
absorbance values with respect to the time of reaction, concentration of
ZnO, available surface interactions of catalysts with pollutants, etc.
These findings provide in-depth analysis of the remarkable photo-
catalytic activity of the PVDF-ZnO composites.

Additionally, the impact of varying ZnO concentrations within the
PVDF-ZnO nanocomposites on the photodegradation of CR is compared
using the photodegradation rate versus the time plots (Fig. 6d). At
higher ZnO concentrations (2 and 3 wt%), there may be an increased
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number of active sites for photocatalytic reactions, leading to initially
higher degradation rates. However, as the reaction progresses,
agglomeration of ZnO particles or excessive surface coverage may occur,
reducing the effective surface area and catalytic activity over time. On
the other hand, at lower ZnO concentration (1 wt%), while the initial
active sites may be fewer, the dispersion of ZnO particles may be more
uniform, allowing for sustained catalytic activity over the longer term.
After 6 h of photocatalysis, the highest degradation percentage is ach-
ieved for a ZnO concentration of 1 wt%, reaching 35 %.

Fig. 7 exhibits the absorption spectra and degradation kinetics of the
PVDF-ZnO composite microspheres using the MO dye. The results
consistently show a decrease in absorbance as the duration of the irra-
diation increases, with a notable weakening of the absorption peak
observed after 6 h of exposure. This indicates a substantial reduction in
the concentration of MO within the solution, highlighting the remark-
able photocatalytic activity of the PVDF-ZnO composites. This study
emphasizes the composites’ potential for effectively degrading MO dye,
highlighting the applications of PVDF-ZnO composites in photocatalysis
and wastewater treatment. In addition, the variation in photo-
degradation over time, as depicted in Fig. 7d, clearly illustrates a decline
in photodegradation efficiency with increased concentrations of ZnO
from 1 wt% to 3 wt%. Interestingly, the PVDF-ZnO 1 wt% nano-
composite exhibited the highest level of photodegradation (the reasons
were explained earlier), reaching an impressive rate of 86 % in this
study. Additionally, we explored the reusability of these composites,

N

revealing their promise as sustainable and cost-effective solutions.

Similarly, the photocatalytic efficiency of the microspheres was
tested using different dye compositions of TB (Fig. 8). The UV absorption
spectra of TB were continuously monitored throughout prolonged light
irradiation to observe any variations in absorbance. The results
demonstrate a consistent decrease in absorbance as the irradiation time
progresses. After 6 h of irradiation, a significant weakening of the ab-
sorption peak was observed, indicating a substantial reduction in TB
concentration. These findings also strongly emphasize the exceptional
photocatalytic activity exhibited by the PVDF-ZnO composites. As rep-
resented in Fig. 8d, a decrease in the efficiency of photodegradation was
observed with increasing ZnO concentration from 1 to 3 wt%. It is
important to highlight that among all the samples studied, the PVDF-
ZnO nanocomposite with a 1 wt% ZnO concentration displayed the
highest rate of photodegradation, reaching 84 %. These findings suggest
the existence of an optimal ZnO concentration for achieving efficient
photodegradation of all dye solutions. The primary reason for this ac-
tivity is the microsphere’s morphology, as smaller particles possess a
larger number of active surface sites, which can enhance photocatalytic
performance (Dodd et al., 2006; He et al., 2022).

Furthermore, the investigation also explored the reusability of
composites, underscoring their potential as sustainable and cost-
effective solutions. After photocatalysis, the solutions were centrifuged
to remove all particles, and the total organic content (TOC) values were
detected. The values were comparable to those of normal distilled water,
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confirming the absence of leaching or secondary pollution.

In all the photocatalytic degradation studies, the composite with 1 wt
% ZnO demonstrates the highest efficiency rate, influenced by several
experimental factors. The primary influence of this composition lies in
the uniform distribution of particles within the PVDF, enhancing
chemistry and reactivity compared to other ZnO compositions. This
uniform distribution also affects charge carrier dynamics, facilitating the
migration of photogenerated electron-hole pairs. As the 1 wt% ZnO
achieves ideal uniformity, it influences band gap dynamics, thereby
improving photocatalytic dye degradation.

Photocatalytic dye degradation in the presence of ZnO-reinforced
materials can be well described using mathematical modelling. The re-
action follows pseudo-first-order kinetics, as demonstrated in Fig. 9. The
corresponding mathematical equation can be defined as the following.

3)

Cy —
Degradation (%) = ( OC Cl)lOO

0

Cp and C; represent the initial and final concentration of the dye solu-
tion, respectively, before and after the radiation exposure. In the dye-
degradation process, the concentration of the nanocatalyst generally
exceeds that of the dye molecules in the medium, ensuring a relatively
constant dye composition conducive to pseudo-first-order kinetics.
Fig. 9 shows the pseudo-first-order reaction kinetics for all compositions
of ZnO nanoparticles in CR, MO and TB dye degradation. The wide band
gap, high electron mobility and ZnO photostability typically facilitate

the formation of photogenerated electron-hole pairs for effective charge
transfer. Despite the polymer chains covering the active ZnO sites in the
composite preparation, the surface area and porosity of the prepared
PVDF-ZnO microspheres remain highly beneficial due to the phase
separation mechanism. Upon contact with the active sites of ZnO, dye
molecules enhance photon absorption, generating electron-hole pairs
that drive the photocatalytic reaction. In all cases, the PVDF-ZnO 1 wt%
sample exhibits the highest degradation rate, especially during the later
stages of degradation. Comparing various dyes, MO and TB demonstrate
superior degradation ability compared to CR, attributed to the latter’s
higher structural stability. While various nanoarchitectures have been
explored for photocatalytic dye degradation in the literature, this study
distinguishes itself by combining nanoarchitecture with the structural
stabilization of nanomaterials embedded in polymer chains to mitigate
secondary pollution. This versatile approach facilitates the simple and
cost-effective separation of the catalyst after photodegradation.

Table 1 presents a comparison of the experimental observations we
obtained for the photocatalytic degradation efficiency with those
already available in the literature. As per the table, the current system
fabricated with the cheapest and least complicated method shows
comparatively better results.

The efficiency of the developed catalysts in preventing secondary
pollution was investigated by centrifuging the solution after photo-
catalysis for 6 h. Since the morphology and density of microspheres are
different from that of the water medium, the particles were easily
removed from the medium during centrifugation. The settled particles
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Fig. 9. Pseudo-first order rate kinetics for the degradation of (a) CR, (b) MO, and (c) TB using the PVDF-ZnO nanocomposite.

were then collected. The supernatant solution was checked for optical
transparency, and the presence of particles was explored using FTIR
spectral analysis, which showed no presence of polymer particles.

4. Conclusions

The PVDF-ZnO composite microspheres were prepared using a

straightforward phase separation-assisted nanoprecipitation method,
resulting in microspheres with excellent structural stability and crys-
tallinity, as confirmed by XRD and FTIR spectra. The photocatalytic
activity of these microspheres was evaluated by testing their ability to
degrade Methyl Orange, Thymol Blue, and Cresol Red dyes under
neutral pH conditions. Among the different ZnO concentrations tested in
the composite, the 1 wt% ZnO composite exhibited the highest catalytic
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Table 1
Comparison of current result with previously published literature.
Polymer Nanocomposite Maximum Reference
Degradation
Efficiency
CuO-ZnO nanocomposites with 20 82 % (Bekru et al.,
wt% CuO 2022)
PVDF/ZnO electrospun nanofibers 85 % (Parangusan
with 1 wt% ZnO et al., 2022)
ZnO nanoparticles 92 % (Ekennia et al.,
2021)
CuzS4/CuCo,04 yolk-shell 96.3 % (He et al., 2023
microspheres Feb)
Z-scheme KNbO3/ZnIn,S, hollow 99.8 % (He et al., 2023
core-shell microsphere Nov)
PVDF/GO/ZnO composite 86.84 % (Zhang et al.,
membranes 2019 Mar)
PVDF/ ZIF-8/Zn0 with 15 wt% 95.02 % (Tang et al., 2022
nanomaterial Feb)
This work; PVDF-ZnO 1 wt% 86 % Current Study

activity, showing great potential for practical applications. Specifically,
the degradation efficiencies of PVDF-ZnO 1 wt% towards MO, TB, and
CR dyes were found to be 86 %, 84 %, and 35 %, respectively, after 6 h of
sunlight exposure. Moreover, these microspheres proved to be effective
for degrading various types of dyes and could be easily separated from
the water medium without causing secondary pollution.
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