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ABSTRACT
The development of efficient and sustainable material for fluoride removal from contaminated water remains a
critical environmental challenge. In this study, iron tungstate (FeWO4) and FeWO./reduced graphene oxide (rGO)
nanocomposite were synthesized via hydrothermal approach and systematically evaluated for defluorination
performance. Structural and surface characteristics were examined using X-Ray diffraction analysis (XRD),
Scanning electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDS), BET Surface analyzer, X-
Ray photoelectron spectroscopy (XPS), Ultraviolet Visible spectroscopy, Thermogravimetric analysis (TGA) and
Fourier Transform Infrared spectroscopy (FTIR). The results confirmed the formation of monoclinic FeWO4 with
average crystallite sizes of 21.3 nm FeWOQOs and 16.9 nm for FeWO4+/rGO composite, indicating effective
dispersion of FeWO. on GO sheets. The incorporation of rGO slightly reduced the band gap (eV) from 2.71 to
2.21 for FeWO. and FeWO4/rGO respectively. The FeWO4/rGO nanocomposite exhibited higher fluoride removal
efficiency (33%) than pristine FeWOa (21%). Maximum adsorption efficiency of 44% was achieved at 25 mg
dosage, with optimal removal at low fluoride concentration (58% at 2 mg L'). Adsorption was favored at 30°C
indicating exothermic behavior. The composite also showed good reusability and retained its crystalline structure
after five cycles. The antibacterial performance of FeWO. and FeWO./rGO nanocomposites was investigated
against the Gram-positive bacterium S. aureus and the Gram-negative bacterium E. coli using the agar diffusion
technique. For S. aureus, FeWO4 showed inhibition zones of 14, 17 and 19 mm at 100, 50 and 10 pg/mL,
respectively, whereas FeWO./rGO exhibited higher activity with inhibition zones of 22 and 20 mm at 100 and 50
png/mL respectively. For E. coli, FeWOs demonstrated inhibition zones of 12, 16 and 19 mm, while FeWO4/rGO
showed limited activity with a maximum inhibition zone of 10 mm at 100 pg/mL. The enhanced antibacterial
activity of FeWO4/rGO against S. aureus may be attributed to the synergistic effect of rGO promoting reactive
oxygen species generation and membrane disruption. These results indicate that FeWQa4 is more effective against
E. coli, whereas FeWO4/rGO exhibits superior activity against S. aureus at higher concentrations.
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and dye pollutants, due to its strong surface affinity

1. Introduction

Iron tungstate (FeWO.), a transition metal tungstate
with a monoclinic wolframite crystal structure, has
gained significant interest owing to its excellent
chemical stability, narrow band gap and desirable
redox characteristics'2. Owing to the presence of
Fe**/Fe* and W ions, FeWO. exhibits unique
electronic and catalytic characteristics that make it a
promising  candidate  for  applications in
photocatalysis, adsorption, electrochemical energy
storage, and environmental remediation®>. In
particular, FeWOs has demonstrated notable
potential in the removal of inorganic and organic
contaminants from water, including fluoride ions

and chemical robustness®’. However, the practical
performance of pristine FeWOs is often limited by
factors such as low surface area, particle
agglomeration, and rapid recombination of
photogenerated charge carriers®.

To overcome these limitations, hybridization of
FeWO. with carbon-based nanomaterials has
emerged as an effective strategy. Among various
carbon-based materials, reduced graphene oxide
(rGO) is extensively recognized for its large surface
area, superior electrical conductivity, and excellent
mechanical stability>!?. The incorporation of rGO
into metal oxide systems can significantly enhance
charge transport, suppress electron—hole
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recombination, and improve adsorption capacity by
providing abundant active sites and w=m
interactions!'2.  Consequently, = FeWO4/rGO
nanocomposites have been developed to exploit the
synergistic interaction between the metal tungstate
and the graphene matrix '3,

Recent studies have reported that FeWO./rGO
nanocomposites exhibit superior performance
compared to pristine FeWO. in photocatalytic dye
degradation, antibacterial activity, and adsorption-
based water purification processes'* !¢, The rGO
sheets not only act as conductive pathways for
efficient electron transfer but also facilitate uniform
dispersion of FeWO. nanoparticles, thereby
enhancing structural stability and functional
efficiency!”'8. These advantages make FeWO/rGO
nanocomposites attractive multifunctional materials
for sustainable environmental applications.
Therefore, systematic investigation of the synthesis,
structural properties, and functional performance of
FeWO4/rGO composites is essential to further
advance their application in water treatment
technologies. In this study the FeWO4/rGO
nanocomposites were synthesized by the
hydrothermal method a sustainable approach that
removed the fluoride ion and shown its enhanced
antibacterial activity. This method provides several
benefits, including operational simplicity, low cost,
eco-friendly nature, non-toxicity, reproducibility
and effective control over nanoparticle formation.
2. Experimental section

2.1. Materials used

Graphite, Ferric nitrate (Fe(NOs)2), Sodium
tungstate (Na:WOs), Sodium hydroxide (NaOH),
Sodium borohydride(NaBHa4), Sodium nitrate
(NaNOs), Potassium permanganate (KMnOs),
Hydrogen peroxide (H20:), and Sulphuric acid
(H2S04) were procured from Merck India with
analytical reagent (AR) grade purity (>98%).
Double-distilled water (2D) was used throughout the
experimental work.

2.2. Synthesis of FeWO4/rGO composite

The hydrothermal method was used to create the
FeWO4/rGO composite. First, 50 milliliters of
double distilled water was mixed with equal
amounts of Fe(NO3),; and Na,WO,, and the mixture
was stirred for one hour. Following the stirring
process, the pre-calculated GO (50 mg) was
incorporated into the mixture solution and permitted
to stir for an additional hour. The homogeneous
mixture solution was transferred to a Teflon beaker,
which was then placed inside a stainless-steel
hydrothermal bomb. This setup was sealed and
maintained in a hot air stabilizer, where it underwent
heating at 180 °C for 5 hours. The device should be
allowed to cool to room temperature after
completing the procedure. The product was then
isolated from the solution through repeated
centrifugation and washing with water, followed by
drying in an oven overnight at 60°C. The identical

method was employed to synthesize FeWOQj in the
absence of GO. Graphene oxide (GO) was
synthesized wusing the modified Hummers’
method?’.
2.3. Characterization
The crystallite size and phase composition of the
synthesized materials were analyzed using a powder
X-ray diffractometer (Bruker DS8) equipped with
Cu—Ko radiation ((\lambda = 1.54) A), operated at
30 kV and 40 mA. The optical properties and band
gap energies were determined using a UV—Visible
spectrophotometer (Shimadzu 2600R), with BaSO.
used as the reference material. X-ray photoelectron
spectroscopy (XPS) analysis was carried out using a
Shimadzu instrument with an Al-Ka radiation
source (1489.5 eV), operated at an emission current
of 10 mA and voltage of 15 kV to investigate the
electronic states of the synthesized nanomaterials.
The morphology and elemental composition of the
FeWO4/rGO composite were examined by
transmission electron microscopy (TEM) coupled
with energy-dispersive X-ray analysis (EDX) using
a JEM-2100 instrument operated at 200 kV.
Samples were prepared on carbon-coated copper
grids for imaging. Functional groups present in the
synthesized materials were identified using Fourier
transform infrared spectroscopy (FTIR, Bruker
ALPHA-E) in the range of 900-4000 cm™ with a
resolution of 4 cm™'. The specific surface area of the
synthesized samples was measured using a Nova
2200e BET surface area analyzer under liquid
nitrogen conditions.
2.4. Fluoride removal experiment
The fluoride ion removal efficiency of FeWO4 and
FeWO4/rGO nanocomposites was calculated using
the following equation (Eq.1)where (Cy) represents
the initial fluoride concentration and (C;) represents
the fluoride concentration after adsorption at time
(t). The FeWO4rGO nanocomposite exhibited
higher fluoride removal efficiency (33%) compared
to pristine FeWOas (21%), indicating the enhanced
adsorption capability of the rGO-incorporated
composite.

— Ct
— x 100 Eq.1

o)
Here, C, and C; are the absorbance of the collected

solution at time ‘zero’ and ‘t’ respectively.

2.5. Antimicrobial performance

The antimicrobial potential of the samples was
determined using the agar well diffusion technique
as described by Perez et al. (1990). Sterile cotton
swabs were used to evenly distribute microbial
inoculum across the surface of the solidified Miiller—
Hinton agar plates. Wells were then aseptically
punched into the agar and aliquots of the test
samples (100 pg/mL, 50 pg/mL, and 10 pg/mL
prepared from a 1 mg/mL stock solution) were
introduced into the respective wells. Plates
inoculated with E. coli and A. niger were incubated
at 37°C for 24 hours. Following incubation, the

Removal % =
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antimicrobial activity was evaluated by measuring
the diameter (mm) of the inhibition zones formed
around each well.

3. Results and discussion

3.1.X-Ray Diffraction (XRD) analysis

Figure 1 illustrates the XRD patterns of GO, FeWOs,
and the FeWO4/rGO nanocomposite recorded in the
20 range of 10-90°. The diffraction pattern of GO
exhibits a broad peak centered at approximately 260
=11°, corresponding to the (001) plane[4], which
arises from increased interlayer spacing due to the
presence of oxygen-containing functional groups,
confirming the successful oxidation of graphite to
graphene oxide. The XRD pattern of FeWO.
displays a series of sharp and well-defined
diffraction peaks at 20 = 23.5°, 30.2°, 35.6°, 40.4°,
49.8°, 54.3°, 60.8°, 65.2°, and 72.4°, which can be
indexed to the (100), (011), (111), (020), (121),
(211), (031), (220), and (221) crystallographic
planes, respectively. These diffraction peaks are
consistent with the standard JCPDS card No. 21-
0863, confirming the successful formation of
monoclinic wolframite-structured FeWO4 with good
crystallinity and phase purity'®.

In the FeWO./rGO nanocomposite, all characteristic
diffraction peaks of FeWOs are retained, indicating
that the crystal structure of FeWO. remains
unchanged after integration with rGO. Notably, the
disappearance of the GO (001) peak at 10-11° in the
composite pattern suggests effective reduction of
GO to rGO and exfoliation of graphene layers
during composite synthesis. The slight reduction in
peak intensity and minor broadening observed in the
composite may be attributed to strong interfacial
interactions between FeWQa nanoparticles and rGO
sheets, as well as improved dispersion of FeWOs
within the graphene matrix. These results
collectively confirm the successful synthesis of the
FeWO4+rGO  nanocomposite. =~ The  average
crystalline size(D) of hydrothermally prepared
material was measured by Deby-Scherer formula
Eqn (2) and the average crystalline size of the
FeWO. is obtained as 14.58nm and the FeWO4/rGO
nanocomposite is calculated and found to be 6.6nm.

3.2. FTIR analysis

Figure 2 shows the FTIR spectra of pristine FeWOa.
and the FeWO4/rGO nanocomposite recorded in the
range of 4000-500 cm™. The spectrum of FeWO4
exhibits characteristic absorption bands associated
with the metal-oxygen framework of iron tungstate.
The strong absorption band observed below 700
cm!, with a prominent peak near 570 cm™, is
attributed to the stretching vibrations of Fe—O and
W-O bonds in the wolframite crystal structure,
confirming the formation of FeWOa.. A weak and
broad band in the region of 3300cm™ can be
ascribed to O—H stretching vibrations arising from
surface-adsorbed water molecules or hydroxyl
groups. The absorption feature around 2350 cm™ is

commonly associated with atmospheric CO: and
does not originate from the sample itself?’. In the
FTIR spectrum of the FeWO4/rGO nanocomposite,
several notable changes are observed. The intensity
of the broad O—H stretching band in the 3300 cm™!
region is reduced compared to pristine FeWOa,
indicating partial reduction of oxygen-containing
functional groups during composite formation.
Additionally, weak bands in the region of 1650 cm™
correspond to the skeletal vibration of sp?-bonded
C=C in reduced graphene oxide, confirming the
presence of rGO in the composite. The characteristic
Fe—O and W-O vibration bands below 700 cm™
remain clearly visible in the composite spectrum,
demonstrating that the FeWOa. crystal structure is
preserved after integration with rGO. The strong
interfacial interaction between FeWOQO4 nanoparticles
and rGO sheets is expected to facilitate charge
transfer and enhance the functional efficiency of the
composite for photocatalytic and environmental
applications.

3.3. Scanning electron microscopy

The surface morphology of the synthesized FeWO.
and FeWO.4/RGO nanocomposites were investigated
using SEM, as illustrated in Fig. 3(a—d). The low-
magnification image (Fig. 3a) reveals the
characteristic wrinkled and sheet-like architecture,
indicating the effective incorporation of FeWO.
nanoparticles onto its surface. At higher
magnification (Fig. 3b), the FeWO4 nanoparticles
exhibit predominantly spherical to polyhedral
shapes and are homogeneously dispersed across the
graphene layers. The intermediate magnification
image (Fig. 3c) further demonstrates the formation
of a dense and uniform coating of FeWOs.
nanoparticles on the RGO sheets, which helps
prevent restacking of graphene layers while
increasing the available surface area®'. The figure 3d
confirms that the FeWOa nanoparticles are firmly
anchored onto the conductive RGO matrix, with
particle sizes mainly ranging from 20-50 nm, along
with occasional larger agglomerates measuring
approximately 60-80 nm. This well-integrated
nanostructure, consisting of uniformly distributed
FeWOs nanoparticles on RGO nanosheets, is
expected to provide enhanced surface area,
improved electrical conductivity, and better
structural stability, making it highly suitable for
electrochemical applications.

3.4. Energy Dispersive X-Ray Spectroscopy
(EDS)

A comparative evaluation of the EDS results for
pristine FeWO. and FeWO.rGO nanocomposite
provides valuable insight into the compositional
changes induced by rGO incorporation. In the case
of FeWOs, the EDS spectrum confirms the presence
of Oxygen (O), Iron (Fe), and Tungsten (W) as the
principal elements, with oxygen contributing 40.88
wt% (71.30 at%), iron 56.73 wt% (28.34 at%), and
tungsten 2.39 wt% (0.36 at%) were shown in figure
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4. This elemental distribution is consistent with the
stoichiometry of iron tungstate and confirms the
successful formation of a pure FeWO4 phase without
detectable impurities®2.

In contrast, the EDS analysis of the FeWO./rGO
nanocomposite reveals the additional presence of
carbon (C) alongside O, Fe, and W, confirming the
successful integration of reduced graphene oxide
into the composite matrix. In this case, oxygen
accounts for 41.24 wt% (65.52 at%), iron for 51.44
wt% (23.36 at%), tungsten for 2.09 wt% (0.29 at%),
and carbon for 5.13 wt% (10.83 at%). The slight
decrease in the relative weight and atomic
percentages of iron and tungsten in the composite,
compared to pristine FeWOs, can be attributed to the
incorporation of carbon from rGO, which modifies
the overall elemental composition.

The comparatively low atomic percentage of
tungsten observed in both samples is primarily due
to its high atomic mass, resulting in a smaller atomic
fraction despite a measurable weight contribution.
Importantly, the appearance of carbon in the
FeWO4/rGO sample, coupled with the retention of
Fe and W signals, confirms that rGO incorporation
does not disrupt the iron tungstate framework but
instead forms a hybrid nanocomposite through
effective interfacial integration.

3.5. Transmission electron microscopy

The transmission electron microscopy (TEM)
images presented in Fig.5(a—f) provide detailed
insight into the morphology and microstructural
features of the synthesized FeWO4/rGO
nanocomposite. At low magnification (Fig.5a), the
sample exhibits irregularly shaped agglomerates,
indicating the clustering of nanoparticles within the
graphene framework. Fig.5(b) reveals that these
aggregates are composed of densely packed
nanograins,  suggesting strong interparticle
interactions.

The selected area electron diffraction (SAED)
pattern shown in Fig. 5(c) exhibits concentric
diffraction rings, indicating the polycrystalline
nature of FeWOa.. These rings correspond to
different crystallographic planes, confirming its
crystalline structure?. In contrast, the TEM image in
Fig. 5(d) reveals nearly spherical to slightly irregular
nanoparticles with a broad size distribution,
suggesting partial agglomeration during the
synthesis process.

A more detailed view in Fig.5(e) shows that the
individual nanoparticles vary in size, with larger
particles surrounded by smaller ones, forming a
heterogeneous nanostructure. This variation in
particle size can contribute to increased surface area
and enhanced reactivity. Furthermore, the SAED
pattern in Fig.5(f) exhibits distinct bright spots along
with diffuse rings, indicating the coexistence of
crystalline FeWOs and the partially disordered
structure of reduced graphene oxide (rGO).

3.6. BET Surface area and Porosity Analysis

Nitrogen adsorption—desorption measurements were
carried out to evaluate the surface characteristics and
porosity of the prepared material. The analysis was
performed using N, as the adsorptive at 77 K under
standard BET conditions. The sample mass used for
the measurement was 0.07 g. The adsorption—
desorption isotherm reveals distinct features
indicative of the material’s pore structure. At very
low relative pressures (P/Po < 0.05), a sharp increase
in nitrogen uptake 1is observed, which is
characteristic ~ of  strong  adsorbate—surface
interactions and suggests the presence of
microporous domains. This initial steep region
corresponds to monolayer adsorption and is critical
for determining the BET surface area. As the relative
pressure increases, the adsorption curve gradually
transitions into a multilayer adsorption regime,
showing a steady but moderate increase in adsorbed
volume.

Furthermore, the isotherm displays a noticeable
hysteresis loop in the intermediate to high relative
pressure range (P/Po=0.4-1.0), which is typically
associated with capillary condensation within
mesoporous  structures’®. According to TUPAC
classification, this behavior corresponds to a Type
IV isotherm confirming the coexistence of
mesoporosity along with limited microporosity. The
relatively narrow hysteresis loop suggests a uniform
pore size distribution and well-defined pore
channels.

The maximum nitrogen adsorption capacity reaches
approximately 35 cm?® g™! for FeWO. and 38 cm? g™
for FeWO4/rGO at P/Po close to unity, indicating a
moderate specific surface area compared to highly
porous nanomaterials. In contrast, the second
isotherm shows a significantly higher adsorption
volume 120cm?® g™!, reflecting a much larger surface
area and a predominantly microporous nature with
minimal hysteresis. This suggests that structural
modification, possibly through incorporation of
carbonaceous components such as reduced graphene
oxide, enhances surface accessibility and adsorption
capacity. The observed adsorption behavior
confirms that the material possesses a hierarchical
pore structure, combining both micro and
mesoporous features.

3.7. Thermogravimetric analysis

Figure 7 presents the thermogravimetric (TGA)
profiles of pristine FeWO. and the FeWO./rGO
nanocomposite recorded from room temperature to
1000°C. The TGA curve of FeWOas demonstrates
high thermal stability, with a minimal weight loss of
approximately 2% throughout the temperature
range. The slight mass loss below 150°C is mainly
attributed to the removal of physically adsorbed
moisture and weakly bound surface species®. A
gradual and negligible weight reduction between
200 and 600°C may be associated with the removal
of residual hydroxyl groups and minor structural
changes within the FeWO: lattice. Beyond 600°C,
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the curve remains nearly constant, confirming the
high thermal robustness and structural stability of
FeWO..

In contrast, the FeWO./rGO nanocomposite exhibits
a more noticeable weight loss due to the
incorporation of reduced graphene oxide. The initial
slight mass loss below 150°C is attributed to the
removal of physically adsorbed water. A gradual
weight reduction up to 400°C is associated with the
decomposition of residual oxygen containing
functional groups on the rGO sheets. A major weight
loss observed between 400 and 600°C is mainly
related to the thermal decomposition of the
carbonaceous rGO component, which is associated
with the thermal decomposition and partial
oxidation of the rGO carbon framework. After
600°C, the mass of the composite stabilizes,
indicating that the remaining material consists
predominantly of thermally stable FeWO..

The total weight loss of the FeWO./rGO
nanocomposite is estimated to be around 7-8%,
which corresponds to the carbonaceous content
contributed by rGO. The comparison of both curves
demonstrates that while FeWQa exhibits superior
intrinsic  thermal  stability, the FeWO4rGO
composite maintains adequate stability up to high
temperatures, making it suitable for photocatalytic
and environmental applications. Furthermore, the
intimate interaction between FeWOQO4 nanoparticles
and rGO sheets likely enhances the thermal
endurance of the composite by restricting rapid
carbon degradation.

3.8. UV-Visible spectroscopy

Figure 8 shows the UV—visible absorption spectra of
pristine FeWO4 and the FeWO4/rGO nanocomposite
in the wavelength range of 200-800 nm. Both
materials exhibit broad absorption in the UV and
visible regions, suggesting their suitability as
visible-light-responsive materials.

The FeWOs sample shows a gradual increase in
absorbance from the UV region toward the visible
range, followed by a sharp absorption edge around
580 nm, which is characteristic of iron tungstate.
This absorption behavior can be attributed to
electronic transitions from the valence band,
primarily composed of O 2p orbitals, to the
conduction band formed by Fe 3d and W 5d states.
The absorption edge position confirms the
semiconducting nature of FeWO4 and its capability
to absorb visible light.

In comparison, the FeWO./rGO nanocomposite
exhibits slightly enhanced absorption intensity
throughout the visible region relative to pristine
FeWO.. This enhancement is associated with the
presence of reduced graphene oxide, which
promotes extended light absorption due to its T—m*
electronic transitions and strong light-harvesting
ability. Moreover, the absorption edge of the
composite shows a marginal red shift toward longer
wavelengths, indicating a reduction in the effective

band gap energy. This shift suggests improved
charge transfer interactions between FeWOs
nanoparticles and rGO sheets, which facilitate
electron mobility and suppress charge -carrier
recombination.

3.9. Fluoride (F') Removal Performance

Figure 9(a) compares the fluoride removal
efficiency of pristine FeWO4 and the FeWO./rGO
nanocomposite under identical experimental
conditions. As observed, FeWQa4 exhibits a fluoride
removal efficiency of approximately 21%,
indicating moderate adsorption capability toward
fluoride ions. This lower performance may be
attributed to the comparatively smaller surface area
and limited number of active adsorption sites present
on the FeWOs surface. In contrast, the FeWO4/rGO
nanocomposite  demonstrates a  significantly
enhanced fluoride removal efficiency of about 33%,
highlighting the positive role of rGO incorporation.
The improvement in fluoride adsorption can be
ascribed to the synergistic interaction between
FeWOu4 nanoparticles and reduced graphene oxide
sheets. The presence of rGO provides a larger
specific surface area, increased porosity and
additional functional groups, which collectively
facilitate stronger electrostatic interactions and
surface complexation with fluoride ions.
Furthermore, rGO acts as a supportive matrix that
promotes  uniform  dispersion of FeWO.
nanoparticles,  thereby  preventing  particle
agglomeration and exposing more active sites for
adsorption. The enhanced removal efficiency
observed for the FeWO./rGO composite confirms
that coupling FeWO. with rGO effectively improves
its adsorption performance.

a. Effect of pH on fluoride ion removal

The influence of solution pH on fluoride (F)
removal efficiency was systematically investigated
over a pH range of 3 to 12, as illustrated in the figure
9(b). The results demonstrate a strong dependence
of adsorption performance on the pH of the aqueous
medium.

At acidic conditions (pH 3), the fluoride removal
efficiency is relatively low (12%), which can be
attributed to the competition between excess
hydrogen ions (H') and fluoride ions for the
available active adsorption sites. Additionally, under
highly acidic environments, partial protonation of
the adsorbent surface may reduce its affinity toward
fluoride ions.

As the pH increases from 3 to 7, a gradual
improvement in removal efficiency is observed,
reaching approximately 23% at neutral pH. This
trend suggests reduced competition from protons
and improved interaction between fluoride ions and
the active adsorption sites of the adsorbent.The
surface charge of the material becomes more
favorable for adsorption in this pH range.A
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significant increase in fluoride removal is observed
when the pH is further raised to alkaline conditions.
At pH 8, the removal efficiency sharply rises to
about 40%, indicating optimal adsorption
conditions. This enhanced performance may be
associated with improved electrostatic attraction and
possible ion-exchange mechanisms between
fluoride ions and surface functional groups.

The maximum removal efficiency (42%) is achieved
at pH 10, suggesting that moderately alkaline
conditions are most favorable for fluoride
adsorption. However, a slight decrease in removal
efficiency is noted at pH 12 (39%), which can be
attributed to the increased presence of hydroxide
ions (OH"). These ions compete with fluoride ions
for the available adsorption sites, leading to a
decrease in overall removal efficiency.

b. Effect of Catalyst Loading on Fluoride
Removal

Figure 9(c) illustrates the influence of catalyst
dosage on fluoride (F~) removal efficiency using the
FeWO4/rGO nanocomposite. The catalyst loading
was varied from 10 to 30 mg while keeping other
experimental parameters constant. As shown in the
figure 8(c), fluoride removal efficiency increases
progressively with increasing catalyst dosage up to
an optimal level.

At a catalyst dosage of 10 mg, the fluoride removal
efficiency was relatively low (13%), likely due to
the limited number of available active adsorption
sites.As the dosage increases to 12, 14 and 16 mg,
the removal efficiency improves significantly to 9%,
25% and 31%, respectively. This enhancement is
primarily due to the increased surface area and
higher number of active sites available for fluoride
adsorption.

Further increasing the catalyst loading to 18 and 20
mg results in a marked rise in fluoride removal,
reaching 37% and 42% respectively. The maximum
removal efficiency of approximately 44% is
observed at a catalyst loading of 25 mg, indicating
the optimal dosage for fluoride adsorption under the
studied conditions. The slight decrease in fluoride
removal efficiency (42%) is observed when the
catalyst loading is increased to 30 mg. This decrease
may be due to particle agglomeration at higher
dosages, which lowers the effective surface area and
restricts access to adsorption sites. Furthermore,
excessive catalyst loading may result in overlapping
of active sites, thereby reducing adsorption
efficiency.

c. Effect of Initial Fluoride Concentration on
Fluoride Removal

Figure 9(d)illustrates the influence of initial fluoride
(F") concentration on the removal efficiency of the
FeWO4rGO nanocomposite under optimized
experimental conditions. The initial fluoride
concentration was varied in the range of 2-20 mg
L', while other parameters such as contact time, pH,
and catalyst dosage were maintained constant.

As shown in the figure, the fluoride removal
efficiency is highest at the lowest initial
concentration, reaching approximately 58% at 2 mg
L. When the fluoride concentration increases to 5
mg L1, the removal efficiency decreases to about
45%, followed by a further reduction to 42% at 10
mg L', A similar removal efficiency is observed at
15 mg L', indicating saturation of available
adsorption sites. At the highest concentration of 20
mg L' the fluoride removal efficiency drops
significantly to approximately 31%.

The decrease in removal efficiency with increasing
fluoride concentration may be attributed to the
limited availability of active adsorption sites on the
FeWO«#rGO  surface. At lower fluoride
concentrations, sufficient active sites are accessible,
allowing efficient adsorption. However, as the
fluoride concentration increases, competition
among fluoride ions intensifies, leading to surface
saturation and reduced removal efficiency.
Additionally, higher ionic strength at elevated
fluoride concentrations may hinder effective
interaction between fluoride ions and adsorption
sites.These results indicate that the FeWO./rGO
nanocomposite exhibits higher fluoride removal
efficiency at lower initial fluoride concentrations,
highlighting the importance of optimizing pollutant
concentration for effective defluoridation. These
findings further demonstrate the potential of
FeWO4/rGO as an efficient adsorbent for fluoride
removal from aqueous systems.

d. Effect of Temperature on Fluoride Removal

Figure 9(e) shows the effect of solution temperature
on the fluoride (F°) removal efficiency of the
FeWO4/rGO nanocomposite. The study was carried
out in the temperature range of 15—40°C while
maintaining constant pH, contact time, catalyst
dosage, and initial fluoride concentration. At 15 °C,
the fluoride removal efficiency was relatively low
(27%), which can be attributed to reduced kinetic
energy of fluoride ions and limited interaction
between the adsorbent surface and the adsorbate. As
the temperature increased to 25°C, the removal
efficiency improved to approximately 33%,
indicating enhanced mass transfer and increased
accessibility of active adsorption sites.

A maximum fluoride removal efficiency of about
41% was achieved at 30°C, suggesting that
moderate temperature conditions favor the
adsorption process. The increased thermal energy at
this temperature likely promotes faster diffusion of
fluoride ions toward the FeWO./rGO surface and
facilitates stronger surface interactions, resulting in
improved adsorption efficiency.

However, further increasing the temperature to 40°C
resulted in a noticeable decrease in fluoride removal
efficiency (36%).This reduction may be associated
with partial desorption of fluoride ions from the
adsorbent surface or weakening of adsorption forces
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at elevated temperatures, indicating that the
adsorption process is predominantly exothermic in
nature. These results demonstrate that temperature
plays a significant role in fluoride adsorption, with
30 °C identified as the optimal temperature for
maximum removal efficiency. These findings
highlight the importance of operating temperature
optimization to achieve effective and energy-
efficient  defluorination  using  FeWO./rGO
nanocomposites.

e. Reusability and Stability of FeWO4/rGO for
Fluoride Removal

Figure 9() illustrates the reusability performance of
the FeWO4/rGO nanocomposite over five
consecutive adsorption cycles for fluoride (F°)
removal under optimized experimental conditions.
In the first cycle, the nanocomposite exhibits a
fluoride removal efficiency of approximately 42%,
demonstrating its effective adsorption capability. In
subsequent cycles, a gradual decline in removal
efficiency is observed, with values of 41%, 37%,
31% and 24% recorded for the second, third, fourth,
and fifth cycles, respectively.

The slight decrease in adsorption efficiency after
repeated cycles may be due to partial blockage of
active sites by strongly adsorbed fluoride ions or
incomplete desorption during regeneration.. As the
number of cycles increases, further efficiency loss is
likely caused by surface fouling, minor structural
changes, or gradual loss of active functional groups
responsible for fluoride binding.

Despite the gradual decrease, the FeWO./rGO
nanocomposite maintained a considerable portion of
its initial adsorption capacity after five cycles,
demonstrating good structural stability and
reusability. The presence of rGO plays a crucial role
in maintaining mechanical integrity and preventing
severe agglomeration of FeWOs particles during
repeated adsorption—desorption processes. The
reusability results demonstrate that FeWO4/rGO is a
reasonably stable and reusable adsorbent for
fluoride removal, supporting its potential
application in practical water treatment systems.
Further optimization of regeneration methods could
enhance long-term performance and improve
adsorption durability.

f. Structural Stability and Reusability Analysis
by XRD

Figure 9(g) presents the XRD patterns of the fresh
FeWO4rGO nanocomposite and the material
recovered after the fifth adsorption cycle. The
diffraction pattern of the pristine FeWOQO./rGO
sample exhibits well-defined and sharp peaks
corresponding to the characteristic crystallographic
planes of monoclinic FeWOs, confirming its
crystalline nature. These peaks are consistent with
the standard diffraction data for FeWOas, indicating
successful formation of the nanocomposite.

After five consecutive fluoride adsorption—
desorption cycles, the XRD pattern of the reused
FeWO4/rGO catalyst shows no noticeable shift in
peak positions, and all major diffraction peaks
remain clearly visible. This observation confirms
that the crystal structure of FeWOsa is well preserved
even after repeated usage. The retention of peak
positions indicates that no phase transformation or
structural  degradation occurred during the
adsorption process.

However, the reused sample shows a slight decrease
in peak intensity along with minor peak broadening.
These changes may be attributed to fluoride ion
adsorption on the surface, partial pore blockage, or
slight loss of crystallinity during repeated
adsorption—desorption and washing
cycles.Importantly, no additional impurity peaks or
secondary phases are detected, demonstrating that
the material maintains its chemical and structural
integrity throughout the reuse cycles.

Overall, the XRD results confirm the excellent
structural stability and durability of the FeWO./rGO
nanocomposite  under repeated  operational
conditions. The preserved crystallinity after multiple
cycles strongly supports its suitability for practical
and long-term fluoride removal applications.

3.10. Antimicrobial Activity assay

The antibacterial activity of FeWO. and
FeWO4/rGO nanocomposites was evaluated against
Gram-positive Staphylococcus aureus and Gram-
negative Escherichia coli using the agar diffusion
method. The observed zones of inhibition at varying
concentrations are summarized and interpreted
below. S.aureus, the control sample exhibited a
consistent inhibition zone of 30 mm and were shown
in figure 9. The FeWO4 nanoparticles demonstrated
moderate antibacterial activity, with inhibition
zones of 14 mm at 100 pg/mL, increasing to 17 mm
at 50 pg/mL and 19 mm at 10 pg/mL. This trend
suggests improved antibacterial effectiveness at
lower concentrations, possibly due to better
dispersion and availability of active sites. In
contrast, the FeWO4/rGO nanocomposite displayed
comparatively enhanced activity at higher
concentrations, producing a zone of inhibition of 22
mm at 100 pg/mL and 20 mm at 50 pg/mL.
However, a significant reduction to 10 mm was
observed at 10 pg/mL. This indicates that the
incorporation of reduced graphene oxide improves
antibacterial performance at elevated
concentrations, likely due to synergistic interactions
between FeWO. and rGO, facilitating reactive
oxygen species (ROS) generation and membrane
disruption.

For E. coli, the control showed inhibition zones of
26 mm for FeWO. and 15 mm for FeWO4/rGO. The
FeWOs  nanoparticles  exhibited increasing
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antibacterial activity with decreasing concentration,
showing inhibition zones of 12 mm (100 pg/mL), 16
mm (50 pg/mL), and 19 mm (10 pg/mL). This
behavior may be attributed to enhanced interaction
between nanoparticles and bacterial cell walls at
lower concentrations. On the other hand,
FeWO4/rGO nanocomposites showed limited
activity against E. coli, with inhibition zones of 10
mm at 100 pg/mL and no detectable inhibition at 50
and 10 pg/mL. The reduced effectiveness against
Gram-negative bacteria could be associated with the
presence of an outer lipopolysaccharide membrane,
which acts as a barrier and limits nanoparticle
penetration. These results indicate that FeWOa
exhibits comparatively better antibacterial activity
against E.coli, while FeWO./rGO shows improved
performance  against  S.qaureus at  higher
concentrations. The wvariation in antibacterial
efficiency between Gram-positive and Gram-
negative bacteria highlights the influence of cell
wall structure and nanoparticle interaction
mechanisms.

Conclusion

The present work confirms that the FeWO./rGO
nanocomposite is a more efficient adsorbent for
fluoride removal than pristine FeWOas, primarily due
to its higher surface area, enhanced porosity, and
synergistic interaction between FeWO. and reduced
graphene oxide. The adsorption performance was
significantly influenced by operational parameters,
with optimal fluoride removal achieved at pH 10, a
catalyst dosage of 25 mg and a temperature of 30°C.
Lower initial fluoride concentrations favored higher
removal efficiency, while increased concentrations
led to site saturation. The nanocomposite also
demonstrated good reusability and structural
stability, maintaining appreciable performance over
multiple cycles without significant structural
changes. In addition to their adsorption
performance, the materials demonstrated significant
antibacterial activity against Staphylococcus aureus
and Escherichia coli. FeWO. showed better
antibacterial ~ performance against E. coli,
particularly at lower concentrations, whereas
FeWO4/rGO exhibited enhanced activity against S.
aureus at higher concentrations. The variation in
antibacterial activity highlights the role of material
composition and bacterial cell structure in
determining antimicrobial efficiency. Overall, the
combined adsorption and antibacterial results
indicate that FeWO4rGO is a stable and
multifunctional material with promising potential
for water treatment and environmental remediation
applications.
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