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The synthesised ZnO/rGO/Bougainvillea glabra nanocomposite demonstrates significant structural and functional modifications due to
the incorporation of rGO and plant-derived phytochemicals. A reduction in crystallite size from 28.8 nm to 2-4 nm indicates controlled
nucleation and growth during synthesis. Fourier-transform infrared spectroscopy (FTIR) analysis confirms Zn—-O bonding along with
organic functional groups, evidencing surface modification by plant extract. Morphological analysis reveals a heterogeneous structure,
contributing to increased active surface area. The band gap reduction from 3.29 to 3.18 eV suggests enhanced light absorption, likely due
to ZnO-rGO interactions facilitating improved electron transfer. Photocatalytic studies show enhanced methylene blue degradation
compared to pristine ZnO, attributed to efficient charge separation and reduced electron—hole recombination. The composite retains
activity over multiple cycles, indicating good stability. The synthesized nanocomposite also exhibited modest antibacterial activity against

the tested bacterial strains, which may be attributed to reactive species generation and surface interactions.
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INTRODUCTION

The rapid expansion of industrial activities, particularly
in the textile, pharmaceutical and dye-manufacturing sectors,
has resulted in the continuous discharge of organic pollutants
into aquatic environments. Synthetic dyes represent a major
class of these contaminants owing to their extensive produc-
tion and widespread use. During industrial processing, a
significant fraction of dyes is released into wastewater streams,
where their complex molecular structures and high stability
hinder natural degradation. Dyes such as methylene blue, methyl
orange, malachite green and rhodamine B have been widely
investigated due to their persistence and potential adverse effects
on aquatic ecosystems and human health [1-4]. Conventional
treatment methods including adsorption, coagulation, memb-
rane filtration and biological processes, have been employed
for dye removal; however, these techniques often suffer from
limitations such as incomplete degradation and the genera-
tion of secondary waste [5-7]. Consequently, advanced oxi-

dation processes (AOPs), particularly heterogeneous photo-
catalysis, have emerged as promising alternatives for waste-
water treatment.

Photocatalysis involves the excitation of semiconductor
materials under light irradiation, generating electron—hole
pairs that subsequently produce reactive oxygen species cap-
able of degrading organic pollutants [8-10]. Semiconductor
materials such as ZnO, TiO,, SnO,, CdS and WOs3 have been
extensively explored for photocatalytic applications owing to
their favourable physico-chemical properties [11-14]. Among
these materials, ZnO has emerged as a widely investigated
photocatalyst owing to its abundance, low toxicity, environ-
mental friendliness and suitable electronic characteristics.
However, its practical application is limited by a wide band
gap, rapid electron-hole recombination, photocorrosion and
poor visible-light utilization [15-19].

To overcome these limitations, several modification
strategies, including doping, heterojunction construction, and
composite formation, have been investigated. In particular,
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reduced graphene oxide (rGO) has gained interest because of
its high surface area and excellent electrical conductivity,
which can facilitate charge transfer and suppress charge-carrier
recombination in semiconductor systems [20]. Similarly,
heterostructured composites such as ZnO/CdS and ZnO/TiO;
have demonstrated improved photocatalytic performance through
enhanced interfacial charge transfer and light absorption pro-
perties [21,22].

Green synthesis using plant extracts has recently emerged
as an ecofriendly approach for nanomaterial preparation. Plant-
derived phytochemicals, including flavonoids, alkaloids, phen-
olics and proteins, can act as reducing and stabilizing agents
during nanoparticle synthesis [23,24]. Extensive studies have
reported the successful preparation of metal oxide nanomaterials
using plant extracts, resulting in materials with diverse struc-
tural and functional properties [25]. In addition to photo-
catalytic applications, ZnO-based materials have been widely
studied for antibacterial activity, which has been attributed to
reactive oxygen species generation, metal ion release and
interactions with microbial cell membranes [26]. The perfor-
mance of photocatalytic systems is strongly influenced by
operational parameters such as solution pH, initial dye concen-
tration and catalyst dosage [27,28]. Moreover, characterisa-
tion techniques including XRD, FTIR, UV-visible spectro-
scopy and SEM provide valuable information regarding the
structural, morphological and optical properties of nano-
materials and their relationship to functional performance.

In present study, ZnO/rGO/Bougainvillea glabra nano-
composites were synthesized via a green, plant-mediated route
utilizing the phytochemical constituents of B. glabra extract.
The influence of rGO incorporation and plant-derived comp-
onents on the structural, optical, photocatalytic, recyclability,
and antibacterial properties of the synthesized nanocomposite
was systematically investigated. The photocatalytic per-
formance was evaluated through methylene blue degradation
under different experimental conditions, while recyclability and
antibacterial studies were conducted to assess the stability
and environmental applicability of the material.

EXPERIMENTAL

Zinc sulphate heptahydrate (ZnSO4-7H,0), ethanol, sodium
hydroxide, potassium permanganate, ascorbic acid, sulphuric
acid, phosphoric acid, hydrogen peroxide (30 wt.%), methylene
blue and all other analytical-grade chemicals and solvents
were used as received from Merck Ltf., India and were used
without further purification. Fresh flowers of Bougainvillea
glabra were collected and used for the extract preparation.
Graphene oxide (GO) and zinc oxide (ZnO) were employed
for nanocomposites synthesis.

Synthesis of ZnO nanoparticles: A precursor solution
of ZnSO,-7H,0 was prepared in deionized water and stirred
continuously. Sodium hydroxide solution was added drop-
wise to the precursor solution under constant stirring until a
homogeneous sol was formed. The reaction mixture was
maintained at 50-60 °C, leading to the formation of a thick
whitish gel. The resulting gel was washed repeatedly with
deionized water and ethanol to remove residual impurities,
followed by drying in an oven at 100-120 °C. The dried

product was ground into a fine powder and calcined at 400-
600 °C for several hours to obtain ZnO nanoparticles.

Synthesis of rGO: Graphene oxide (GO) was synth-
esised from graphite powder through chemical oxidation using
KMnO4 in a mixed H2SO4/H3PO4 medium (9:1, v/v) at 50 °C
for 12 h. The resulting graphite oxide was dispersed in deion-
ized water and stirred at 60 °C for 12 h to achieve exfoliation,
followed by filtration, centrifugation, and drying at 60 °C for
24 h to obtain GO [29]. For the preparation of reduced graphene
oxide (rGO), GO (400 mg) was dispersed in distilled water
(400 mL) and treated with ascorbic acid (4 g) as a reducing
agent. The mixture was stirred at 60 °C for 30 min, and the
resulting product was collected by centrifugation at 4000 rpm
for 40 min. Residual ascorbic acid was removed by treatment
with 30 wt.% H,O; under continuous stirring at 60 °C for 30
min. The product was then centrifuged, washed repeatedly
with ethanol and distilled water and dried at 120 °C for 24 h
to afford rGO.

Preparation of B. glabra flowers extract: Collected
fresh B. glabra flowers were thoroughly washed with deionsed
water, shade-dried at room temperature and ground into a fine
powder. The powdered material (5-10 g) was mixed with 100
mL of deionsed water and heated at 60-80 °C for 20-30 min
under continuous stirring. The resulting extract was filtered
through Whatman No. 1 filter paper and the clear filtrate was
collected and stored at 4 °C for subsequent use in nanocom-
posite synthesis.

Synthesis of ZnO/rGO/B. glabra nanocomposite: rGO
was dispersed in distilled water and sonicated for 30-60 min
to obtain a uniform suspension. Zinc sulphate was then added
under continuous stirring, followed by the slow addition of
B. glabra flower extract. The reaction mixture was main-
tained at 60-80 °C with constant stirring, facilitating the
simultaneous reduction of GO and formation of ZnO nano-
particles. The pH of the mixture was adjusted with NaOH, when
necessary and stirring was continued until precipitation occu-
rred. The resulting precipitate was collected by centrifuga-
tion, washed thoroughly with distilled water and ethanol and
dried at 60-80 °C. The dried material was subsequently calcined
at 400-500 °C for 2-3 h to afford ZnO/rGO/B. glabra nano-
composites containing 1, 3, 5, and 7 wt.% rGO. Graphene
oxide (GO) was dispersed in distilled water and sonicated for
30-60 min to obtain a uniform suspension. Zinc sulphate was
then added to the GO suspension under continuous stirring to
form a homogeneous solution. The B. glabra flower extract
was added slowly and the mixture was maintained at 60-80 °C
under stirring. During this process, reduction of GO and
formation of ZnO nanoparticles occurred simultaneously. The
reaction mixture was further stirred until precipitation was
observed. The pH was adjusted using NaOH, if required. The
precipitate was collected by centrifugation, washed with
distilled water and ethanol and dried at 60-80 °C. Finally, the
dried product was calcined at 400-500 °C for 2-3 h to obtain
the 1%, 3%, 5% and 7% ZnO/rGO/B. glabra nanocomposites.

Photocatalytic activity: The photocatalytic degradation
of methylene blue (MB) dye was studied using ZnO/rGO/B.
glabra nanocomposites with different weight percentages
(1% 3%, 5% and 7% under UV-A light (A = 365 nm and an
intensity of 10 mW/cm?). Among them, 1 wt.% ZnO/rGO/B.
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glabra catalyst exhibited the highest degradation efficiency
due to its optimal balance of active sites, enhanced light absor-
ption and improved charge separation. In contrast, lower
loadings (3% and 5%) showed reduced activity, while the 7
wt.% sample displayed decreased performance, likely due to
ZnO/-rGO/B. glabra aggregation and increased charge recom-
bination. When compared to pure ZnO, which achieved 79%
degradation under UV-A light, the 1 wt.% ZnO/rGO/B. glabra
nanocomposite showed a superior 89% degradation effici-
ency as shown in Fig. 1.
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Fig. 1. Photodegradation of MB with ZnO/rGO/B. glabra catalysts under

UV-light. [MB] = 4 x 10™*M, airflow rate = 8.1 mL s, pH= 7.0,
luv = 1.381 x 1078 mol photons L ! s

To evaluate the photocatalytic activity, 20 mg of each
nanocomposite was added to 100 mL of 20 mg/L MB dye
solution and stirred in dark for 30 min to ensure equilibrium
adsorption. The mixture was then irradiated under UV-A
light for 60 min and degradation was monitored by measuring
absorbance at 640 nm and 515 nm. The catalysts also demon-
strated good reusability, retaining performance over multiple
cycles, indicating their potential for long-term wastewater
treatment. Based on the promising results with 1 wt.% ZnO/
rGO/B. glabra, further characterisation studies were carried
out to better understand its structure property relationship and
photocatalytic mechanism. The degradation efficiency was
calculated using eqgn. 1:

Degradation (%) = % %100 1)
t
where C, = initial concentration, C; = concentration at time t.

Characterisation: XRD analysis was performed using
an ARL EQUINOX 3000 with CuKa radiation over a 26
range of 0-120° based on Bragg’s law, to examine the
crystalline structure and phase composition of the samples.
FTIR analysis was carried out using a JASCO FT/IR-6600
over a wavenumber range of 4800-350 cm™ to identify
functional groups and analyze the chemical composition of
the samples. FESEM analysis was performed using a Carl
Zeiss Sigma 300 to examine surface morphology, while EDS
was employed for elemental composition analysis of the samples.

UV-Vis—NIR analysis was performed using a JASCO V-670
over a wavelength range of 190-2700 nm to evaluate the
optical properties and absorption characteristics of the samples.
Antibacterial activity was tested by agar well diffusion at 10-200
pg/mL. The zones of inhibition were measured after incub-
ation at 37 °C for 24 h using appropriate positive and negative
controls.

RESULTS AND DISCUSSION

XRD studies: The XRD patterns were studied for ZnO,
ZnO/rGO, B. glabra and ZnO/rGO/B. glabra samples to
observe their structural features. The diffraction pattern of
ZnO shows reflections at 20 values of 31.9°, 34.4° 36.2°,
47.6°,56.2°,63.0° 67.6° and 89.2°, which are associated with
the planes (100), (002), (101), (102), (110), (103), (112) and
(203) is shown in Fig. 2. These reflections correspond to the
hexagonal Waurtzite structure phase reported for ZnO (JCPDS
card No. 96-210-7060). The PXRD pattern of pure ZnO
exhibited well-defined diffraction peaks characteristic of a
crystalline hexagonal wurtzite structure. The prominent (002)
reflection at 20 = 34.4° showed relatively high intensity,
suggesting preferential growth along the c-axis. The calcu-
lated crystallite size was approximately 28.8 nm, while the
d-spacing and dislocation density values were determined to
be 1.92 A and 873.618, respectively, providing insight into
the lattice arrangement and defect distribution within the
ZnO framework.
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Fig. 2. XRD patterns of ZnO, rGO, B. glabra, 1 wt.% of ZnO/rGO/B. glabra

For the ZnO/rGO composite, diffraction peaks were
observed at 20 values of 24.8°, 26.4°, 42.6°, 44.3° and 54.5°.
The reflection near 26.4° corresponds to the (002) plane of
reduced graphene oxide (rGO), confirming the successful
incorporation of rGO sheets into the composite. The remain-
ing peaks are attributed to crystalline ZnO, indicating that the
ZnO crystal structure was retained after rGO incorporation.
Compared with pure ZnO, the diffraction peaks became broa-
der, suggesting a reduction in crystallite size and enhanced
interaction between ZnO nanoparticles and rGO sheets.

The PXRD pattern of powdered B. glabra displayed
diffraction peaks at 20 values of 26.40°, 38.22°, 64.55° and
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77.21°. The broad nature of these reflections, together with a
d-spacing value of 0.84 nm, is characteristic of partially ordered
regions present in plant-derived constituents such as cellulose,
lignin and other phytochemicals. The estimated crystallite
size of 16.89 nm further indicates the presence of nanoscale
ordered domains within the plant matrix.

The ZnO/rGO/B. glabra nanocomposite exhibited diff-
raction peaks at 31.27°, 33.88°, 46.83°, 55.80° 62.01° and
67.03°, corresponding to crystalline ZnO planes and confirm-
ing the preservation of the ZnO lattice in the final composite.
The calculated d-spacing values ranged from 0.286 to 0.139
nm, while the crystallite size decreased significantly to approxi-
mately 2-4 nm. This reduction in crystallite size may be
attributed to the synergistic effect of rGO sheets and B. glabra
phytoconstituents, which likely restricted the crystal growth
during synthesis. The dislocation density values (0.075-0.186
nm-2) indicate the presence of lattice imperfections that can
influence the physico-chemical properties of the material. Thus,
the PXRD analysis confirms the coexistence of ZnO, rGO,
and B. glabra-derived components within the ZnO/rGO/B.
glabra composite. The presence of characteristic reflections
associated with ZnO, together with features attributable to
rGO and plant constituents, provides strong evidence for the
successful formation of the nanocomposite, as summarized
in Table-1.

Microstructural characterization: The morphological
and microstructural features of the synthesized ZnO/rGO/B.
glabra nanocomposite were examined using TEM, HRTEM,
and SAED analyses. The TEM image (Fig. 3a) revealed densely
packed nanostructures with irregular morphology and agglo-
meration, likely arising from interactions between ZnO nano-
particles and rGO nanosheets. Regions with higher contrast
were attributed to ZnO nanoparticles, whereas the relatively

transparent and layered features corresponded to rGO sheets,
indicating the successful incorporation of ZnO within the
graphene-based matrix.

Higher-magnification TEM micrograph (Fig. 3b) showed
predominantly irregular and quasi-spherical ZnO nanoparticles
anchored onto the rGO sheets. Although some degree of agg-
lomeration was observed, the particles remained distributed
within the nanometer scale, confirming the formation of a nano-
sized hybrid composite. The close association between ZnO
nanoparticles and rGO sheets suggests effective interfacial
contact within the composite structure. Moreover, the HRTEM
images exhibited well-resolved lattice fringes, confirming the
crystalline nature of the nanocomposite. The measured inter-
planar spacings of 0.437, 0.550, 0.487 and 0.287 nm were
indexed to the (111), (203), (112) and (111) crystallographic
planes, respectively, indicating the presence of ordered cryst-
alline domains. These lattice fringes further verify the success-
ful crystallization of ZnO within the hybrid framework. The
SAED pattern (Fig. 3c) displayed a series of concentric
diffraction rings accompanied by discrete bright spots,
characteristic of a polycrystalline material. The presence of
these diffraction rings indicates multiple randomly oriented
crystalline domains distributed throughout the composite
matrix.

FTIR: The FTIR spectra of ZnO, rGO, B. glabra extract,
and the ZnO/rGO/B. glabra nanocomposite were recorded in
the range of 4000-400 cm™ and are shown in Fig. 4. The
observed absorption bands provide information about the
functional groups present in the individual components as
well as their interactions within the composite. The FTIR
spectrum of B. glabra showed a broad band around 3450 cm™,
which can be attributed to O-H stretching vibrations of
hydroxyl-containing phytochemicals. The absorption band at

TABLE-1
STRUCTURAL PARAMETERS INCLUDING AVERAGE d-SPACING, CRYSTALLITE SIZE FACTOR (D?) AND FULL WIDTH AT
HALF MAXIMUM (FWHM, B) OBTAINED FROM XRD ANALYSIS OF ZnO, rGO AND ZnO/rGO-BASED NANOCOMPOSITES

Sample B = FWHM X 7/180 Crystallite size (nm) D? d-spacing (nm)
ZnO 0.33925 28.8125 873.61875 1.92625
ZnO/rGO 0.24 4.64 21.98 0.256
B. glabra 0.004858 16.89923 0.84
ZnO/rGO/B. glabra 0.0057764 2.773 7.8953 0.199

b

Fig. 3. (@) TEM, (b) HRTEM and (c) SAED images of 1 wt.% ZnO/rGO/B. glabra nanocomposite
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Fig. 4. FTIR spectra of ZnO, rGO, B. glabra, 1 wt.% of ZnO/rGO/B. glabra

1057 cm is assigned to C-O stretching vibrations, while the
peak near 1633 cm corresponds to C=0 and/or C=C stretch-
ing vibrations. In the rGO spectrum, bands observed at ~ 3446
and 1640 cm indicate the presence of residual oxygen cont-
aining functional groups, such as hydroxyl and carbonyl groups,
remaining after the reduction process. The ZnO spectrum
exhibited characteristic bands at 3472, 1633 and 1116 cm™.
The broad absorption near 3472 cm™ is due to the hydroxyl
groups present on the surface, whereas the band around 1633
cm™! may arise from adsorbed water molecules. The Zn-O
stretching vibration is generally expected below 500 cm and
appears near the lower limit of the recorded spectral range.

For ZnO/rGO/B. glabra nanocomposite, the absorption
bands were observed at approximately 3453, 1647, 887 and
510 cm. The bands at 3453 and 1647 cm™ reflect the pres-
ence of hydroxyl and carbonyl containing groups contributed
by both rGO and B. glabra components, while the band at
510 cm! confirms the presence of Zn-O bonds. Compared
with the individual constituents, slight shifts in peak positions
and variations in band intensities were observed in the nano-
composite spectrum. These changes suggest interactions
between ZnO nanoparticles, rGO sheets and phytochemical
constituents of B. glabra. At the same time, the retention of
the major characteristic bands indicates that the fundamental
chemical structures of the individual components remain pre-
served after composite formation. These findings support the
successful synthesis of the ZnO/rGO/B. glabra nanocomposite.

Morphological studies: SEM micrographs of 1 wt.%
ZnO/B. glabra sample recorded at different magnifications
reveal a surface composed of irregularly distributed and aggre-
gated structures. At higher magnification (Fig. 5), the agglo-
merated structures were found to be composed of smaller
granular particles, resulting in a rough and uneven surface
texture. The particles exhibited irregular morphology with
observable variations in size and shape throughout the
examined region. While some areas appeared densely packed,
others showed a relatively loose arrangement of particles. No
clear long-range ordering or well-isolated individual particles
were observed, suggesting strong particle—particle interactions
within the composite matrix.

The elemental composition was further examined by
EDAX analysis. The spectrum confirmed the presence of Zn

S |
o a1y '

I Map Sum Spectrum

Fig. 5. (a-c) SEM images and (d) EDX spectrum of 1 wt.% ZnO/rGO/B. glabra nanocomposite
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and O as the predominant elements, along with significant
amounts of C and Na. Additional elements, including Al, Ca,
Mn, and Fe, were also detected but with comparatively lower
intensities. The relatively strong signals of Zn, O, and C indi-
cate that these elements constitute the major components of
the material, whereas the remaining elements are present in
minor quantities. However, variations in the elemental peak
intensities across the analyzed region suggest differences in
local elemental distribution. The SEM and EDAX results
together reveal a heterogeneous composite structure contain-
ing multiple elements distributed throughout the surface,
although their distribution is not entirely uniform.

UV-DRS: The UV-visible diffuse reflectance spectra
(UV-DRS) of ZnO, ZnO/rGO and ZnO/rGO/B. glabra samples
were recorded over the wavelength range of 200-800 nm and
the corresponding spectra are shown in Fig. 6. All samples
exhibit absorption in the ultraviolet region with a gradual
decrease in intensity toward the visible region. The absorp-
tion edge of ZnO is observed around ~380-390 nm. In case
of ZnO/rGO, a slight shift in the absorption edge toward a
longer wavelength region can be observed when compared
with ZnO. The ZnO/rGO/B. glabra sample shows a further
extension of the absorption edge into the visible region along
with a comparatively broader absorption profile.

The calculated band gap values were found to be 3.29 eV
for ZnO, 3.26 eV for ZnO/rGO and 3.18 eV for ZnO/rGO/B.
glabra. A gradual variation in the band gap values is observed
among the samples, which is reflected in the corresponding
shift in the absorption edge positions. The differences in the
spectral features and band gap values indicate changes in the
optical absorption characteristics of the materials. The ZnO/
rGO/B. glabra nanocomposite exhibits a relatively reduced
band gap and a visible shift of the absorption edge toward the
visible region, reflecting an altered optical absorption behav-
iour that may have implications for photocatalytic perfor-
mance.

Antibacterial assay: The antibacterial activity of the
1 wt.% ZnO/rGO/B. glabra nanocomposite was evaluated
against Staphylococcus aureus and Pseudomonas aeruginosa

3.01
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0 T T T
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Wavelength (nm)

T T
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using the agar well diffusion method. For S. aureus, the control
exhibited a zone of inhibition of 3.3 mm. No inhibitory effect
was observed at concentrations of 10 and 100 pug/mL, whereas
a zone of 2 mm was recorded at 200 pg/mL. Similarly, for P.
aeruginosa, the control produced a zone of inhibition of 3.3
mm. No inhibition was detected at 10 ug/mL, while zones of
2 mm were observed at both 100 and 200 pg/mL (Table-2).
The results indicate that the antibacterial activity of the
composite is concentration-dependent, with inhibitory effects
becoming evident only at higher concentrations. Although
the observed inhibition zones were smaller than those of the
control, the formation of measurable zones at elevated concen-
trations demonstrates the ability of the ZnO/rGO/B. glabra
composite to suppress bacterial growth under the investigated
conditions. The nanocomposite demonstrated antibacterial
activity against both Gram-positive (S. aureus) and Gram-
negative (P. aeruginosa) bacteria, although the observed inhi-
bition zones were relatively modest under the studied condi-
tions. The inhibition at higher concentrations suggests that
the antibacterial effect is the concentration-dependent.

TABLE-2
MINIMUM BACTERIALCIDIAL ACTIVITY DATA
_ NC 10 100 200
Organism (mm) pg/mL pg/mL pg/mL
(mm) (mm) (mm)
Staphylococcus aureus 3.3 - - 2
Pseudomonas aeruginosa 3.3 — 2 2

NC = ZnO/rGO/B. glabra nanocomposite

UV-A Photodegradation of methylene blue (MB) by 1 wt.%
ZnO/rGO/B. glabra: Parameter effects

Influence of pH: The photocatalytic degradation of MB
using the ZnO/rGO/B. glabra nanocomposite was studied at
different pH conditions (pH 4-8) and the corresponding pro-
files are shown in Fig. 7. At the initial stage, the percentage
of dye remaining is observed within a comparable range for
all pH conditions. With increasing irradiation time, a decrease
in dye concentration is observed across the studied pH range.

Band gap energy b
ZnO -3.29 eV (b)
ZnO/rGO - 3.256 eV
ZnO/rGO/B. glabra - 3.18 eV

250+

ZnO/rGO/B. glabra

ZnO/rGO
ZnO

T ¥ T ¥ T T T ¥ T v T T
1.5 2.0 2.5 3.0 3.4 4.0 45 5.0
Energy (eV)

Fig. 6. (2) UV-DRS spectra (a) and band gap energy plots (b) of ZnO and ZnO/rGO and 1 wt.% ZnO/rGO/B. glabra nanocomposites
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Fig. 7. Influence of pH on UV-A degradation [MB] =4 x 10 M, 1 wt.%

ZnO/rGO/B. glabra =2 g L%, airflow rate = 8.1 mL s, irradiation
time = 60 min, lyy = 1.381 x 107® mol photons L™ s

The extent of change varies at different time intervals for each
pH condition. At pH 4 and 5, the reduction in dye concen-
tration proceeds gradually over the irradiation period. For pH
6, 7 and 8, the dye concentration decreased progressively with
increasing irradiation time, confirming the occurrence of photo-
catalytic degradation under all tested conditions. Although a
similar declining trend was observed at each pH, differences
in the extent of dye removal were evident. Among the investi-
gated conditions, pH 7 exhibited the most effective degrada-
tion performance and was therefore considered the optimum pH
for photocatalytic degradation under the present experimental
conditions.

Effect of catalyst loading: The effect of catalyst dosage
on the photocatalytic degradation of MB dye was investigated
by varying the catalyst amount from 50 to 150 mg, and the
results are shown in Fig. 8. A progressive decrease in dye
concentration with increasing irradiation time was observed
for all catalyst dosages, confirming the photocatalytic activity
of the material. However, at a catalyst loading of 50 mg, the
degradation process was relatively slow, resulting in a higher
percentage of residual dye after 60 min. Increasing the dosage
to 75 mg and 100 mg enhanced the degradation efficiency, as
evidenced by the greater reduction in dye concentration over
the irradiation period. Among the tested dosages, 100 mg exhi-
bited the lowest residual dye concentration at most time
intervals indicating improved photocatalytic performance. A
similar trend was observed at 125 mg, where the dye concen-
tration continued to decrease steadily and reached a low
residual level after 60 min.

When the catalyst dosage was further increased to 150
mg, degradation still occurred; however, the reduction in dye
concentration was less pronounced at certain intermediate time
intervals compared with the 100 and 125 mg loadings. This
behaviour may be attributed to changes in the availability of
active sites and reduced light penetration caused by excess
catalyst particles in the reaction medium. Based on the observed
degradation profiles, a catalyst dosage of 100 mg was found
to be the most suitable under the experimental conditions.
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Fig. 8.

Effect of concentration: The effect of initial dye concen-
tration on the photocatalytic degradation of MB was inves-
tigated by varying the concentration from 2 x 10° M to 5 x
105 M and the results are shown in Fig. 9. For all concen-
trations, the percentage of dye remaining decreases with
increasing irradiation time, indicating a gradual reduction in
dye concentration during the process. At lower dye concen-
tration (2 x 107> M), the degradation progresses more rapidly,
with a relatively lower percentage of dye remaining at each
time interval. As the dye concentration increases to 3 x 10° M
and 4 x 10-° M, the reduction in dye concentration with time
continues, although a comparatively higher amount of dye
remains at intermediate stages. At the highest concentration
(5 x 10°° M), the degradation appears relatively slower, with
a higher percentage of dye remaining throughout the reaction
period. This trend may be associated with factors such as
reduced light penetration and increased competition among
dye molecules for available active sites at higher concen-
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Influence of dye concentration on UV-A degradation [MB]. 1 wt.%
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irradiation time = 60 min

Fig. 9.
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trations. The lower dye concentration conditions, particularly
around 2 x 10-° M, appear to be more favourable for effective
photocatalytic degradation.

Radical scavenger studies: Radical scavenger experi-
ments were conducted to identify the active species involved
in the photocatalytic degradation process. The photocatalytic
activity without scavengers was considered as 100%. The
addition of isopropanol (IPA, *OH scavenger) reduced the
degradation efficiency to 28.6%, indicating that hydroxyl
radicals are the dominant reactive species. Potassium iodide
(h* scavenger) decreased the activity to 46.1%, confirming
the significant role of photogenerated holes. Benzoquinone
(*O2~ scavenger) reduced the activity to 62.1%, suggesting
moderate involvement of superoxide radicals, whereas AQNO3
(e~ scavenger) retained 73.2% activity, indicating a relatively
minor contribution of electrons (Fig. 10). The contribution of
reactive species followed the order: *OH > h* > *O;” > e,
Thus, hydroxyl radicals were identified as the primary species
respon-sible for photocatalytic degradation. However,
advanced analyses such as photoluminescence (PL) and
electro-chemical impedance spectroscopy (EIS) were not
performed, which should be considered a limitation of the
present study.
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Fig. 10. Effect of radical scavengers on photocatalytic degradation under
light irradiation

Reusability: The reusability of the ZnO/rGO/B. glabra
nanocomposite was evaluated through repeated photocatalytic
degradation cycles of MB dye under identical experimental
conditions. After each cycle, the catalyst was separated from
the reaction mixture, washed and reused for subsequent runs.
The degradation percentages recorded for each cycle are

presented in Fig. 11. The degradation percentage was 100%
during the first cycle, 97% in the second cycle, 96% in the
third cycle and 93% in the fourth cycle. A variation in degra-
dation percentage is observed across successive cycles. The
changes in degradation values are presented with respect to
the number of reuse cycles. The data correspond to the measured
response of the system under repeated experimental conditions.
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Fig. 11. Influence on reusability on UV-A degradation [MB] = 4 x 10 M,
1 wt.% ZnO/rGO/B. glabra=3 g L%, airflow rate = 8.1 mLs?, pH =
7.0, irradiation time = 60 min, lyy = 1.381 x 10 mol photons L s*

Comparative studies: The comparative analysis with
previously reported photocatalytic systems indicates that the
ZnO/rGO/B. glabra nanocomposite synthesised through the
green sol-gel method exhibited 89% methylene blue degrada-
tion with a pseudo-first-order rate constant of 0.0368 min*
under the optimized conditions. Differences in photocatalytic
performance among the reported studies may be influenced
by variations in synthesis procedure, catalyst composition,
irradiation source and experimental parameters (Table-3).
The present nanocomposite showed reduced crystallite size
(2-4 nm) and a band gap value of 3.18 eV, which may be
associated with changes in optical behaviour and interfacial
interaction within the ZnO/rGO/plant-derived hanocomposite
system.

Conclusion

ZnO/rGO/Bougainvillea glabra nanocomposites were syn-
thesised through a plant-mediated approach and examined to
understand the influence of rGO and plant-derived compo-
nents on material properties. The structural analysis indicated
that the wurtzite phase of ZnO was retained, while a reduc-
tion in crystallite size to 2-4 nm reflected controlled growth

TABLE-3
COMPARATIVE PHOTOCATALYTIC DEGRADATION PERFORMANCE OF THE PRESENT ZnO/rGO/B. glabra
NANOCOMPOSITE AND PREVIOUSLY REPORTED GREEN-SYNTHESISED ZNO- AND RGO-BASED PHOTOCATALYSTS

Catalyst/light/dye/synthesis method Degradation (%) Rate constant Ref.
AgNPs/BgClvisible/MB/rainbow assay 84 Pseudo-first-order; 0.0350 min-* [30]
ZnO/rGO/UV/MB/hydrothermal 86.6 Pseudo-first-order; 0.0103 min-* [31]
ZnO/rGO/UV/MB/electrochemical method 66, 96.5 and 99.0 Pseudo-first-order; 0.5030 mint [32]
Cu-rGO/ZnO/UV-light/bromophenol blue/hydrothermal 86.2 Pseudo-first-order; 0.0221 mint [33]
ZnO/rGO/B. galabra/Sol-gel method 89 Pseudo-first-order; 0.0368 min! Present work
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during synthesis. A shift in optical behaviour was observed
through band gap reduction from 3.29 eV to 3.18 eV. Photo-
catalytic studies under UV-A irradiation showed that the 1 wt.%
nanocomposite achieved 89% degradation of methylene blue
within 60 min under optimised conditions (pH 7, 100 mg, 2 x
10-° M), while ZnO showed 79% under similar conditions. The
material maintained 93% efficiency after four cycles, indica-
ting stable performance. Antibacterial response was observed
against both tested bacterial strains, with a maximum inhibi-
tion zone of 2 mm at 200 pg mL. The observed structural
and functional features suggest the potential of the synthe-
sised nanocomposite for photocatalytic wastewater treatment
under laboratory-scale conditions. Further studies involving real
wastewater systems and large-scale evaluation are required
to assess its practical applicability.
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