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Abstract

The present study demonstrates a facile and rapid method for green synthesis of gold nanoparticles (AuNPs). This method
utilizes an unreported Citrus grandis peel extract as an eco-friendly reducing and stabilizing agent in a sonocatalysis
process under the influence of ultrasonics waves (40 kHz at 50 W). The sono-assisted synthesis of AuNPs took only
5 min at 37 °C. The formation of AuNPs was confirmed by surface plasmon resonance (SPR) band located at 561 nm
and the morphology, crystallinity, purity, and stability were characterized by FESEM, TEM, XRD, EDX and zeta potential
analysis. The as-synthesized AuNPs was then investigated for the electrocatalysis and photocatalysis against an industrial
contaminant malachite green (MG). DPV analysis of AuNPs modified glassy carbon electrode (AuNPs/GCE) shows a
moderate dynamic range over 1 to 40 uM for MG with a limit of detection (LoD) of 298 nM and a sensitivity of 0.373
pA uM ! cm 2. Further, AuNPs as a heterogeneous catalyst exhibits a photocatalytic reduction of MG in the presence of
NaBH,. The reduction of MG follows first-order kinetic model with an estimated apparent reduction rate of 4.51x 1072

min~'. This result highlights the potential use of green synthesized AuNPs in wastewater management.

Keywords Citrus grandis -
reduction - Sonochemistry

Introduction

The intrinsic optoelectronic and biocompatible properties
of gold nanoparticles (AuNPs) make them a magnificent
resource to be utilized for applications in diverse biomedi-
cal engineering, catalysis, electronic devices, etc. (Choud-
hary et al. 2017; Das and Velusamy 2014). These properties
can easily be tuned by controlling the synthesis reaction.
Concern of biocompatibility, it is of considerable interest
to develop green chemistry approaches for the synthesis
of AuNPs, which is rapid and cost-effective. Plant extracts
or microorganisms mediated biosynthetic reaction of NPs
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often encounters with low concentration of available biore-
ductants and elevated temperature for a higher reaction rate
(Nojedehi et al. 2018). Chemical synthesis of metal NPs is
faster and can be carried out at room temperature, but the
use of harsh and toxic chemicals including NaBH,, mer-
captonol, sodium dodecyl sulfate, etc. is subject of concern
(Satpathy and Manikandan 2020). In general, green-physi-
cal methods like gamma-, microwave-, UV-irradiation, and
sono-electrochemistry are being considered for the syn-
thesis of AuNPs (Elsupikhe et al. 2015). Nevertheless, all
these procedures are slow and expensive. As an alternate,
ultrasonication is a remarkable and interesting option owing
to its simplicity and accelerating the various synthetic reac-
tions (Nasef et al. 2016).

The sonochemistry assisted synthesis of AuNPs is rely-
ing on the dissociation of precursor by high power ultra-
sonic irradiation (20 kHz to 10 mHz). During sonolysis,
all the chemical consequences at the nucleation site are
originated from an acoustic cavitation force due to col-
lapse of the microbubbles in the rarefying phase. Eventu-
ally this cavitation generates intense local heating (hot
spots of 5000 °C), ultrasonic energy (frequency>20 kHz),

Dishaac cllod auao .
aCSTa_A&J\g roglell @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-026-04838-4&domain=pdf&date_stamp=2026-5-8
https://doi.org/10.1007/s13205-026-04838-4
mailto:jaydas09@gmail.com
http://orcid.org/0000-0002-5115-2376

202 Page 2 of 12

3 Biotech (2026) 16:202

high pressure (=1000 atm) and rapid heating and cooling
rates (above 1010 K/s) leading to formation of metal atoms
and subsequently agglomerate to form nanoparticles (Shi-
razi and Akhbar 2016). These characteristics of cavitation
forces are mostly responsible for size and shape specific
nanoparticle synthesis (Patil and Bhanage 2016). Vasan-
tharaj et al. reported that acoustic cavitation forces dur-
ing ultrasonic irradiation affect the surface structure of the
AuNPs and prevent its aggregation in a solution, resulting
a more stable colloidal dispersion that are often unavailable
by conventional methods (Vasantharaj et al. 2018). How-
ever, several reports are also available in the literature to
prefer the stabilizing agent like sodium dodecyl sulfate,
polyethylene glycol, polyvinylpyrolidone etc. along with
ultrasonic irradiation to control the agglomeration of the
nanoparticles (Sdez and Mason 2009; Bhosale et al. 2017).
Previously, biomaterials such as starch (Kumar et al. 2018),
k-carrageenan (Wan et al. 2021), sodium citrate (Ahmad et
al. 2023; Poklepovich-Caride et al. 2022) etc. were used
along with ultrasonic waves to govern the particle nucle-
ation and growth process have been reported. Only a few
plant sources including corncob-AgNPs (Karadirek and
Okkay 2019), Hibiscus rosa-sinensis-CuNPs (Dinesh et
al. 2020), fenugreek-Fe,O;NPs & AgNPs (Deshmukh et
al. 2019), geranium-AuNPs (Franco-Romano et al. 2014),
Prosopis farcta-PtNPs (Jameel et al. 2020), and palm oil
fronds-AuNPs (Usman et al. 2020) have been documented
for sono-assisted green synthesis of metallic nanoparticles
in the literature.

Motivated by its good catalytic properties of AuNPs,
the present work is further designed to explore the as-syn-
thesized AuNPs for electro- and photo-catalysis against a
model dye Malachite green (MG); a toxic and carcinogenic
triphenylmethane dye. This contaminant is widely used in
textile, leather, paper industries and subsequently pollutes
the water systems. Progressive accumulation of the dye in
animal and human bodies causes severe effects like skin
irritation, carcinogenicity, etc. and reported to be a prior-
ity chemical according to Food and Drug Administration
(Vergis et al. 2018). Currently, detection of MG can be
precisely carried out with flow injection analysis, high per-
formance liquid chromatography coupled with mass spec-
trometry, electrochemiluminescence, and surface enhanced
Raman spectroscopy etc. (Sacara et al. 2017a, b). Woefully,
all these techniques require an expensive and sophisticated
instrument and thus not suitable for field applications. In
this context, as-synthesized AuNPs based electrochemical
sensor has been developed to detect MG due to its porta-
bility, rapid analysis, sensitivity, and low cost. Besides the
detection of such pollutant, their degradation is also equally
relevant and significant.
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Heterogeneous photocatalysis is the best considered
when conventional wastewater treatments using biologi-
cal degradation, flocculation, adsorption, reverse osmosis,
centrifugation are inefficient (Khan et al. 2024). Any het-
erogencous photocatalytic reactions to occur must have
at least three components (i) emitted photon energy from
a source, (ii) a solid photocatalytic nanomaterial, and (iii)
an oxidizing agent, preferably oxygen (Mondal et al. 2017).
The dependency of using AuNPs in heterogeneous photoca-
talysis has been increased drastically due to its high optical
absorption characteristics under both the visible and ultra-
violet light irradiation and lower negative redox potential
than bulk metallic gold (Zhang et al. 2022). Motivation
from plasmonic AuNPs, a number of novels AuNPs/semi-
conductor photocatalyst have been designed to capture the
visible energy, very specifically at their resonance frequen-
cies at which they show high absorption and scattering
cross-sections (Augustynski et al. 2016). The main objec-
tive behind the using of plasmonic AuNPs in photocatalysis
is to enhance light absorption and subsequent photogene-
ration of charge carriers on semiconductor (Parente et al.
2018). The most widely used photocatalyst like TiO, and
its derivative exhibits degradation property under UV radia-
tion but eventually limited its application in the full range
of solar energy (El-Khawaga et al. 2025). Unlike TiO,, its
AuNPs/nanocomposite can absorb visible light and act as
an electron relay system between the reducing agent and
the pollutant to facilitate the photodegradation or reduction
phenomenon (Chansa et al. 2020).

In this paper, we demonstrate a green, facile and rapid
method by combining a biosynthesis of AuNPs using Citrus
grandis peel extract with the help of ultrasonic waves under
ambient conditions. Citrus grandis; a tropical plant belongs
to the family Rutaceae is a rich source of antioxidants like
flavonoids (neohesperidin, hesperidin, naringin) and pheno-
lic compounds, thus considering its use for biosynthesis of
AuNPs (Nassarawa et al. 2024; Dheyab et al. 2025). The
synthesized AuNPs was analytically characterized and eval-
uated for (i) electrocatalysis by analyzing the MG at AuNPs
modified glassy carbon electrode (AuNPs/GCE), and (ii)
photocatalysis by reducing the MG in presence of NaBH,.
To the best of our knowledge, no report has been docu-
mented on sono-assisted green synthesis of AuNPs using C.
grandis and their dual catalytic performance towards MG.

Experimental
Chemical and reagents

Chloroauric acid (HAuCl,) as a metal ion precur-
sor, malachite green (MG) as a model dye, sodium
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borohydride (NaBH,) as a reducing agent, potassium fer-
rocyanide (K,[Fe(CN)].3H,0), potassium ferricyanide
(K;[Fe(CN)g]), sodium dihydrogen phosphate (NaH,PO,),
and di-sodium hydrogen phosphate (Na,HPO,), potassium
chloride (KCI), and ethanol were procured from Sigma-
Aldrich Chemicals, India and used as such. A 0.1 M PBS
solution was prepared by mixing 0.1 M stock solutions of
monopotassium dihydrogen phosphate (NaH,PO,) and
dipotassium hydrogen phosphate (K,HPO,) with the pH
adjusted to 5.0 by varying the ratio of the two components.

Preparation of C. grandis peel extract (CPE)

The C. grandis were collected from an agriculture farm
in Chengalpattu, India. The peel was then cut into a small
pieces, and thoroughly washed under running tap water
followed by double-distilled water to remove the dust and
organic impurities present on it and dried using the paper
towel. Then, 25 g of dried peel was ground with 100 mL of
sterilized Milli-Q water using morter and pastle and boiled
for 15 min. The boiled extract was filtered through a nylon
mesh, followed by Millipore hydrophilic filter (0.22 mm)
and used for the experiments. Meanwhile the peel extract
was stored in a refrigerator at 4 °C for all subsequent studies.

Biosynthesis of gold nanoparticles

Biogenic AuNPs was prepared by reducing HAuCl, under
the influence of ultrasonic frequencies in the presence of
peel extract. In a typical reaction procedure, 20 mL of 1
mM HAuCl, containing 20% (v/v) aqueous C. grandis peel
extract (CPE) was exposed to varying intensity of ultra-
sonic irradiation (20, 40, 60 kHz, at 50 W) under ambient
conditions for 5 min. The irradiation was carried out with a
ultrasonic reactor (Branson Digital Sonifier-450, USA with
a tip diameter of 10 mm) immersed directly into the reac-
tion solution. Preliminary, the reduction of AuCl, ions to
Au® were confirmed by monitoring the development of pink
colour followed by the surface plasmon resonance (SPR)
spectrum at 561 nm. Finally, the suspension was purified by
repeated centrifugation at 10,000 rpm for 10 min and dried
using a lyophilization for further studies. A control setup
was also maintained without CPE extract.

Characterization of AuNPs

Characterization of biosynthesized AuNPs was exten-
sively carried out using different analytical techniques.
The bioreduction of Au*" ions and progress of the reac-
tion was monitored using a Perkin-Elmer double beam
UV-vis spectrophotometer within 400-800 nm operated
at a resolution of 1 nm in which water was used as blank.

The topographical and morphological properties of the as-
synthesized particles were analyzed by Field emission scan-
ning electron microscopy (FESEM; FEI Quanta FEG 200)
and Transmission electron microscopy (TEM; JEOL 1200
EX). The corresponding particle size distribution and sur-
face charge of the AuNPs was determined using dynamic
light scattering (DLS) coupled with zeta potential ana-
lyzer (Nanopartica SZ-100, Horiba Scientific). Crystalline
metallic gold was examined by X-ray diffraction analysis
(XRD; PANanalytical’s X’pert X-ray diffractometer) with
a Cu Ka radiation (A=0.15406 nm) for 26 angles ranging
from 10° to 90°. The diffractometer was operated at 40 kV,
at room temperature with a scanning rate of 10°/min. The
elemental composition of the nanomaterials was performed
by Energy dispersive X-ray spectroscopy (EDX analyzer)
equipped with FESEM instrument. To identify the possible
biomolecules responsible for the reduction to the AuNPs
were recorded by Fourier transform infrared spectroscopy
(FTIR; Perkin-Elmer Spectrum-One FTIR spectrophotom-
eter) within 4004000 cm™ ' at a resolution of 4 cm ', For
that, the sample was centrifuged at 10,000 rpm for 10 min to
obtain a solid at the bottom of the centrifuge tube. The solid
was ground with KBr and pressed to obtain a pellet, which
was used for FTIR analysis.

Fabrication of AuNPs/GCE

Prior to electrochemical modification, the bare GCE (3 mm
in diameter) was cleaned and polished repeatedly with 1.0,
0.3, and 0.05 pM alumina/water slurries and mild soni-
cated with ethanol/water (3:1 v/v) for 2 min until shows
mirrorlike surface. The electrode modification was carried
out by a simple drop casting method. About 6 uL of col-
loidal AuNPs solution was uniformly cast onto the clean
electrode and allowed to evaporate at room temperature.
All electrochemical experiments were performed using
a CH600Dsp+ electrochemical workstation consisting of
conventional three electrode system with nano-gold deco-
rated GCE as a working electrode, a platinum electrode as
a counter electrode, and Ag/AgCl electrode as the reference
electrode. The electrocatalytic behaviour of AuNPs/GCE
was then examined using cyclic voltammetry (CV) in 5 mM
of [Fe(CN)6]3_/4_ redox couple containing 0.1 M KCl at a
scan rate of 50 mV s~! for reversible electron transfer. The
electrochemical detection of varying concentrations (1 to 40
uM) of MG in an acidic phosphate buffer solution (PBS)
(pH~5) was performed using DPV analysis within the
potential of 0.3—1.2 V.
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Photocatalytic reduction activity of biosynthesized
AuNPs

To demonstrate the photocatalytic activity of the biosyn-
thesized AuNPs, hydrogenated reduction of MG by NaBH,
under visible light was considered as a model system.
Briefly, 3 mL of 5x 1072 mol L™ ! ice cold NaBH, solution
was mixed with 10 mL of aqueous 9x 107> mol L™! MG
solution in a screw cap vial. Followed by, 1 mL of colloidal
AuNPs solution was added to this vial, thoroughly mixed,
and exposed under direct sunlight. Prior to irradiation, the
mixed solution was magnetically stirred in dark condition
for 10 min. After a definite time of interval, the reduction of
the dye was recorded in a UV-visible scanning spectropho-
tometer by monitoring the decrease of maxima absorbance
corresponding to 616 nm until the solution becomes colour-
less and the corresponding percentage (%) of degradation
was determined.

Results and discussion
Analytical characterization of biosynthesized AuNPs

The formation of AuNPs was confirmed by UV-visible
scanning spectroscopy within 400 to 800 nm. The spectrum
shows a signature SPR band appeared at approx. 561 nm
due to coupling between the collective oscillation of the
conduction electrons in resonance with irradiated elec-
tromagnetic radiation (Zhang et al. 2017; Ferdinand et al.
2021). Figure la represents the SPR spectrum of biogenic
AuNPs at varying applied ultrasonic energy (20, 40, and
60 kHz, at 50 W) for 5 min in a solution of HAuCl, with
CPE. Ocular speculation of the reaction revealed that the
intensity of the change in colour from pale yellowish to ruby
red increased with increasing the applied ultrasonic fre-
quency. The SPR bands become broader and show a char-
acteristic red shift with increasing the intensity of applied

Fig. 1 a Exhibits absorption

sonic waves indicates the formation of larger particles or
aggregates. Such an observation is expected at higher sonic
frequencies that cause secondary reduction process on the
surface of preformed nuclei, giving rise to larger particles.
Figure 1b represents the time kinetics of the biosynthesis
reaction of AuNPs, where the intensity of the color changes
rapidly with ultrasonic irradiation (40 kHz at 50 W) and
reached maxima absorbance at 561 nm after 30 min.

While the SPR spectrum gives definite proof of the kinet-
ics of AuNPs formation, the insight morphology, distribu-
tion and surface chemistry were examined using electron
microscopy, DLS, and zeta potential analysis. FESEM
micrograph represents the powder sample of biogenic
AuNPs synthesized at 40 kHz, 50 W applied frequency for
5 min, as shown in Fig. 2(a). Most of the AuNPs are found
to be aggregated and spherically shaped within diameter
ranging from 30.7 to 49.3 nm. The surface of self-assem-
bled dried nanoparticles is observed to be rough. The corre-
sponding hydrodynamic diameter of the average AuNPs in
the colloidal solution was determined by DLS and estimated
to be 38.75 nm (inset of Fig. 2a), which is in accordance
with FESEM analysis. While the TEM micrograph (Fig. 2b)
of sonicated sample confirms the monodispersing nature of
AuNPs. Direct observation of the image revealed that most
of the grains were in spherical shape with only a few of
them were triangular. It is also noticed that the AuNPs are
coated with the biomoieties that might help to retain the def-
inite spherical morphology. Inset of Fig. 2b reveals a nega-
tive electrokinetic zeta potential of —21.62+0.08 mV at pH
7.4 due to the adsorption of biomolecules on the surface
of AuNPs. This study indicates that AuNPs are stabilized
by electrostatic repulsive forces. It was also observed that
AuNPs were stable in the solution and showed very little
aggregation even after 4 months. Hence, the phytocon-
stituents present in the C. grandis peel extract not only act
as a reducing agent but also a capping agent to reduce the
agglomeration of nanoparticles and help to control and sta-
bilize the AuNPs (Ahmad et al. 2020).
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Fig.2 Represents a FESEM,
image of powdered AuNPs. Inset
figure represents hydrodynamic
distribution of particles; b TEM
micrograph of spherically shaped
AuNPs synthesized at 40 kHz,
applied energy 50 W. Inset figure
shows electrokinetic zeta poten-
tial of AuNPs; ¢ XRD pattern of
AuNPs. Inset figure represent
EDX spectrum of the AuNPs; and
d FTIR spectra of CPE and corre-
sponding biosynthesized AuNPs
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XRD analysis was carried out to determine the crystal-
line structure of AuNPs. Powder X-ray diffraction study
was carried out to determine the crystalline structure and
average size of the AuNPs. Figure 2c shows the sharp dif-
fraction peaks at 20 values of 38.23°, 44.65°, 64.78°, 77.56°
and 81.97 corresponds to Bragg’s reflection planes (1 1 1),
(200),(220),(311)and (222), respectively. These lat-
tice planes are indexed for face-centered cubic (fcc) phases
(JCPDS No. 04-784) of crystalline gold (Mahakham et al.
2016). The intense Bragg reflection of (1 1 1) phase sug-
gesting highly organized growth of the AuNPs. The mean
diameter of the AuNPs was calculated using Debye—Scher-
rer’s equation (Eq. 1) (Cao et al. 2020):

~ 0.9A 1
" B cosb M

where d is the mean diameter of nanoparticles, f3 is the full
width at half maximum (FWHM) of the XRD peak, A is the
wavelength of X-ray radiation source, 0 is the diffraction
angle, and determined to be 32.87 nm. Inset of Fig. 2¢ rep-
resents EDX profile of biogenic AuNPs, shows a sharp peak
for elemental gold at 2 keV confirmed the bio-reduction of
chloroauric acid to gold nanoparticles. The appearance of
carbon (C) and oxygen (O) signals might correspond to the
biomolecules adsorbed on the surface of AuNPs as a cap-
ping agent. In addition, a copper (Cu) peak was also noticed,

60
2 Theta (0)

Wavenumber (cm_ )

which has originated from the Cu grid used for sample
analysis.

In order to study the surface chemistry of the functional
groups present onto the AuNPs, FTIR spectroscopy was
performed. The remarkable shift in absorption bands to
lower wavenumber depicts the coordination of metal and
the plant metabolites. Figure 2d shows the FTIR spectrum
of the lyophilized plant extract and the corresponding as-
synthesized AuNPs. CPE showed characteristic bands at
1123, 1407, 1707, 2931, and 3291 cm™ ! are indicating the
complex biochemical nature of peel extract. The strong sig-
nal at 1123 and 1707 cm™! are corresponding to the stretch-
ing vibration of C-OH bond of phenol, and C=0 groups
of an aromatic ring, respectively. The minor peak observed
at 1407 and 2931 cm! may be attributed to -C—O— and
symmetric stretching vibrations of C—H bond, respectively.
In addition, a broad band located at 3291 cm™' represents
—O-H stretching vibrations, thereby indicating the pres-
ence of hydroxyl group (Emadi et al. 2017; Sampathkumar
et al. 2020; Krishnan et al. 2016). While, biogenic AuNPs
showed several bands located at 1120, 1398, 1676, 2928,
and 3290 cm™! with little changes in the position, suggest-
ing that water-soluble phytoconstituents like flavonoids
were involved in reduction process and stabilizing the
AuNPs by surface layering the NPs to prevent them from
agglomeration.
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Fig. 3 Plausible mechanism of —
flavonoid mediated biosynthesis
of AuNPs
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Fig. 4 Displays cyclic voltammogram of different modifications of the
electrode (i) bare/GCE, and (ii) AuNPs/GCE in 5 mM of [Fe(CN)]>/*

Literature study reported that CPE contain a high amount
of water-soluble antioxidant polyphenols such as flavonoids
(Zefang et al. 2016). These compounds possess ketonic
(C=0) and hydroxyl (OH) groups, which can directly scav-
enge molecular species of active oxygen. The plausible
chemistry for the formation of AuNPs has been illustrated
in Fig. 3. It depicts that trivalent aurum (Au®>") ions form
an intermediate complex with flavonoids like naringenin
through its hydroxyl (OH) groups. Then, the —OH groups
undergo oxidation to its corresponding keto (C=0) forms
and subsequently reduce the gold cation (Au*") to a neu-
tral state of Au. The reduced Au’ act as a nucleation site
that undergoes agglomeration and eventually forms AuNPs
(Oueslati et al. 2020).

Electrochemical study of AuNPs/GCE

In order to investigate the electrochemical performance,
cyclic voltammetry (CVs) of the bare/GCE and AuNPs/
GCE in 5 mM [Fe(CN)]>"* consisting 0.1 M KCI was
considered as a probe reaction (Fig. 4). A couple of redox
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peaks were observed at bare/GCE with a peak-to-peak
separation of 121 mV. The anodic and cathodic peak cur-
rent response had been significantly intensified for AuNPs/
GCE than bare/GCE, indicating the rapid electron transfer
rate at the modified electrode. The enhanced electron trans-
fer kinetics on the AuNPs/GCE might be attributed to the
high conductivity and specific surface area of AuNPs. The
electroactive surface area (A) of the modified electrode was
determined from the anodic peak current (I,,) of the CV
in [Fe(CN)]>* using the Randles-Sevcik equation (Eq. 2)
for the reversible reaction (Mathew et al. 2018):

L. = 2.69 x 10°n%/2AD,C /2 2)

where L, , is the anodic current response, n is the number of
mobile electrons (1), v is the scan rate (100 Vs™"), D, is the
diffusion coefficient of the analyte (7.6 x 107° cm? s7!),
and C, is the concentration (5 mM). The effective surface
area (A) at AuNPs/GCE was found to be 0.1617 cm?.

The influence of varying scan rates (10 to 220 V s')
towards oxidation response of 10 mM MG at AuNPs/GCE
was analysed using CV, and the sketch of superimposed
voltammograms is shown in Fig. 5a. Figure 5b shows the
corresponding linear relationship between anodic peak cur-
rent (I, ) and the square root of scan rate (v'"?) and can be
expressed as (Eq. (3)):

Lo = —1.6551 +5.1275 x /2 (R? = 0.997) (3)

which manifested the electrode reaction of MG at AuNPs/
GCE as an irreversible process driven by adsorption. Fur-
ther dealing with the data, a linear relationship between the
peak potential (E,, ) and the logarithm of scan rate (logv )
is demonstrated in Fig. Sc. The corresponding linear regres-
sion equation is expressed as Eq. (4) with a R? value of 0.99.

Epa = 0.071 x log + 0.840 4)
According to Laviron’s theory (Li et al. 2024), an irrevers-

ible electrode process can be demonstrated by the following
equation (Eq. 5):
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Fig.5 a CVs of 100 mM MG at 25
the AuNPs/GCE with different Ipa=5.1271 (Vl/Z) —1.6551
scan rates (10 to 220) Vs™'; b 204 R2= 0.997
and c the corresponding calibra- )
tion graph of I, vs. v12 and E,
vs. log v, respectively 154
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where E’ is the formal standard potential, k; is the standard
heterogeneous rate constant, n is the number of electrons
transferred, o refers to the charge transfer coefficient, v, R,
T and F have their usual significance. From the slope of
Fig. 5¢c, the value of o was calculated to be 0.4164, consider-
ing the value of n is 2, as referred to in literature (Ansari and
Nematollahi 2018). kg can be obtained from the intercept
of the E, vs. log(v) relationship until E? is known. E° was
determined to be 0.718 V s~! from the intercept of another
linear relation of E vs. v by extrapolating v=0. The value of
k, is estimated to be 0.27 s”'. The diffusion coefficient (D)
of the MG can be calculated using Randles-Sevcik’s equa-
tion (Eq. (6) for the irreversible reaction (Bhattacharjee et
al. 2024) and found to be 7.628 x 10~* cm? s,

Lo =2.99 x 10° nAC(xnD )*/? (6)

Finally, differential pulse voltammetry (DPV) was employed
for the quantitative detection of MG since the tool offers
better sensitivity and resolving power. Sacara et al. previ-
ously documented that the electrochemical oxidation of
MG in acidic media is two electron transferable irrevers-
ible reaction driven by diffusion control process at the elec-
trode. During anodic oxidation reaction, MG eliminates its
central C atom with a phenyl group to form an intermedi-
ate N, N,N',N'-tetramethylbenzidine (TMB) which further

log v (mV/s)

oxidized to 1,1'-biphenyl-4.4’-diamine (TMB,) (Sacara
et al. 2017a, b). The anodic response corresponding to the
electrooxidation of MG recorded in DPV was utilised to
study the performance of the AuNPs modified electrodes.
Figure 6a exhibits the DPV responses at AuNPs/GCE in
the presence of varying concentrations (1, 2, 4, 6, 8, 10,
20, and 40 uM) of MG in acidic PBS (pH~5) within the
potential window of 0.3 to 1.2 V vs. Ag/AgCI/KCl,. The
corresponding calibration plot shows the linear relationship
between the concentration of MG and anodic peak currents
(I,4), as shown in Fig. 6b. The linear regression for the elec-
trooxidation of MG is expressed as follows (Eq. 7):

Ipa = 0.0261 x Cyg +2.1071(R2 = 0.9928) 7

The limit of detection (LoD) at AuNPs/GCE was calculated
from LoD=3c/m at S/N=3, where o is the standard devia-
tion of the blank response, and m is the slope of the cali-
brated graph. The estimated LoD at AuNPs/GCE is 298 nM
with an apparent sensitivity of 0.373 pA pM ! cm 2.

In order to study the selectivity of the AuNPs/GCE, a
number of interferents were introduced, including methy-
lene blue, methyl orange, K,SO, and NaCl which may
cause interference during detection even present at low con-
centration compare to that of MG. For that, the sensor was
incubated with 10 uM MG containing one of the above-men-
tioned interferents (0.1 M), respectively as demonstrated in
the Fig. 6¢c where A is pure MG without any interferents,
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Fig. 6 Shows a DPV spectrum of different concentration of MG (1
to 40) uM at AuNPs/GCE in acidic PBS (pH~5); b the correspond-
ing calibration plot of the anodic peak current response (I, , ) vs. con-

and B, C, D, and E are mixture of MG and methylene blue,
methyl orange, K,SO, and NaCl, respectively. The change
in current caused by the interferents was less than 5% com-
pared to no interference, indicating that the sensor had good
selectivity and these intereferents does not have any impact
on MG detection. The reproducibility of the modified probe
was also studied. The RSD for MG is found less than 5% for
5 independent electrodes under same experimental condi-
tions. Together with good fabrication reproducibility, selec-
tivity, and moderate dynamic range with LoD value suggest
that AuNPs modified electrode for MG was quite reliable
and can be further improved by conjugating with different
conductive materials.

Photocatalytic reduction of MG

Catalysis is a typical nanoscale phenomenon, where nano-
materials are used to activate the chemical bonds of the
intermediated substrate-product complexes to decrease the
activation energy, which otherwise not. In order to realize
the photocatalytic activity of biosynthesized AuNPs, the
reduction of MG was performed by NaBH, under visible
light irradiation as a probe reaction. Simultaneously it is
observed that no change in maximum absorbance of MG
at 616 nm in absence of AuNPs and NaBH, over the time
indicates the no photolytic degradation of MG. Finally, the
comparison of the photocatalytic behaviours of NaBH, with
and without AuNPs was studied by recording the variation
of maximum absorbance of MG at regular time intervals,
as shown in Figs. 7(a and b). Figure 7a shows that without
catalyst (AuNPs), the absorption maxima of MG decreases
slowly with respect to time (approx. ~ 120 min) in the pres-
ence of NaBH,. The intensity of the colour was also noticed
to be fade than the control one indicates the ability of the
NaBH, to reduce MG. While a rapid decrease in absorp-
tion maxima of MG is noticed after 39 min in the presence
of AuNPs with NaBH, indicates the catalytic reduction of
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centration of MG, and ¢ specificity study towards various interfering
agents where A is pure MG, and B, C, D, and E are mixture of MG and
methylene blue, methyl orange, K,SO, and, NaCl, respectively

green coloured MG to colourless LMG (Fig. 7b). The rapid
decrease of absorption maxima is indicative of the potential
of AuNPs as a photocatalyst. The photo-induced reduction
rate of MG was determined from the linear calibration plot
of In(A/A,) vs. time (Fig. 7c). The apparent rate constant of
the photocatalytic reduction of MG (k,,,) is estimated from
the first-order kinetic equation (Eq. 8).

m(Z):_“W®

where A, A indicates the absorbance at different time inter-
val and initial time, respectively. A linear correlation was
observed for the photocatalytic and non-catalytic reaction
between In (A/A,) vs. time, which follows first-order kinet-
ics as expressed in Egs. (9 and 10), respectively.

®)

A
In (At) = —0.0451 () + 0.0689 R* = 0.9886 9)
0
Ay o
In v —0.0096 (t) + 0.0265 R = 0.9961 (10)
0
The K, for the photocatalytic reaction is estimated to be

4.51 x 1072 min"! as compared to 0.96 x 1072 min~! for
non-catalytic reaction. This result confirms the rapid and
effective photocatalytic reduction of MG by AuNPs. The
percentage (%) of dye degradation for catalytic reaction was
calculated from Eq. (11) and plotted against time (Fig. 7d).

Ap— A
% of dye degradation :( 0 t) x 100 (11)

Ao

The plot clearly demonstrates that the biogenic AuNPs was
an effective catalyst against MG and the maximum per-
centage (%) of degradation was achieved at 81.93% after
39 min.
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The AuNPs catalysed photodegradation of MG in pres-
ence of NaBH, is considered as a heterogeneous catalytic
reaction. The photocatalytic efficiency of AuNPs is clari-
fied through the reductive mechanism and pictorially illus-
trated in Fig. 8. The complete photocatalytic dye reduction
involves three sequential steps. (A) Diffusion and adsorp-
tion of borohydride ions (¢~ donor) and MG (e acceptor)
onto the surface of photocatalyst (AuNPs). (B) Transfer
of electrons between them. Briefly, the electron transfer
mechanism is as follows. (i) AuNPs absorbs visible light
(sunlight) strongly because the surface plasmon oscillation
frequency for AuNPs is in the visible spectrum. The cor-
responding photon energy (hv) is sufficient to overcome the
attraction forces of the electrons from the nucleus of AuNPs
(Eg~2.21 eV) and causes the excitation of electrons from
the low energy filled valence band (VB) to the high energy
empty conduction band (CB). Thereby resulting formation
of a positively charged hole (h") in the valence band and

40 60 80
2Theta (9)

4 5 2

a negatively charged free electron (e”) in the conduction
band or electron-hole (e /h™) pair separation. (ii) The ¢ /h*
pairs can migrate to the surface of AuNPs and be involved
in oxidation and reduction reactions. (iii) The electron in CB
reacts with toxic MG and reduced to non-toxic LMG, and
(iv) simultaneously, the hole in VB interacts with NaBH,
and oxidized to NaBO,. (C) LMG and NaBO, diffuse away
from the surface of photocatalyst. Herein, NaBH, in the
presence of visible light is facilitating the insertion of an
electron into empty VB and subsequently migrate them into
CB of the AuNPs, and followed by reduction of dye on the
surface of AuNPs. Hence, AuNPs as a photocatalyst is an
essential for electron relay effect from NaBH, to the dye for
the dye reduction process (Zhao and Jin 2018; Bhowmik et
al. 2015; Zhang et al. 2025; Singh et al. 2020; Sonu et al.
2019).

Finally, to investigate the reusability of the AuNPs as
photocatalyst, five successive degradation reaction of MG
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NaBH,

NaBO,

Fig. 8 Plausible mechanism of photocatalytic degradation of MG in
presence of NaBH, with AuNPs under the visible light irradiation

under visible light illumination was performed in the same
experimental condition. As shown in Fig. 7e, the degrada-
tion efficiency of the photocatalyst was observed insignifi-
cant or slightly reduced from 81.93% (1st cycle) to 78.06%
(5th cycle), reflects the stability of the photocatalyst. More-
over, the XRD pattern (Fig. 7f) of the reused photocatalyst
did not exhibit any notable changes in its crystalline struc-
ture suggests that the as-synthesized AuNPs can be used as
a reusable photocatalyst for degradation of MG.

Conclusion

In summary, we have successfully demonstrated a rapid and
feasible green chemistry synthesis for AuNPs using C. gran-
dis peel extract as reducing and stabilizing agent assisted
by ultrasonic waves. The particles are found crystalline and
predominantly spherically shape with little aggregation as
evidenced from XRD, FESEM and TEM, respectively. The
as-synthesized AuNPs was investigated for electrocataly-
sis and showed a moderately broad dynamic range with a
limit of detection (LoD) of 298 nM for MG. Besides, as an
electrocatalyst, the AuNPs possessed photocatalytic activity
towards degradation of MG with an apparent rate constant
value of4.51 x 102 min . So, this piece of work concludes
that ultrasound-mediated biogenic AuNPs is a potential bi-
functional catalyst could stimulate future applications in
biomedical as well as in wastewater management.
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