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INTRODUCTION

In recent years, the study of inorganic nanoparticles has
expanded significantly due to their numerous practical appli-
cations in science and technology [1]. The unique catalytic,
electrical, optical, magnetic and other physical and chemical
properties of nanoparticles, which differ markedly from their
bulk counterparts, are influenced by their size, shape and chem-
ical environment, necessitating careful preparation [2,3]. Noble
metal nanoparticles such as silver, gold, platinum, palladium
and non-metallic inorganic oxides like zinc oxide and titanium
oxide have been extensively utilized due to their distinct elect-
ronic, mechanical, optical, chemical and magnetic properties
[4-9]. These nanoparticles possess unique characteristics such
as a larger surface area to volume ratio, varied sizes and shapes
(like spherical or rod-shaped) [10]. As a result, they find appli-
cations in diverse fields including diagnostic biological probes,
optoelectronics, display instruments, catalysis, fabrication of
biological sensors, detection and monitoring of diseases such
as cancer cells, drug discovery, identification of environmental
toxic metals or reagents and therapeutic uses [11-16]. Chemical
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Gold nanoparticles (AuNPs) were synthesized using an eco-friendly method involving Azadirachta indica (neem) fruit pulp extract. The |
characterization of the synthesized AuNPs were confirmed through UV-visible spectroscopy, FT-IR, DLS, XRD, EDX, AFM and HR-TEM |
techniques. The appearance of a dark brown colour visually indicated the formation of AuNPs, which was supported by a UV-visible
absorbance peak around 455 nm. HR-TEM analysis revealed that the nanoparticles were spherical and averaged 20 nm in size. The synthesized |
AuNPs demonstrated significant antioxidant activity against DPPH. Additionally, they exhibited exceptional catalytic performance in the |
reduction of 4-nitrophenol and methylene blue dye when used with sodium borohydride. These findings suggest that the formation and |
applications of AuNPs could be valuable for advancements in pharmaceuticals and nanotechnology. |
|
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and physical reduction methods are indeed the most prevalent
and widely adopted techniques for preparing nanoparticles [17].
Nevertheless, these methods involve the use of toxic chemicals
and physical processes which are costly, demand significant
energy consumption and result in the formation of nanoproducts
that may pose health risks [18,19].

Gold nanoparticles (AuNPs) are extensively researched
nanoparticles known for their distinctive physico-chemical
properties and excellent chemical stability [20-22]. These attri-
butes make them suitable for various applications such as catal-
ysis, bio-labeling, diagnostics and drug delivery [5,23-26].
Recently, the biogenic synthesis of gold nanoparticles (AuNPs)
has been synthesized using biomaterials such as plant extracts,
bacteria, fungi, enzymes and biopolymers [20,21,27].

Using plants for the synthesis nanoparticles provides a
reliable and simple approach that eliminate employing various
production steps. Phytochemicals in plants, including proteins,
amino acids, polysaccharides, polyphenols and organic acids,
help to reduce the Au* to Au’and catalyze the formation of
AuNPs [5,28]. Numerous reports highlighted the use of plants
for synthesizing gold nanoparticles. Plants like avocado seed,
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Avaroha carambola, onion peel, citrus and Piper longum have
been used to produce AuNPs through straightforward processes,
exploring their potential biological applications [23,29-32].
In this research, we explored a sustainable method for
synthesizing gold nanoparticles using neem fruit pulp extract
to reduce Au* ions in a gold solution to Au’. Azadirachta indica,
commonly known as neem or Indian lilac, is a medicinal plant
from the Maliaceae family. This study demonstrates the
efficient and straightforward synthesis of AuNPs using neem
fruit pulp extract. The resulting nanoparticles were characte-
rized using UV-visible spectroscopy, XRD, FTIR, DLS, EDX,
XRD and HR-TEM techniques. Additionally, the AuNPs were
evaluated for their antioxidant and catalytic reducing abilities.

EXPERIMENTAL

Aqueous extract of neem fruit: Fresh ripened neem fruits
were collected from the botanical garden, Osmania University,
Hyderabad, India and peeled off the skin as shown in Fig. 1.
Deionized water (100 mL) was added to 20 g of peeled neem
fruits and mixed at room temperature for 10 min and filtered
through Whatman no. 1 filter paper. The filtrate was used as
neem fruit extract (NFPE) was stored at -4 °C for further studies.

Fig. 1. Image of neem fruits

Synthesis of gold nanoparticles: A mixture containing
3 mL of 0.5 mM HAuCl-3H,O and 8 mL of 0.5% extract
solution was heated in a microwave oven for 180 s. The colour
of the reaction mixture changed slowly from pale yellow to
ruby red, which indicates the formation of AuNPs. The formation
of AuNPs is further confirmed by UV-visible spectroscopy and
labelled as neem fruit pulp extract mediated gold nanoparticles
(NFPE-AuNPs).

Effect of concentration of aqueous extract: In a test tube,
1 mL of 1 mM HAuCl-3H,0 solution was added to 3 mL of 0.3
mM liquid extract. The resulting solution was heated in a micro-
wave oven for 180 s. Same procedure was repeated for follo-

wing concentrations of fruit extract 0.5, 0.8, 1, 1.25 and 1.5%
and then measured the UV-vis spectra of each solution.

Effect of salt: In 50 mL beaker, 1 mL solution of 0.1 mM
solution of HAuCl4-3H,O was mixed with 3 mL of fruit extract
was added into it and then heated in a microwave for 180 s. The
same procedure was repeated with different concentrations of
HAuCl, having 0.2 mM, 0.3 mM, 0.4 mM, 0.5 mM and 0.6 mM.
Finally, the UV-vis spectral analysis of each solution was analyzed.

Characterization: The UV-visible analyses were condu-
cted in the range of 300 to 1000 nm using a Shimadzu UV-
1800 UV-VIS spectrometer to monitor the reduction of NFPE-
AuNPs. The average particle size in solution and zeta potential
of synthesized AuNPs were measured with Horibia nanoparticle
analyzer (SZ100) using dynamic light scattering (DLS) method.
Following this, the gold nanoparticles were subjected to oven
drying at 60 °C for 1 day before being examined for structural
and compositional analysis using powder X-ray diffraction
Brucker D8 advanced twin-twin spectroscopic instrument oper-
ated at 45 kV and 20 mA with scanning occurring within the
range of 20 =10-80° @ 2°/min. Transmission electron microscopy
(TEM), utilizing a Jeol/JEM2100 instrument, was employed
to investigate the size and morphology of AuNPs. Additionally,
FTIR analysis was conducted with a Thermo-Scientific Nicolet
6700 system to identify the bioreduction compounds responsible
for the reaction. Spectra were recorded within the range of
4000-550 cm ™.

Catalytic reduction of 4-nitrophenol: The catalytic acti-
vity of NFPE-AuNPs was investigated using the reduction of
4-nitrophenol as model reaction. Initially, 4-nitrophenol (0.4
mM, 1 mL) was mixed with deionized water (1.8 mL) in a
quartz cuvette followed by the addition of NaBH, (200 mM,
200 pL) solution. Subsequently, NFPE-AuNPs (100 pL) were
introduced as a catalyst. The reaction progress was monitored
using UV-visible spectrophotometer at different time intervals.

Catalytic reduction of methylene blue dye: The catalytic
reduction activity of NFPE-AuNPs for reduction of methylene
blue dye was studied using the UV-visible spectrophotometer
with freshly prepared NaBH, solution at room temperature.
In a quartz cuvette, 1.8 mL of methylene blue dye (0.05 mM)
solution was taken along with 1 mL of freshly prepared NaBH.
(10 mM). Then 100 uL of nanoparticles was added and the
reduction reaction was monitored after the interval of 1 min
using UV-visible spectroscopy.

DPPH radical scavenging activity: The antioxidant
activity of NFPE-AuNPs against the DPPH radical were asse-
ssed by following Blois’ method [33]. Different concentrations
(25, 50, 75 and 100 pg/mL) of sample dissolved in 1 mL of
DMSO were mixed with 4 mL of 0.004% (w/v) DPPH solution
in methanol. After a 30 min incubation period at room temper-
ature, the absorbance was measured at 517 nm against a blank.
Ascorbic acid served as the standard for comparison. Each
experiment was conducted in triplicate and the results were
averaged. The inhibition percentage (I1%) of DPPH radical
formation was determined using the following equation:

control Asample

Inhibition (%) =
A

control
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Fig. 2. UV-vis spectra of AuNPs showing the effect of (a) extract concentration and (b) gold salt concentration on the synthesis

RESULTS AND DISCUSSION 0.3 and 0.5 mM HAuCl, exhibited broad SPR peaks with low

absorbances indicated that AuNPs formation was not favour-

The neem fruit pulp extract (NFPE-AuNPs) was utilized to able at these concentrations. A sharp, narrow and symmetrical

obtain gold nanoparticles by an approach mediated by a plant ~ peak at 530 nm were observed at 0.8, 1.0 and 1.25 mM HAuClL.

extract. The process began by adding an aqueous solution of ~ The results were in accordance with other studies, where the

NFPE to HAuCl. Aqueous gold solution is light yellow incolour  biosynthesis of nanoparticles increased with the increase in ion

and colour of liquid extract of neem fruit is colourless. Colour salt concentration. Therefore, 1 mM HAuCl, was chosen as
of gold solution remains unchanged as addition of liquid extract ~ the optimum salt concentration for the synthesis of AuNPs.

at first. When the mixed solution was kept in microwave colour IR spectra: The FT-IR analysis indicated a wide variety of
changed into ruby red [30]. A peak at 529 nm appeared in its phytochemicals and functional groups on the AuNPs surface.
UV-visible spectra, which specified the formation of gold nano- FT-1IR spectrum recognizes the functional groups of the phyto-

particles. This colour change is attributed to the surface plasmon chemicals that are the reason for the reduction of gold ions
resonance (SPR), which results from the collective oscillation ~ (Au™)ions to gold (Au’) nanoparticles and subsequent stabili-
of AuNPs electrons in resonance with light [34]. zation of the AuNPs present in plant extract (Fig. 3). The FT-
As shown in Fig. 2a, the reduction of Au* into Au’ by IR spectrum of neem fruit pulp extract exhibits strong vibrations
NFPE and the formation of AuNPs was evidenced by the UV-vis at3411 cm™ (O-H an N-H stretching alcohols & amines), 1628
spectra for all the NFPE concentrations. The effect of extract ~ c¢m™ (N-H bending), 1153 cm™ (C-C skeletal vibrations) and
concentration on the synthesis of AuNPs was studied by UV-
visible absorption spectra produced by the microwave irradi-
ation of different concentrations of plant extract (0.1 to 0.6 %) 2
with 1 mm of HAuCl,solution for 80 s (Fig. 2a). It was observed NFE extract 2
that the absorbance intensity of the reaction mixture increased 1628
with the increase in the concentration of plant extract indicating
the higher production rate of nanoparticles. Gold nanoparticles
synthesized with 0.1% NFPE showed low absorbance, likely
due to an insufficient amount of reducing agents available to
react with Au™ ions in the solution and the reaction with 0.6%
NFPE displayed a SPR band at 530 nm, suggesting the form-
ation of larger and anisotropic AuNPs. A rapid colour change
was noted in mixtures containing 0.5% and 0.6% NFPE, this
is due to the higher concentration of reducing agents present in
reaction mixture. Hence, 0.5% NFPE was chosen as the optimal
concentration for AuNP synthesis. 1455
The effect of HAuCl, concentration on the synthesis of T T T T T T T
AuNPs was studied by UV-visible technique at different concen- 4000 3500 3000 2500 2000 1500 1000 500
tration (0.1 to 0.6 mM) containing 0.5 % plant extract for 80 s Wavenumber (cm )
of microwave irradiation (Fig. 2b). The obtained AuNPs with Fig. 3. Representative FT-IR spectra of NFE and AuNPs

1153

3411

Transmittance (%)
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Fig. 4. (a) Size distribution histogram of AuNPs, (b) DLS for zeta potential of AuNPs

826 cm™ (C-X stretching). The reduction of Au**to Au’ results
in a strong band at 3674 cm™' (O-H and N-H stretching alcohols
& amines), 1455 cm™ (C-N stretching 2° amine) and 1076 cm™
(C-O stretching alkyl ether), 881 and 712 cm™ (C-X stretching).
The presence of hydroxyl, amine and halo compounds in the
extract of NFPE contains are responsible for the reduction and
stability of NFPE-AuNPs. The similar results are already been
reported [22,35, 36].

Particle size and zeta potential analysis (dynamic light
scattering (DLS): The size distribution and zeta potential in
colloidal solutions can be determined using dynamic light
scattering (DLS). The average size of the AuNPS synthesized
was found to be 33.7nm (Fig. 4a). The particles ranged from
10 nm to 100 nm in distribution. The Zeta potential of AuNPs =
measured at -22.8 mV (Fig. 4b) indicates a negative charge. ‘:SV
These particles exhibit colloidal stability due to strong Fig. 5 EDX spectrum of AuNPs
repulsions between them, preventing agglomeration.

EDX spectra: The conversion of Au™ into Au’ nanopar-
ticles through bioreduction was confirmed using EDX analysis.

38.265

Fig. 5 shows the EDX spectrum of the synthesized NFPE- 20
AuNPs. The identification of elemental gold signals at different
energy levels (2.2 keV, 8 keV, 9.75 keV, 11.5 keV and 13.4
keV). The prominent peaks of gold absorption observed at 2.2 197
keV are likely indicative of the gold binding energy [37]. Signals )
from other elements such as C, O, Cl and K were also observed, %

€ 10

attributed to non-focal elements present in NFPE. Moreover,
the presence of carbon, chlorine, potassium and oxygen peaks
suggests the involvement of biological molecules from the
plant extract, acting as capping agents around the AuNPs.
XRD spectra: The crystalline structure and average crys-
talline size of neem fruit pulp extracted mediated AuNPs were
studied through XRD technique. Fig. 6 shows the XRD pattern

44.418

64.697
77.663

of NFPE-AuNPs. The diffraction peaks at 20 values of 38.265°, 30 40 50 20 () 60 70 80
44.418°, 64.697° and 77.663° correspond to the (111), (200), Fig. 6. XRD spectrum of AuNPs. The characteristic peak for gold (111)
(220) and (311) planes of the face-centred cubic (FCC) struc- was found at 26 = 38.265

ture of the synthesized AuNPs, according to JCPDS card no:

04-0784. These values are consistent with those reported for D= 0.942

nano gold colloids in the literature [38]. Additionally, the XRD BcosO

patterns show no peaks related to impurities and no significant ~ where D represents the average crystallite size in nanometres,
peak shifts are observed indicating the purity of the synthesized A is the X-ray wavelength, B is the full width at half maximum
gold nanoparticles. To calculate the average crystallite size, and 0 is the Bragg angle (Table-1) [39]. Based on this equation,
the Scherrer’s equation was employed: the average crystallite size was found to be 17.4 nm.



Vol. 36, No. 9 (2024) Green Synthesis of Gold Nanoparticles using Neem Fruit Pulp Extract and their Applications 2093

TABLE-1
XRD DATA OF SYNTHESIZED AuNPs

Standard d-Spacing

Observed d-spacing

JCPDS No. 04-0784 Observed (26) d=7/2 Sin 6 FWHM A D (nm)
38.117 38.265 2.35621 0.477 (111) 19.6
44.279 44418 2.03789 0.672 (200) 12.7
64.428 64.697 1.43963 0.510 (220) 18.3
77.475 77.663 1.2284 0.597 (311) 19.0

Average crystalline size 17.4

TEM and SAED studies: HRTEM analysis was used to
examine the morphology such as shape and size of AuNPs
synthesized using neem fruit pulp extract (Fig. 7a-b). The TEM
observations revealed that gold nanoparticles exhibit a spherical
shape with a smooth surface morphology. These nanoparticles,

(@

Fig. 7. (a-b) TEM images of NFE-AuNPs. It shows the presence of spherical nano particles with sizes ranging from 22-55 nm and (c-d)

SAED patterns of the synthesized AuNPs

with diameters ranging from 10 nm to 15 nm, demonstrate a
highly uniform distribution.

The crystalline arrangement of AuNPs was analyzed utili-
zing selected area electron diffraction (SAED) technique is
shown in Fig. 7c. Bright circles in the pattern indicate the poly-

(b)
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crystalline nature of the gold nanoparticles. The SAED results
matched with the results obtained from XRD analysis and
circular rings corresponding to (111), (200) and (220) planes
in the SAED image signify the characteristic reflections of the
face-centered cubic (FCC) crystalline structure of gold nano-
particles [40,41]. Furthermore, the crystalline structure of the
AuNPs is made up of several crystalline lattices with a clearly
defined inter-planer spacing of d = 0.18 nm (Fig. 7d). The
results were similar to those from earlier reports [42].
Catalytic reduction of 4-nitrophenol: 4-Nitrophenol
reduction reaction serves as a standard model for assessing
the catalytic efficacy of synthesized NFPE-AuNPs, frequently
presented in various research works on the catalytic abilities
of green-synthesized AuNPs. After the addition of freshly prep-
ared NaBH., solution, the 4-nitrophenol absorption peak under-
goes ared shift from 318 to 400 nm, resulting in a colour change
from light yellow to dark yellow due to the formation of 4-nitro-
phenolate ion [43]. The absorption peak at 400 nm is main-
tained for a long time (25 min) in absence of AuNPs (Fig. 8a),
indicating that NaBH, cannot reduce the 4-nitrophenolate ion
without a catalyst. In ambient conditions, AuNPs facilitate the
rapid reduction of 4-nitrophenol to 4-aminophenol in the pres-
ence of NaBH, as displayed in Fig. 8b. A reduction of absor-
ption peak of 4-nitrophenol at 400 nm over time, nearly disapp-
earing after 15 min, this was followed by the appearance and
gradual increase of peak at 300 nm, confirmed the formation
of 4-aminophenol. Several studies have reported that the amount
of nanocatalyst, the initial concentration of 4-nitrophenol and
NaBH, are important factors that influence the catalytic
reduction of 4-nitrophenol to 4-aminophenol by metal based
nanoparticles [44,45]. Thus, when utilizing NFPE-AuNPs, the
catalytic reduction proceeds finished within 15 min (97.30%).
Table-2 shows the comparative data of the reaction time and
size of the various AuNPs by green synthesis methodolgy

TABLE-2
COMPARATIVE DATA OF GREEN SYNTHESIZED AuNPs
USED FOR THE REDUCTION OF 4-NITROPHENOL
WITH THEIR SIZE AND REACTION TIME

Feedstock Size (nm) Reductlpn Ref.
time (min)

Citrus fruir extract 25 20 [47]

Caffeic acid 38 15 [48]

Mimusops eleugi 9-14 5-8 [49]

Sterculia acuminta 26.5 36 [50]

Caffca arabica 28 38 [46]

(Fig. 8c). In the presence of NaBH, and AuNPs, BH,™ and
4-nitrophenol initially diffuse to the Au surface from the aqueous
solution. The AulNPs serve as catalysts, facilitating electron transfer
from BH4™ to nitrophenol. Excess borohydride ions from NaBH.
are adsorbed onto the AuNPs surface and then transfer a hydride
to nitrophenol, leading to the reduction of 4-nitrophenolate to
4-aminophenol, attributed to the thermodynamically unstable
hydrogen atoms interacting with 4-nitrophenolate during the
hydrogenation process.

Catalytic reduction of methylene blue dye: Fig. 9a repre-
sents the spectrum of a solution containing NaBH. and methylene
blue in absence of catalyst. However, after 25 min, solution peak
was degraded slightly. Based on these observations clearly
indicated that either methylene blue dye is not reduced effectively
by NaBH, without catalyst [51,52]. On the other hand, upon
addition of NFPE-AuNPs, the methylene blue almost degraded
and the solutions became colourless within 10 min (Fig. 9b).
Table-3 shows the comparative studies of methylene blue degra-
dation with AuNPs synthesized from different sources.

TABLE-3
GREEN SYNTHESIS OF AuNPs AND
APPLICATIONS FOR METHYLENE BLUE B
DEGRADATION IN PRESENCE OF NaBH,

Absorbance

utilized to reduce 4-nitrophenol. Degradation  Time required
Kinetic studies: The reaction rate, determined from In Flant source of MBdye  forreduction  Ref.
AW/A, plotted against ti here Ao and A h L o e
of Acp otted against time (s?, where A, and A, rfepresent t e Salvia officinalis 100 34 min 53]
4-nitrophenol absorbance at times 0 and t, respectively, exhib- Oil palm 98.3 2h [54]
ited a linear relationship with time, demonstrating excellent Sanseveieria roxhurghiana 49.6 1h [55]
conformity to pseudo first-order kinetics with a correlation Myristica fragrana 100 10 min [56]
coefficient (R?) of 0.98 and rate constant (k) is 0.11342 min™ Edible coconut oil 100 20 min [57]
E 1.6
1.2 .
a c
@ .l ©
1.2
1.0
< 081
<c: 0.6 1 " R?-0098
- Slope = 0.11342
0.4 1
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Fig. 8. Catalytic activity of AuNPs (a) time-dependent UV-vis absorption spectra for the reduction of 4-nitrophenol in the absence of AuNPs,
(b) presence of AuNPs, (c) Plot of In(Ay/A,) vs. time (min) for the catalytic conversion of 4-nitrophenol
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Fig. 9. (a) Reduction of methylene blue in the presence of NaBH, and absence of a catalyst, (b) Time-dependent UV-Vis spectra for the
reduction of MB using AuNPs, (c¢) Plots of In A¢/A, versus time for the catalytic reduction of p-nitrophenol using AuNPs and NaBH.

TABLE-4
ANTIOXIDANT ACTIVITY OF THE SYNTHESIZED AuNPs
Sample 10 pg/mL 25 pg/mL 50 pg/mL 75 pg/mL 100 pg/mL 1Cs,
Au NPS 17.84 61.15 74.53 81.22 83.40 30.12
Ascorbic acid 40.89 65.98 81.04 87.36 93.68 7.42

Antioxidant activity: Recent studies have revealed that 2. E.J. Garboczi, Concrete Nanoscience and Nanotechnology: Definitions

AuNPs, particularly those synthesized through green methods and Applications, In: Nanotechnology in Construction 3, Berlin,
’ ’ Heidelberg, Springer Berlin Heidelberg, pp. 81-88 (2009).

possess significant antioxidant properties, attributed to the 3. M. Ahmeda, N. Ahmida and A. Ahmeida, Libyan Int. Med. Univ. J. , 2
phytochemicals adhering to their surface [23]. The DPPH radical 12 (2017);
scavenging assay revealed that AuNPs effectively interacted https://doi.org/10.21502/1imuj.003.02.2017

with free oxygen radicals exhibiting the antioxidant properties ~ % S H.Lee and B.-H. Jun, Int. J. Mol. Sci., 20, 865 (2019);
https://doi.org/10.3390/ijms20040865

[58]. In the concentration range of 10-100 pug/mL, green-synthe- 5 | Hammami, N.M. Alabdallah, A. Al-Jomaa and M. Kamoun, J. King

sized AuNPs demonstrated inhibition percentages ranging from Saud Univ. Sci., 33, 101560 (2021);
17.84% to 83.4%, with an ICs, value of 30.12 pg/mL for DPPH https://doi.org/10.1016/j.jksus.2021.101560
activity. A remarkable 83% radical scavenging activity was 6. I Saldan, Y. Semenyuk, I. Marchuk and O. Reshetnyak, J. Mater. Sci,
bserved with 100 pg/mL AuNPs. The antioxidant activi >0 2337 GO1):
observed with 100 pg/ uNPs. The antioxidant activity https://doi.org/10.1007/s10853-014-8802-2
exhibited a dose-dependent pattern, with increasing nanopar- 7. A.A.Hemédndez-Hernandez, G. Aguirre-Alvarez, R. Carifio-Cortés, L.H.
ticle concentration leading to higher % inhibition (Table-4). Mendoza-Huizar and R. Jiménez-Alvarado, Chem. Papers, 74, 3809
. (2020);
Conclusion https://doi.org/10.1007/s11696-020-01229-8
An easy, eco-friendly and cost-effective method to synthe- 8. E\z.oll(i)lf)duejczak—Rad21mska and T. Jesionowski, Materials, 7, 2833

size b‘iocompatiblej Al'lNPS using neem fruit pulp extract .als a https: /;doi.org/]0.3390/ma7042833
reducing and stabilizing agent is reported. The synthesized 9. J. Wang, Z. Wang, W. Wang, Y. Wang, X. Hu, J. Liu, X. Gong, W. Miao,
NFPE-AuNPs were examined through UV-vis, XRD, FTIR, L. Ding, X. Li and J. Tang, Nanoscale, 14, 6709 (2022);
EDX, DLS and TEM techniques. The synthesized AuNPs were Dttpoihluiore 10 TOSHD LARDNIA9] e

herical in sh d d20 .. Th h d 10. T.S. Sreeprasad and T. Pradeep, Noble Metal Nanoparticles, in Springer
SP e'rlca n 8 'ap('e an averagc? nm 1n S1Z¢. . €y s f)WC Handbook of Nanomaterials, Berlin, Heidelberg, Springer Berlin
significant antioxidant properties and high catalytic efficiency Heidelberg, pp. 303-388 (2013);
in the reduction of 4-nitrophenol to 4-aminophenol and degra- https://doi.org/10.1007/978-3-642-20595-8 9

11. M. Rai, A.P. Ingle, S. Birla, A. Yadav and C.A. Dos Santos, Crit. Rev.

dation of methylene blue dye. SR
Microbiol., 42, 696 (2015);
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