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talytic applications of silver
nanoparticles: a sustainable chemical approach
using indigenous reducing and capping agents
from Hyptis capitata

R. Revathy,a Jebin Joseph,b Cyril Augustine,a T. Sajini *a and Beena Mathewc

Indigenous chemical compounds found in plants such as phenolics, alkaloids, carotenoids, xanthophylls

and terpenoids are used by chemists for a variety of synthetic applications. Sustainable chemistry or

green chemistry, one of the recently emerged fields of science, paved the way for such chemical

compounds to act as reducing and capping agents for the syntheses of numerous metal nanoparticles.

In this research paper, we suggest a green protocol for the preparation of silver nanoparticles (AgNPs)

using the leaf, fruit and stem extracts of Hyptis capitata, one of the commonly found plants in the

tropics. The entire shoot system of this plant is used for the synthesis of AgNPs. Using microwave

irradiation, AgNPs are effectively synthesized separately with leaf, fruit and stem extracts as reducing

agents and the efficacy is compared. The reaction conditions such as temperature, the amount of plant

extract, and the concentration of silver nitrate, one of the precursors, are optimized to establish the

most efficient methodology for the synthesis. Also, the catalytic effectiveness of such nanoparticles in

removing organic dyes from aqueous systems is demonstrated. Analytical methods such as UV-visible

spectroscopy, HR-TEM, EDX, SAED, XRD, DLS, measurement of zeta potential, and FT-IR analysis are

used to characterize the crystalline character, chemical nature and morphology of the synthesized

AgNPs. The observations confirm that the entire shoot system of Hyptis capitata is a potential

biomaterial for the green synthesis of AgNPs, which can be used for the removal of dyes from aqueous

systems.
Environmental signicance

Research studies related to environmental issues are progressing and focusing on satisfying the updated demands of people worldwide. Nowadays people start
to realize the consequences behind the conventional scientic methods of research and their inuences on the ecosystem. The future of materials research
undoubtedly develops with safe and environmentally benign sustainable approaches. We discuss here the synthesis of silver nanoparticles using indigenous
reducing and capping agents found in Hyptis capitata. Certain catalytic applications are also presented. Instead of using chemical regents in place of reducing
and capping agents, the phytochemicals are utilized. The synthetic methods applied here are eco-friendly and can be considered as an example for sustainable
chemical approach or ‘green’ protocol. The AgNPs prepared from Hyptis capitata with this ecofriendly strategy are found to be an efficient nano-catalyst for the
degradation of dyes. Thus the environmental pollution of several systems such as water sources due to the presence of dyes can be recognized and degraded by
this methodology and it can nd applications in photocatalysis, electronics, medicine, etc.
1 Introduction

Nanotechnology is one of the outstanding elds of science,
where matter is used on an atomic, molecular, and/or supra-
molecular scale for industrial and medical applications.
Focusing on the development of nanostructures with special
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properties, they have wide-spread use in catalysis, microelec-
tronics, diagnostics, bio-molecular detection, antimicrobial
development, bio-sensing and the fabrication of nano-devices.1

Silver based nanosystems are used in orthodontics, agricul-
ture, the food industry and cosmetics.2,3 When antibiotics are
combined with silver nanoparticles, the resultant product
accomplishes remarkable capability to inhibit pathogens.4 This
nding has a promising future in medical sciences since it can
lead to the development of Ag-based nanoparticles incorporated
with antibiotics.5,6 Existing in a restricted range of particle sizes
on the nano-scale, silver-based nanoparticles possess unique
Environ. Sci.: Adv., 2022, 1, 491–505 | 491
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Fig. 1 Hyptis capitata (knobweed) selected for the synthesis of AgNPs.

Fig. 2 Phytochemicals extracted to aqueous media from the (a)
leaves, (b) fruits, and (c) stem of Hyptis capitata.
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qualities such as catalytic, optical, antioxidant, antimicrobial
and anticancer properties.1,7–9,32–34,37

The synthesis of silver nanoparticles is achieved effectively
by a variety of techniques including arc discharge, vapor
deposition, pyrolysis, micro-emulsion, photo-reduction and
chemical reduction of silver nitrate.4,10,11 The toxic reducing
agents used in the synthetic routes and the resulting by-prod-
ucts are not eco-friendly and are harmful to living organisms, in
most cases. The recent developments in sustainable chemistry,
commonly called green chemistry, suggest the design of
chemical products and processes that lessen or exclude the use
and/or the generation of substances hazardous to humans,
animals, plants and the environment.

The quest for green protocols for synthetic chemistry paved
the way for biological methods for the synthesis of nano-
particles because of their ease, harmlessness and cost effec-
tiveness.12 As a pre-requisite, non-toxic and renewable materials
are used for implementing such protocols. Microbes including
bacteria and fungi can also be utilized for the synthesis of
nanoparticles.4,13,35 However, this method includes mainte-
nance of microbial culture and purication steps. Microwave
assisted methods using plant extracts as both reducing and
capping agents are a sustainable approach for the rapid
synthesis of metal nanoparticles.14–16,26 The scientic literature
provides numerous investigations focusing on the microwave
assisted synthesis of silver nanoparticles using different plant
extracts.7,17 The products are reported to possess antimicrobial,
anti-inammatory and catalytic properties.38

The synthesis of nanoparticles using the components of
plants is a simple, environmentally friendly, and economic
approach. The adoptedmethodology in the present work strictly
follows green protocols without using any harmful chemical
reagents. The phytochemicals present in the plant extract act as
both reducing and stabilizing agents. Numerous factors
including the concentration of precursor, volume and concen-
tration of the extract, reaction time, temperature, pH, plant
species, and the precursor–extract ratio are found to affect the
properties of the synthesized nanoparticles such as size, shape,
and morphology. The technology for the large-scale synthesis of
nanoparticles using plant extracts has not yet been developed
fully due to the difficulties in optimizing these reaction condi-
tions and parameters that inuence the applications of
synthesized nanoparticles.

Belonging to the family of Lamiaceae, Hyptis capitata, also
called knobweed (Fig. 1), is one of the natural herbs found in
Florida, Mexico, Central America, the West Indies, South
America, Australia and Southeast Asia, and in some tropical
islands.18 Inmany places, it is considered as a medicinal plant.19

The leaves are used to cure black diarrhoea, heart palpitations,
stomach ache and many infections. Certain parts of the plant
are also used for the treatment of cough, gas pain and
amenorrhoea.

The leaves of Hyptis capitata are rich in a variety of phyto-
chemicals including alkaloids, coumarins, avonoids, glyco-
sides, phenols, tannins, quinones, terpenoids, steroids, iridoids
and saponins.18–20 These phytochemicals can be extracted
successfully by using suitable polar solvents. The total
492 | Environ. Sci.: Adv., 2022, 1, 491–505
concentration of phenols and avonoids in the aqueous leaf
extract ofHyptis capitata is found to be 552mg g�1 and 0.661 mg
g�1, respectively.19 Combining histochemical investigations
with phytochemistry pointed out the existence of certain
secretory structures in various parts of the plant.19 The catalytic,
antioxidant and antimicrobial activities of Hyptis capitata arise
from the unique properties of these phytochemicals. Being
another widespread species of the same family, Hyptis suaveo-
lens has been utilized for the synthesis of nanoparticles.30 The
silver-based nanoparticles synthesized by means of extracts
from this plant are found to possess larvicidal activities and are
found to cure malaria, dengue and lariasis vectors.21,22

Silver-based nanoparticles have not yet been synthesized
using the leaf, fruit and stem extracts of Hyptis capitata. As
a part of this research work, extracts from Hyptis capitata are
used for the synthesis of silver-based nanoparticles having the
capability to function as catalysts. The indigenous compounds
existing in the extract are supposed to function as capping and
reducing agents during the synthetic process.

Silver nanoparticles are prepared here, using the extracts
from the leaves, fruits and stem of Hyptis capitata using green
protocols with microwave irradiation. The inuence of change
in reaction conditions such as the amount of reducing agent,
concentration of the metal-ion precursor and microwave radi-
ation is investigated thoroughly to nd an optimized green-
synthetic method. The synthesized nanoparticles are found to
be an efficient nanocatalyst for the degradation of organic azo-
dyes.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods
2.1 Extraction protocols

The samples of Hyptis capitata (Fig. 1) were collected from
Changanasserry, Kerala, in India. The parts of the fresh plant
(Hyptis capitata) such as leaves, fruits and stems were separated
and washed with copious de-ionized water. Each of the collec-
tions was sliced into small pieces and dried separately in a hot air
oven. The dried samples (5 g) were placed in a round bottom ask
containing 100 ml de-ionized water, and the apparatus was tted
with a condenser, and boiled for 20 minutes. The resulting
extract in each case was ltered through Whatman No. 41 lter
paper. These extracts obtained from leaves, fruits and stems
(Fig. 2) were used for further experiments discussed below.

2.2 Synthesis of silver nanoparticles

The three extracts obtained above from the leaves, fruits and
stem of Hyptis capitata were used for the reduction of Ag(I) ions
to Ag(0).
Fig. 3 Color change observed during microwave irradiation of the react
HCS, where the abbreviations HCL, HCF, and HCS stand for leaf, fruit an

Scheme 1 Green synthesis of AgNPs from Hyptis capitata (HC) from (a)

© 2022 The Author(s). Published by the Royal Society of Chemistry
For this, 10 ml of the extract from the leaves was added to 90
ml of aqueous silver nitrate (1 mM) solution and the resulting
mixture was subjected to microwave irradiation for 3 minutes in
a domestic microwave oven [Sharp R219T (W)] operating at 800
W power and 2450 MHz frequency. The formation of AgNPs was
monitored using a UV-visible spectrophotometer keeping an
interval of 30 seconds. Following the above methodology,
AgNPs were synthesized also from the fruits and stem extracts
(Scheme 1).

2.3 Strategies adopted for the optimization of reaction
conditions

Aiming at the effective synthesis of AgNPs with maximum yield,
the inuence of three major factors was analyzed experimen-
tally, which include the role of microwave irradiation, the
amount of the plant extract, and the concentration of silver
nitrate.

To assess the importance of microwave irradiation, each
reaction mixture was kept at room temperature for 3 hours.
ion mixture containing (a) AgNPs-HCL, (b) AgNPs-HCF, and (c) AgNPs-
d stem extracts, respectively, from the plant Hyptis capitata (HC).

leaf, (b) fruit, and (c) stem extracts.

Environ. Sci.: Adv., 2022, 1, 491–505 | 493
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Fig. 4 UV-visible absorption spectra of AgNPs-HCL, AgNPs-HCF and
AgNPs-HCS.
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Small aliquots were withdrawn at regular intervals of 30
minutes and analyzed by UV-visible spectroscopy.

Similarly, the amount of plant extract is also varied and the
formation of AgNPs is traced. This is done by using 20 and 30ml
of extracts in each case (leaves, fruits and stem) for the prepa-
ration of the reaction mixture.

Likewise, the inuence of the concentration of silver nitrate
was studied by repeating the experiments using solutions of 2–5
mM silver nitrate with 10 ml of the extracts.
Fig. 5 UV-visible spectra of AgNPs-HC synthesized at room
temperature: (a) AgNPs-HCL, (b) AgNPs-HCF, and (c) AgNPs-HCS.
2.4 Characterization of silver nanoparticles

The surface plasmon resonance of the synthesized silver
nanoparticles has been analyzed by using a UV-visible spectro-
photometer. The colloid consisting of silver nanoparticles was
diluted with distilled water and loaded into a quartz cuvette.
The intensity of various electronic transitions was traced
between 200 and 600 nm. The whole study was performed with
a Shimadzu UV-2450 spectrophotometer.

The FT-IR spectra of the synthesized silver nanoparticles
were recorded using a Perkin Elmer-400 spectrometer with an
ATR attachment. The characteristic vibrational frequencies of
the various chemical bonds existing in different functional
groups present in the initial plant extracts and the resultant
nanoparticles synthesized from leaf, fruit and stem extracts
were obtained in a range of 500–3500 cm�1.31

TEM is used to determine the particle size distribution and
average size of particles on the nanometer scale of the synthe-
sized nanoparticles. For TEM analysis, a JEOL JEM-2100
microscope with an EDX attachment was used. Images of
samples were recorded at different magnications.

The hydrodynamic size of the synthesized nanoparticles was
observed with a Dynamic Light Scattering Detector (DLS).23 The
surface charge and stability were also examined.

For the better understanding of the crystal planes, X-ray
diffraction studies of AgNPs were carried out. Applying a scan
494 | Environ. Sci.: Adv., 2022, 1, 491–505
rate of 1.2� per minute, the XRD studies were conducted on
a PANalytical XPERT-PRO X-ray spectrometer and the angles
were measured from 20� to 78�. A nickel lter and CuK (1.5418
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-visible spectra of AgNPs recorded from solutions obtained
by mixing 90 ml (1 mM) of AgNO3 solution with 10–30 ml of extracts
from (a) leaves, (b) fruits, and (c) stems.

Fig. 7 UV-visible spectra of AgNPs from solutions obtained by mixing
1–5 mM AgNO3 solution and 10 ml of (a) leaf extract, (b) fruit extract
and (c) stem extract.

© 2022 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2022, 1, 491–505 | 495
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Table 1 Z-average values of the synthesized AgNPs

Property AgNPs-HCF AgNPs-HCL AgNPs-HCS

Z-average (nm) 167.3 104.4 94.4

Fig. 8 Graphs depicting the hydrodynamic size of (a) AgNPs-HCF, (b) A

496 | Environ. Sci.: Adv., 2022, 1, 491–505

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 1

40
1.

 D
ow

nl
oa

de
d 

on
 3

0/
03

/1
40

5 
09

:4
1:

05
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
A0) radiation were used in the experiments. The stability of the
synthesized zero-valent silver nanoparticles in aqueous solution
was determined by zeta potential.24,25
gNPs-HCL and (c) AgNPs-HCS.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Zeta potential values of AgNPs obtained from different
extracts

Property AgNPs-HCF AgNPs-HCL AgNPs-HCS

Mean value of zeta potential (mV) �52.8 �53.3 �35.8

Fig. 9 Graphs showing the zeta potentials of (a) AgNPs-HCF, (b)
AgNPs-HCL, and (c) AgNPs-HCS.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
 1

40
1.

 D
ow

nl
oa

de
d 

on
 3

0/
03

/1
40

5 
09

:4
1:

05
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.5 Catalytic activity of silver nanoparticles

The catalytic efficiency of AgNPs-HC (Hyptis capitata) was
examined by observing the reduction of methyl orange with
sodium borohydride in the presence of the synthesized AgNPs.
Solutions of 0.5 ml of 0.06 M NaBH4, 2 ml of 0.1 � 10 �3 M
methyl orange and 0.5 ml AgNPs-HC weremixed in a quartz cell.
Using UV-visible spectrophotometry, the change in the
concentration of methyl orange as a function of time was
monitored between 200 and 600 nm at 30 minute intervals.

3. Results and discussion

Simple, cost-effective and eco-friendly methods increase the
interest in the synthesis of metal nanoparticles, which nd
emerging applications worldwide. The implemented method-
ology in this research paper follows green protocols without any
harmful chemical reagents. The major observations related to
this work are presented below with adequate discussion.

3.1 Synthesis of silver nanoparticles

Silver nanoparticles were initially synthesized by irradiating
a mixture of 90 ml of 1 mM AgNO3 solution and 10 ml HC plant
extract with microwave irradiation. No color change was
observed while mixing the plant extract and AgNO3 solution.
The color of the reaction mixture gradually changed from
colorless to yellowish brown indicating the formation of
AgNPs16 (Fig. 3).

3.2 Electronic spectra of the synthesized AgNPs-HC

The UV-vis absorption spectra of the reaction mixtures were
recorded in the range 200–800 nm at an interval of 30 seconds
and are depicted in Fig. 4. All the spectra exhibit an absorption
band in the range of 400–450 nm, which is the typical surface
plasmon resonance (SPR) band of AgNPs due to the coupling
between the electron cloud on the surface of AgNPs with the
applied electromagnetic radiation. The absorbance of AgNPs-
HCL is relatively high in comparison with the others conrming
the formation of more AgNPs from the HC leaf extract.

3.3 Effect of microwave irradiation on the synthesis of
AgNPs

The effect of microwave irradiation on the rate of formation of
nanoparticles was examined in detail. The AgNPs were synthe-
sized from plant extracts at room temperature without micro-
wave irradiation. The reaction mixture was kept at room
temperature for 3 hours and UV-visible spectra were taken at an
interval of 30 minutes [Fig. 5(a–c)]. For AgNPs-HCL, the inten-
sity of the absorption maximum gradually increased and the
formation of AgNPs was found to be completed aer 3 hours.
The absorbance values revealed that the concentration of AgNPs
synthesized at room temperature was relatively less in
comparison with the amount of AgNPs obtained by microwave
irradiation. All three systems revealed the formation of AgNPs at
room temperature even though AgNPs-HCL showed higher
absorbance values compared to the others.
© 2022 The Author(s). Published by the Royal Society of Chemistry
At room temperature, the absorption maximum observed at
436 nm shied slightly towards longer wavelengths as a func-
tion of time, conrming the increase in the size of the
Environ. Sci.: Adv., 2022, 1, 491–505 | 497
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Fig. 10 The SAED pattern of AgNPs-HCF (a) and HR-TEM images with different magnifications of AgNPs-HCF (b–d).

Fig. 11 The SAED pattern of AgNPs-HCL (a) and HR-TEM images with different magnifications of AgNPs-HCL (b–d).

498 | Environ. Sci.: Adv., 2022, 1, 491–505 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The SAED pattern of AgNPs-HCS (a) and HR-TEM images with different magnifications of AgNPs-HCS (b–d).
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nanoparticles formed. The microwave assisted method yields
stable and smaller nanoparticles more rapidly in comparison
with those obtained by the synthesis done at room temperature.
The results convey that the former method is more suitable for
the green synthesis of silver nanoparticles from Hyptis capitata
plant extracts.

3.4 Effect of the concentration of plant extracts

The effect of the concentration of the selected plant extract was
examined by making nanoparticles with 10, 20 and 30 ml of the
extract and 90 ml of silver nitrate aqueous solution using
microwave irradiation and the corresponding electronic spectra
are recorded (Fig. 6). It was found that the number of nano-
particles obtained is increased and consequently the absor-
bance values are enhanced. As the concentration of the extract
increases the absorbance of the transition at 250 nm in the
extract is also increased. The phytochemicals present in the
extracts enhance the reduction of silver ions and thus more
AgNPs are formed in the colloid with high stability. The avo-
noids, alkaloids and polyphenols present in the Hyptis capitata
plant extract are responsible for the stability of colloidal
dispersions of the AgNPs synthesized.

3.5 Effect of the concentration of AgNO3

The concentration of the precursor is an important factor in the
synthesis of nanoparticles. The formation of nanoparticles
© 2022 The Author(s). Published by the Royal Society of Chemistry
commences, when the concentration of the precursor in the
medium is reached an optimum range for nucleation. The
importance of the concentration of silver nitrate was studied by
preparing nanoparticles with 1–5 mM aqueous solution of silver
nitrate and 10 ml of plant extracts from each category. The result
obtained revealed the formation of more nanoparticles with the
increased silver nitrate concentration. It was supported by the
increase in the absorption of the SPR band in the UV-visible
spectra (Fig. 7).
3.6 Characterization of AgNPs

The hydrodynamic size of silver nanoparticles synthesized from
Hyptis capitata leaf, fruit and stem extracts was determined
using DLS analysis (Fig. 8).23 The average particle size of AgNPs-
HCF, AgNPs-HCL, and AgNPs-HCS is given in Table 1. All these
results indicated monodisperse nanoparticle formation. The
value of Z-average is more for AgNPs-HCF, which is supported
by results obtained in other spectroscopic analyses.

The stability of the synthesized zero-valent silver nano-
particles in aqueous solution was determined by zeta poten-
tial.24 In a liquid suspension, the zeta potential conveys the
electrostatic attraction or repulsion between particles. Zeta
potential values for AgNPs-HCF, AgNPs-HCL, and AgNPs-HCS
(Fig. 9) are given in Table 2.

The synthesized nanoparticles are capped with the hydroxyl
group of polyphenols, which makes the zeta potential values
Environ. Sci.: Adv., 2022, 1, 491–505 | 499
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Fig. 13 EDX spectrum of (a) AgNPs-HCL, (b) AgNPs-HCF, and (c) AgNPs-HCS.
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negative. In the absence of any steric stabilization, particles
with zeta potential lower than �30 mV can give long term
stability for a colloidal dispersion. The strong anions, negatively
500 | Environ. Sci.: Adv., 2022, 1, 491–505
charged hydroxyl groups, are on the surface of nanoparticles,
and give stability by capping, which is also conrmed by the FT-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 XRD pattern of AgNPs-HCL.

Fig. 15 FT-IR spectra of (a) the HC leaf extract and AgNPs-HCL, (b) the
HC fruit extract and AgNPs-HCF, and (c) the HC stem extract and
AgNPs-HCS.
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IR spectroscopic analysis. Also, negatively charged particles are
relatively nontoxic to the environment.23

Using transmission electron microscopy, the size and shape
of the synthesized silver nanoparticles were examined. The TEM
images of AgNPs-HCF, AgNPs-HCL and AgNPs-HCS are depicted
in Fig. 10–12, respectively. The nanoparticles are spherical and
oval in shape. On the (111) plane, silver nanoparticles have
grown preferentially, which can be seen from the lattice fringes
in the image.27 The selected area electron diffraction (SAED)
pattern has circular rings, which indicates silver nanoparticles
in a face centred cubic structure.28 The (111) reection ring is
more intense and closer to the center. The (200), (220) and (311)
reections are clearly visible. The synthesized silver nano-
particles are polycrystalline, which is conrmed by the clear
circular rings obtained in the SAED pattern.

From the HR-TEM images, it is clear that the AgNPs formed
are not uniformly distributed in the colloid.

The circular rings are perfectly aligned in the SAED pattern
of AgNPs-HCL compared to the pattern obtained for the other
cases, which indicates poly-crystallinity.

By subjecting the TEM grid to energy dispersive X-ray spec-
troscopy (EDX) of HR-TEM, the elemental constituents of AgNPs
were measured and are presented in Fig. 13. The strong
absorption peak located at 3 keV proves the presence of
elemental silver in the nanoparticles. The AgNPs were
successfully capped by the extracellular constituents of Hyptis
capitata extracts on the surface of nanoparticles, which was
conrmed by the peaks obtained for carbon and oxygen. The
signals for carbon and copper also originate from the carbon
coated copper grid used in TEM sample preparation and EDX
analysis. Compared to AgNPs-HCF and AgNPs-HCS, elemental
silver is more present in AgNPs-HCL. The peak obtained for
copper is more intense for AgNPs-HCL and an exclusive peak for
silicon is also found. This is due to the presence of these
elements in the leaf extract only. Relatively weak signals for
copper are found in the spectrum of AgNPs-HCF and AgNPs-
HCS.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The crystalline nature of AgNPs was conrmed by X-ray
diffraction (Fig. 14). The XRD image shows four peaks at 2q
values of 38.36, 44.52, 64.66, and 77.66. Comparing this with
Environ. Sci.: Adv., 2022, 1, 491–505 | 501
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Fig. 16 UV-visible spectra indicating the catalytic reduction of methyl
orange by sodium borohydride in the presence of (a) AgNPs-HCL, (b)
AgNPs-HCF and (c) AgNPs-HCS.
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ICDD 04-0783, the above peaks can be assigned to the (111),
(200), (220), and (311) reections of face centred cubic silver
nanoparticles. Using the Scherrer formula, the average particle
size was calculated to be 15 nm.29 The data from X-ray diffrac-
tion conrm that the silver nanoparticles formed in this
method are crystalline in nature.

The FT-IR spectra of Hyptis capitata leaf, fruit and stem
extracts and the respective AgNPs are depicted in Fig. 15.

The association of plant extracts with the nanoparticles is
examined by using FT-IR spectra. Similar peaks are obtained for
leaf, fruit and stem extracts. An additional intense peak at 1361
cm�1 is obtained for the fruit extract, which is due to the –C–O
stretching vibrations from carboxyl groups. A broad band ob-
tained in the 3400–3200 cm�1 range is due to the stretching
vibrations of the hydroxyl group of various metabolites such as
avonoids and polyphenols present in Hyptis capitata plant
extracts. The absorption peak at 1627 cm�1 represents the C]C
stretching vibrations of aromatic rings. The characteristic C–O
stretching vibrations of alcohols appear as a strong absorption
band at 1036 cm�1 in the fruit extract. The peaks obtained at
606 cm�1, 622 cm�1 and 584 cm�1 indicate the presence of halo-
alkanes.

Characteristic hydrogen bonded alcoholic stretching vibra-
tions at 3286 cm�1 are obtained in the FT-IR spectrum of the
synthesized silver nanoparticles. The peak at 1630 cm�1 is due
to the stretching vibrations of C]C in the conjugated ring. The
FT-IR spectra of AgNPs synthesized from all three extracts show
similar peaks.

The FT-IR spectrum of synthesized AgNPs-HC shows a slight
decrease in the wavenumber of these peaks. This indicates the
chemical reaction between silver nitrate and the plant extract.
Different functional groups present in the plant extract are
responsible for the reduction of silver nitrate and capping of the
surface of silver nanoparticles.36 This is the reason for the
stability of AgNPs in the colloid.
3.7 Catalytic activity

The catalytic activity of metal nanoparticles is usually studied by
observing the reduction of organic dyes by NaBH4. A dye has
different colors in the oxidized and reduced forms. The SPR
band of metal nanoparticles should not be interfered with by
the absorption maximum of dye. For the catalytic study of silver
nanoparticles, methyl orange is selected here. An aqueous
solution of methyl orange is orange red in color; aer reduction
it is colorless. An absorption maximum at 464 nm due to the
presence of the azo-group is observed for methyl orange in the
UV-Visible spectrum.8 The SPR of silver nanoparticles is sepa-
rated from this. In the absence of the silver nanocatalyst, the
reduction of methyl orange by NaBH4 is too slow such that we
can see that the peak intensity remains unchanged for several
hours.17 Immediately aer the addition of the catalyst, the color
of methyl orange faded. A change in the peak intensity was
observed. In the presence of the nanocatalyst, the reaction rate
is enhanced. The reduction of methyl orange catalyzed by silver
nanoparticles was monitored in an interval of 30 minutes with
UV-visible spectroscopy and is presented in Fig. 16. All the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Chemistry behind the synthesis of AgNPs using HC extracts.
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spectra showed similar degradation patterns. Among the
different extracts, AgNPs-HCL exhibited high catalytic activity
towards the reduction of methyl orange.

Gradually the absorbance was found to be decreased in the
presence of the nanocatalyst. This conrms the decrease in the
concentration of methyl orange. The reaction was completed in
3 hours, which shows that the presence of silver nanoparticles
catalyzed the reduction of the azo-dye. Otherwise, it takes
several hours to get a change in the UV-visible absorption
spectrum of methyl orange.

A potential mechanism for the formation of AgNPs fromHC
extracts is depicted in Fig. 17. The –OH and –COOH groups
present in the polyhydroxy compounds in the plant extract
may be responsible for the bio-reduction of silver ions. The
oxidized components may be absorbed on the surface of
AgNPs through the electrostatic force of attraction between
–COOH groups and hydrogen bonds with the neighbouring
molecules.

In summary, the silver nanoparticles can be rapidly synthe-
sized by irradiating a mixture of HC shoot extracts and silver
nitrate solution with microwave irradiation. At room tempera-
ture, the process is found to be time consuming. The concen-
tration of each component of the mixture inuences the
number of nanoparticles formed. The AgNPs synthesized are
extensively characterized by several spectroscopic methods. The
entire shoot system of the HC plant is effective for the prepa-
ration of AgNPs in an eco-friendly method. AgNPs-HCL absorbs
more in the UV visible spectrum. The other characterization
© 2022 The Author(s). Published by the Royal Society of Chemistry
methods also reveal that it contains more zero valent silver
atoms. Thus, the catalytic efficiency of AgNPs-HCL is relatively
high in comparison with the other extracts.
4 Conclusions

The present study demonstrated a rapid green approach to the
synthesis of AgNPs using Hyptis capitata plant extracts, which
supplies a cost-effective, simple and eco-friendly method for the
synthesis of AgNPs. Here the entire shoot system of Hyptis
capitata was utilized for the formation of AgNPs. Metabolites
such as phenols and avonoids present in plant extracts were
mainly responsible for the biosynthesis of AgNPs. The presence
of elemental silver in the nanoparticles was conrmed by the
absorption peak obtained at 3 keV in the EDX spectra of AgNPs.
The UV-visible spectrum of AgNPs-HCL showed the maximum
absorbance compared to AgNPs-HCF and AgNPs-HCS, which
indicates the high concentration of AgNPs formed. The absor-
bance values in the UV-visible spectra obtained for these
nanoparticles were found to be relatively less at room temper-
ature aer 3 hours. Microwave assisted synthesis is a rapid
method to prepare smaller AgNPs. With the increasing amount
of plant extract, we get more AgNPs, indicating that the phyto-
chemicals in them enhance the reduction of silver ions. More
AgNPs were formed with the increase in the concentration of
silver nitrate in the solution. This method yielded face centered
cubic, spherical and oval AgNPs with high stability. The AgNPs
so prepared exhibited good catalytic efficiency, suggesting that
Environ. Sci.: Adv., 2022, 1, 491–505 | 503
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AgNPs might be useful as an agent for dye removal from
aqueous systems. AgNPs-HCL is found to be a more efficient
nanocatalyst, since the absorbance of methyl orange is reduced
more in the corresponding UV-visible spectra.
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