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Rhus javanica (Anacardiaceae) containing abundant glucopyranosidal constituents, is traditionally used to
treat gastric and duodenal ulcer, dysentery, and diarrhea. Rumex hastatus (Polygonaceae) widely dis-
tributed in Pakistan, has traditional importance in treating wound healing, jaundice, rheumatism, and
skin diseases. Callistemon viminalis (Myrtaceae), a rich source of essential oils, saponins, triterpenoids,
phloroglucinols, and flavonoids is used in industries, perfumes, nutrition, and cosmetics. Taking the
importance of the subject plants, this study is designed to synthesize silver nanoparticles via aqueous
extracts of R. javanica (RJAgNPs), R. hastatus (RHAgNPs), and C. viminalis (CVAgNPs). Synthesis, surface,
and sizes of silver nanoparticles (AgNPs) were confirmed using spectroscopic techniques including ultra-
violet–visible (UV–Vis), Fourier transform-infrared (FT-IR), and scanning electron microscopy (SEM).
AgNPs were produced in ratios 1:15, 1:16, and 1:9 and inferred via appearance of a sharp surface plasmon
resonance (SPR) absorption peak (400–435 nm), which represented well-defined, stable, and spherical
AgNPs. From SEM analysis, the sizes of RJAgNPs, RHAgNPs, and CVAgNPs were found to be 67 nm,
61 nm, and 55 nm, respectively. The synthesized AgNPs exhibited potential free radical scavenging,
antibacterial, and catalytic properties in degradation of dyes including Congo red, methylene blue, methyl
orange, rhodamine B, ortho and para-nitrophenols, and several food colours. Hence, the subject AgNPs in
the current study might display promising role in drug development and remediation of environmental/
industrial effluents.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanoparticles (NPs) have wide range of application in biomed-
ical sciences, biomechanics, medicine, and environmental remedi-
ation. Metal nanoparticles (MNPs) have gained high importance
due to the vast application in photonics, optoelectronics, biological
tagging catalysis, drug delivery, and biomedical devices (Jain &
Mehata, 2017; Yu et al., 2020; Sahu et al., 2021). Noble metals (sil-
ver, gold and platinum) NPs have been widely used in a variety of
domestic products such as filters, nanocomposites, toothpastes,
shoes, and cleansing and personal care products (ElMitwalli
et al., 2020; Jadoun et al., 2021; Yang et al., 2021). These NPs can
be synthesized by various physical and chemical methods. How-
ever, the subject methods are considered eco-unfriendly due to
the use of toxic organic solvents and reducing agents. Therefore,
the biogenic NPs utilizing plants, algae, and microorganisms put
a route of green synthesis due to reduced environmental impacts
(Hassan et al., 2021; Soni et al., 2021).

AmongMNPs, silver nanoparticles (AgNPs) are of specificmedic-
inal interest because of antimicrobial properties of Ag metal. These
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have been potentially used as antimicrobial agent against a wide
range of bacteria and fungi in wound dressing, medical implants
coatings, ointments, lining of food containers, and cancer therapy
(Farhadi et al., 2017). In addition, MNPs, due to high surface reactiv-
ity, large surface area, strong adsorption capacity, and high catalytic
efficiency, have been reported to detect dyes/pollutants (Nguyen
et al., 2021). Synthetic organic dyes are extensively used in textile,
cosmetics, plastic, food, medicinal drugs, and several other indus-
tries. These industries release a large amount of various excessive
unfixed dyes such as azo (Congo red, methyl orange), and cationic
(Rhodamine B), which could be toxic to ecosystem and human
health. Azo dyes on reductive cleavage lead to the formation of car-
cinogenic amines. Therefore, upon adsorption/dissolution by soil or
water, these dyes may cause destruction of flora, microorganisms,
and aquatic biota, which damage the environment and agricultural
productivity (Jadhav et al., 2019). Therefore, researchers have inter-
est to develop new technologies for entrapping the released exces-
sive dyes coming from various industries.

Plants are the natural ‘‘chemical factories” of large number of
metabolites having oxidizing and reducing capacity to boost up
safe and stable NPs synthesis (Marslin et al., 2018; Wu et al.,
2018; Nobahar et al., 2021). Therefore, nowadays, the area of MNPs
synthesis using plant/herbs is an increasing focus of attention.
Generally, when aqueous solution of a relevant salt is mixed with
the plant aqueous extract, a reaction occurs and completes within
few minutes at ambient temperature. In the current study, Rhus
javanica, Callistemon viminalis, and Rumex hastatus collected from
different areas of Pakistan were selected for AgNPs synthesis.

Rhus javanica (Anacardiaceae) given as Fig. 1a is traditionally
used to treat dysentery, diarrhea, and gastric and duodenal ulcer
(Kim et al., 2003). This plant is a rich source of flavonoids and
the corresponding glycosides, which inhibit the multiplication of
tobacco mosaic virus (Ouyang et al., 2007). Rumex hastatus (Polyg-
onaceae) given as Fig. 1b is used as traditional medicine to treat
diarrhea, dysentery, wound healing, jaundice, rheumatism, and
skin diseases. Due to the abundance of essential oil, this plant is
also used as a flavouring agent. It contains flavonoids, phenolics,
tannins, saponins, which possess significant antioxidant, antidiar-
rheal, anti-inflammatory, antimicrobial, and cytotoxic activities
(Makkar et al., 1993; Liang et al., 2010; Sahreen et al., 2014:
Ahmad et al., 2016a; Ahmad et al., 2016b; Mishra et al., 2018). Cal-
Fig. 1. (a) Rhus javanica, (b) Rumex hastatus, and (c) Callistemon viminalis plants
used in this study for AgNPs synthesis.
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listemon viminalis (Myrtaceae) given as Fig. 1c is a rich source of
antioxidative and antimicrobial essential oils, saponins, alkaloids,
triterpenoids, phloroglucinols, and flavonoids, which perform
important role in pharmaceutical industries, perfumes, nutrition,
and cosmetics (Oyedeji et al., 2009; Salem et al., 2013; Liu et al.,
2016; Salem et al., 2017; Liu et al., 2018).

Taking the medicinal importance and lack of nanostructural
study on subject plants, and antimicrobial and catalytic potential
of AgNPs into account, the current study was aimed to synthesize
AgNPs, and determine the antibacterial (Staphylococcus aureus,
Escherichia coli), antioxidant (2,2-diphenyl-1-picrylhydrazyl;
DPPH, 20-azino-bis-3-ethyl benzthiazoline-6-sulphonic acid;
ABTS), and catalytic potential in dyes and food colours degradation.
The dyes and food colours selected for catalytic activity evaluation
were methylene blue (MB), methyl orange (MO), Congo red (CR),
Rhodamine B (RdB), ortho and para-nitrophenols (ONP, PNP), zarda
yellow (ZY), bright red (BR), and deep green. Abbreviations used in
this study are enlisted as Table 1.

2. Materials and methods

2.1. Samples collection

Fresh bark of R. javanica was collected from District Barawal
(Dir Upper, Khyber Pakhtunkhwa, Pakistan) in May 2019. R. hasta-
tus whole plant was collected from Tirah (Khyber Agency, Khyber
Pakhtunkhwa, Pakistan) in September 2019. The fresh flowers of
C. viminalis were collected from the garden of Pakistan Locomotive
Factory Risalpur (Khyber Pakhtunkhwa, Pakistan) in May 2019. The
plants were identified by Dr. Nadeem Ahmad, Department of Bot-
any, University of Peshawar (Pakistan). Before use, the samples
were cleaned to remove all the dust, dried, powdered, and then
stored for further use.

2.2. Chemicals/reagents and instrumentation

Deionized water was used as a solvent for extraction. Chemicals
including AgNO3, DPPH, ABTS, sodium borohydride (NaBH4), CR,
MB, RdB, MO, ONP, PNP, gallic acid, streptomycin, vancomycin,
and bacterial strains (S. aureus and E. coli) were purchased from
Merck and Sigma-Aldrich (Germany). Food dyes (ZY, DG, and BR)
were obtained from local super market. Agar media for antibacte-
rial activity was procured from Oxoid (England). To confirm
synthesis of AgNPs, and evaluation of antioxidant activity, a
UV-1800 double beam spectrophotometer (Shimadzu, Japan) was
used. Functional groups of the phytoconstituents/reducing agents
present in the extracts were determined using FT-IR spectrometer
(Bruker). Sizes of the synthesized AgNPs were determined by field
Table 1
Nomenclature of the materials used.

Abbreviations Full Name

AgNPs Silver nanoparticles
BR Bright red
CR Congo red
CVAE Callistemon viminalis aqueous extract
CVAgNPs C. viminalis silver nanoparticles
DG Deep green
MB Methylene blue
MO Methyl orange
RdB Rhodamine B
ONP ortho-nitrophenol
PNP para-nitrophenol
RHAE Rumex hastatus aqueous extract
RJAE Rhus javanica aqueous extract
RHAgNPs R. hastatus silver nanoparticles
RJAgNPs R. javanica silver nanoparticles
ZY Zarda yellow
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emission-scanning electron microscope, FE-SEM (S-4800, Hitachi,
Japan) operated at an accelerating voltage of 15 kV, magnification
x2.0 k, working distance 7.7 mm, and high lens mode.

2.3. Preparation of plants’ aqueous extracts

Fresh R. javanica (bark), R. hastatus (aerial part), and C. viminalis
(flowers) were shade dried. The dried samples were crushed in a
grinder into fine powder. A 25 g of the powdered samples were
mixed with deionized water (250 mL). The mixture was stirred
on a magnetic stirrer at 500 rpm and 60 �C for 2 h to obtain
aqueous extracts of R. javanica (RJAE), R. hastatus (RHAE), and
C. viminalis (CVAE). The obtained extracts were filtered through
common filter paper, followed by 0.45 mm Millipore filter, and
stored in a refrigerator until next use.
Fig. 2. UV–Vis spectral graphs of RJAgNPs synth
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2.4. Synthesis and characterization of AgNPs

NPs were biosynthesized via mixing silver nitrate (AgNO3) salt
solution with aqueous extracts of the subject plants in various
ratios. The reaction mixtures were analyzed at intervals of 0 min
to 6 h, and different conditions such as heating and stirring
(50 �C, 500 rpm), stirring, sunlight, and incubation (ambient tem-
perature). The colour of the mixtures was noticed at zero to
30 min. Change in colour from yellow to dark brown indicated
the reduction process and correspondingly the synthesis of NPs
(Fig. S1, supplementary material). The corresponding AgNPs were
confirmed by measuring UV–Vis spectra where the appearance of
surface plasmon resonance (SPR) band in the range of 400–
435 nm is attributed to AgNPs formation. The corresponding AgNPs
solutions were centrifuged at a speed of 4000 rpm � g. An obtained
esized in 1:15 ratio at all four conditions.



Fig. 3. UV–Vis spectral graphs of RHAgNPs synthesized in 1:15 ratio at all four conditions.
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solid product was vacuum dried and stored for further
analysis/characterization by FT-IR and SEM techniques, antioxi-
dant, antibacterial, and catalytic potential in dyes degradation.

2.5. Antioxidant and antibacterial activities of AgNPs

For determining antioxidant activity by DPPH and ABTS assay,
and antibacterial potential by disc diffusion and minimum inhibi-
tory concentration methods, first, the stock solutions (1000 mg/mL)
of the corresponding AgNPs were prepared. Then, the working
solutions were prepared via two-fold dilution. For analysis, the
established protocols (Jamila et al., 2014; Jamila et al., 2020) were
respectively followed for antioxidant and antibacterial assays.

2.6. Catalytic activity of AgNPs in dyes degradation/reduction

For this activity, the published protocols (Jamila et al., 2020;
Jamila et al., 2021) were followed. Briefly, a reaction mixture was
prepared by adding NaBH4 (0.1 mM, 0.5 mL) to 2.5 mL of dyes/food
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colours. Then, the mixture was analyzed via UV–Vis spectropho-
tometer. After that, AgNPs (5 mg) were added to the reaction mix-
ture and spectral analysis was conducted. The %degradation/
reduction indicated the dyes degradation and calculated via Eq.
(1) using the absorbance data obtained at different intervals
(Khan et al., 2019).

% degradation=reduction ¼ 1� At=A0ð Þ � 100 ð1Þ
3. Results

3.1. Synthesis and characterization of AgNPs

In the current research study, the AgNPs were synthesized in
different ratios (starting from 1:1) at stirring, heating & stirring,
incubation, and in the sunlight. The AgNPs production was primar-
ily detected via colourimetric changes from yellow to reddish
brown, and, then by observing SPR peak in UV–Vis spectroscopic
analysis. Among the AgNPs, well-stable RJAgNPs were formed via



Fig. 4. UV–Vis spectral graphs of RHAgNPs synthesized in 1:16 ratio at all four conditions.
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a mixture of 1:15 of aqueous extract and the salt, respectively,
under stirring, and incubation, where the UV–Vis spectra exhibited
a sharp SPR absorption band at 430 nm in a time range of 3–6 h
(Fig. 2). However, under heating & stirring, and sunlight, unstable
AgNPs exhibiting broad SPR peaks, were produced. Regarding
RHAgNPs, these were formed in ratios of 1:1 to 1: 14 up to 3 h.
However, proceeding to 1:15 to 1:17 ratios, the most significant
RHAgNPs were produced (Figs. 3-5) under all the four conditions
showing maximum absorption at 427 nm, which represents the
spherical shaped AgNPs formation. CVAgNPs synthesized in ratios
starting from 1:1, only a ratio 1:9 afforded significant AgNPs in
sunlight as indicated by a sharp SPR band at 431 nm (Fig. 6). How-
ever, applying the conditions of stirring & heating, stirring, and
incubation, no significant CVAgNPs were formed.

Regarding the FT-IR analysis, spectra of the subject aqueous
extracts displayed prominent absorption frequencies at 3500–
3200 cm�1 (OAH, hydroxyl) and 1750–1560 cm�1 (C@O, carbonyl)
(Fig. S2, supplementary material). However, in the FT-IR spectra of
corresponding AgNPs (Fig. S2, supplementary material) exhibited
reduced absorption frequencies of OAH group in RJAgNPs and
CVAgNPs, whereas RHAgNPs have shown reduced OAH and C@O
898
groups frequencies. In morphological characterization, the images
and the particle size distribution graphs (Fig. 7) depict that poly-
dispersed RJAgNPs (1:15), RHAgNPs (1:16), and CVAgNPs (1:9)
have sizes of 67 nm, 61 nm, and 55 nm, respectively.

3.2. Antioxidant and antibacterial activities of AgNPs

The antioxidant activity assessed against DPPH and ABTS free
radicals have shown that CVAgNPs have stronger in vitro antioxi-
dant potential against DPPH and ABTS radicals, which exhibited
the IC50 values of 62.2 mg/mL and 52.1 mg/mL, respectively
(Fig. 8). In antibacterial activity, the results (Table 2) exhibited that
RJAgNPs is the most effective inhibitor to the subject strains show-
ing inhibition zones of 19.0 mm and 10.0 mm, and IC50 values;
62.5 mg/mL and 125 mg/mL for S. aureus and E. coli, respectively.

3.3. Catalytic activity of AgNPs in dyes degradation/reduction

In the current study, the catalytic property of the subject AgNPs
as nanocatalysts for dyes degradation was determined, where the
dyes were reduced using NaBH4 in the presence as well as absence



Fig. 5. UV–Vis spectral graphs of RHAgNPs synthesized in 1:17 ratio at all four conditions.
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of the subject AgNPs. From the results, it was found that when the
reaction is carried out in the absence of AgNPs, a very small change
in the mixture colour, and the decrease in the absorption maxima
is observed even after 30 min. However, upon the addition of
AgNPs to the reaction mixture, the color of dyes solutions became
faint (Fig. S3, supplementary material) and dyes discoloration
occurs within 5–10 min, which is proposed to be due to reduction
reaction. For example, the blue colour of MB upon the addition of
subject AgNPs disappeared due to its reduction to a colourless leu-
comethylene blue (LMB). Similarly, the degradation of MO can be
highlighted in the UV–Vis spectra where, with the passage of time,
a decrease in absorbance at kmax of 462 nm (for MO) and an
increase in absorbance at kmax of 239 nm (for amine group from
degraded MO) was observed (Fig. 9). In determining the %dyes
reduction calculated using equation (1), varied range of %removal
was obtained as; CR (80 to 85%), MB (70 to 80%), RdB (65 to
70%), MO (80 to 83%), PNP (75 to 80%), ONP (75 to 80%), BR (78
to 83%), DG (78 to 82%), and ZY (78 to 82%) at a contact time of
120 min. After that, the rate of reaction and the catalytic efficiency
almost stopped.
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4. Discussion

Plant extracts contain different content and combinations of
bioactive secondary metabolites/polyphenolics. These polypheno-
lics containing several hydroxyl groups may act as reducing agents
in NPs synthesis (Erci et al., 2018). It is a well-known fact that the
brown color of AgNPs solution is because of the excited state of SPR
vibrations (400–450 nm) from the Ag+ reduction to Ag0. Intensity
of brown color and the SPR band increased with the passage of
time (0 min to 5 h) because of the increased excitation of SPR
effect, reduction of Ag+ ions, and production of high content of
AgNPs. The UV–Vis technique in a range of 400–450 nm is a com-
monly used in characterizing AgNPs having sizes in the range of 1
to 100 nm. SPR patterns and characteristics of MNPs strongly
depend on particle size, stabilizing molecules, and the dielectric
constant of medium. In the UV–Vis spectra of the subject AgNPs,
not absorbance at 335 and 560 nm were found, indicating the dis-
persed AgNPs formation and ultimately no aggregation process.

The chemical composition and functional groups of the phyto-
constituents of the subject plant extracts, and their involvement



Fig. 6. UV–Vis spectral graphs of CVAgNPs synthesized in 1:1 to 1:9 ratios at all four conditions.
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in the corresponding AgNPs synthesis were analyzed via FT-IR
spectroscopy, which characterizes the carbonyls, hydroxyls, car-
boxylic, amide, and any other functional groups, functioning as
900
reducing agents and attached to the AgNPs surfaces (Kamnev
et al., 2021). The absorption frequencies exhibited at 3330 cm�1

and 1700–1600 cm�1 present in the FT-IR spectra of plant extracts



Fig. 7. SEM images (a-c) and the particle size distribution graphs (d-f) of the synthesized RJAgNPs, RHAgNPs, and CVAgNPs.

Fig. 8. Antioxidant activity (DPPH and ABTS assays) of RJAE, RHAE, CVAE, RJAgNPs,
RHAgNPs, and CVAgNPs.
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were attributed to the stretching vibration of ACOOH and ANH
(amino) groups. However, FT-IR spectra of the corresponding
AgNPs displayed changes in the absorption frequencies for ACOOH
and ANH groups, which conclude the involvement of these func-
tional groups in the AgNPs synthesis of the selected plants.
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For antioxidant activity evaluation of the subject plant extracts
and AgNPs, DPPH and ABTS free radicals assays were selected due
to visual observation/colourimetric changes, efficiency, time-
effective, and simple operating procedure. The antioxidant activity
of phytoconstituents is supposed to be due to the number, location
and bond dissociation energy of OAH group, and stability, reso-
nance delocalization and steric hindrance of phytoconstituents.
In addition, it was observed that compared to DPPH radical, the
inhibition of ABTS radical by AgNPs was fast. Previous literature
reported that the inhibition of ABTS radical depends only upon
the number of OAH group irrespective of the position on the basic
nucleus of antioxidative metabolites. However, DPPH inhibition is
in close relation to the number as well as location of the OAH
group (Jamila et al., 2014). The potent antioxidant activity of
RJAgNPs might be due to its large surface area to volume ratio,
which increases the chances of exposure to free radicals
(Ezhilarasu et al., 2020). The selected plants for this study are rich
sources of flavonoids, phenolics, tannins, saponins, alkaloids, and
phloroglucinols. Therefore, the significant radical scavenging
potential of the subject AgNPs suggests that the concentration of
the polyphenolics on the surface of the NPs is present, and hence,
inhibit the free radicals efficiently.

AgNPs due to their high surface-area-to-volume ratio exhibit
significant antimicrobial activity against multidrug resistant (MR)
bacteria, for example, E. coli and Staphylococcus aureus (Loo et al.,
2018). Hence, in the current study, the subject AgNPs were tested
against these bacterial strains. The bacterial inhibition mechanism
of AgNPs is proposed to be due to a slow release of Ag+ ions (oxi-
dation) in or outside the cell, which affects the permeability of
membranes of microbial cells, inactivate proteins, and interfere
with the replication of DNA, which further disables the nuclear
machinery of the cell (Lin et al., 2021). In this study, the significant
antibacterial activity of the AgNPs might be attributed to the above
stated mechanism.

Synthetic organic dyes are widely used in several industries
such as textile, cosmetics, plastic, and food. The excessive unfixed
dyes are released as effluents and could be toxic to human health,
ecosystem, and aquatic biota, thus, damaging the environment and
agricultural productivity (Jadhav et al., 2019). These dyes are there-



Table 2
Antibacterial activity of RJAE, RHAE, CVAE, RJAgNPs, RHAgNPs, and CVAgNPs by disc diffusion (DD) and minimum inhibitory concentration (MIC) assays.

Samples Disk diffusion (mm) Minimum inhibitory concentration
method (mg/mL)

S. aureus E. coli S. aureus E. coli

RJAE 10.5 ± 1.0 cd 7.0 ± 0.5b 250c 1000e

RHAE 8.0 ± 0.5a 6.0 ± 0.5a 250c 1000e

CVAE 9.5 ± 1.0b 7.0 ± 0.5b 250c 500d

RJAgNPs 19.0 ± 1.5f 10.0 ± 1.0e 62.5b 125b

RHAgNPs 10.0 ± 1.0bc 7.0 ± 0.5b 250c 500d

CVAgNPs 15.0 ± 1.0e 8.5 ± 1.0d 62.5b 250c

Vancomycin* 19.5 ± 0.5 fg 11.0 ± 0.5f 31.5a 125b

Streptomycin* 20.5 ± .5h 19.5 ± 0.5 g 31.5a 31.5a

*Represents standard drugs.

Fig. 9. UV–Vis spectral graphs of the catalytic potential of RJAgNPs, RHAgNPs, and
CVAgNPs in dyes, nitrophenols, and food colours reduction.

Fig. 9 (continued)
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fore necessary to remove from the environment. Recently, due to
simplicity, cost effectiveness, efficiency, and mainly because of
large surface area to volume ratios, bio-green MNPs are being given
considerable attention as nanoadsorbents for dyes (Khan et al.,
2017; Nguyen et al., 2021). Regarding dyes, MB in UV–Vis spec-
trum shows absorption peaks at 591 nm and 653 nm due to
n ? p* transition, whereas CR exhibits absorption peaks at
349 nm and 487 nm due to p ? p* and n ? p* azo group transi-
tions. In MO UV–Vis spectrum, the absorption peak at 239 nm is
due to the formation of amine group from MO dye degradation.
NaBH4, a strong reducing agent is incapable of reducing these dyes
efficiently due to the large differences of redox potential, and
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hence, the reaction is thermally favourable but kinetically forbid-
den. Therefore, some catalyst is required to speed up the dyes
reduction process. From results of the dyes UV–Vis spectra, it is
inferred that the intensities of the prominent peaks are decreased
with the passage of time and decolourization is completed after
180 min. Due to a large difference of reduction potential of dyes
(acceptor) and BH4

� ions (donor), the transfer of electron between
them via nanocatalysts becomes easy.
5. Conclusions

This study reports the synthesis of silver nanoparticles via
aqueous extracts of R. javanica, R. hastatus, and C. viminalis plants.
For the selected plants, well-dispersed, stable, and spherical
RJAgNPs were produced in the ratios of 1:15 when kept at incuba-
tion, RHAgNPs in 1:16 under heating and stirring, and CVAgNPs in
1:9 when kept in sunlight. The subject AgNPs exhibited potential
in vitro antioxidant activity against ABTS and antibacterial activity
against S. aureus. In addition, the synthesized AgNPs significantly
degraded the selected organic dyes, nitrophenols, and food colours.
Conclusively, the subject AgNPs might be helpful in the free radical
involving and infectious diseases as well as in the environmental
remediation.
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