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In recent years, the use of biomass for the cost-effective synthesis of nanoparticles has emerged as a promising
green technology. Because of their remarkable properties, such as tunable surface plasmon resonance charac-
teristics and high surface areas, bio-synthesised nanomaterials are receiving more scientific and academic

pDh:zocatalyS‘s attention for their use in various application sectors, especially as catalysts in environmental remediation. Green
HZavy metals synthesized nanomaterial’s can efficiently contribute to the degradation of a wide range of organic pollutants,
Antibiotics including dyes, into harmless by-products. These particles have a cure for recalcitrant organic and inorganic

pollutants due to their photocatalytic properties, which largely depend on the production of reactive oxygen
species under sunlight or UV illumination. This comprehensive review systematically covers up-to-date knowl-
edge on recent developments in the green synthesis of nanoparticles and composites using plants and micro-
organisms, unravels underlying mechanisms, and highlights their application areas. It then provides detailed
information on their applications in the degradation of potentially toxic organic dyes and the removal of other
emerging pollutants, including heavy metals and antibiotics. Finally, the current challenges and perspectives of
this technology for future applications are discussed.

1. Introduction

With the growth of the worldwide population and advancements in
industrialization and urbanization, the demand for chemicals, materials,
and energy has increased enormously [1]. As a result, a massive amount
of unwanted manmade waste is released into the environment, resulting
in polluting environmental systems. More specifically, an aquatic system
gets hampered due to these undesirable wastes. Water is a valuable
commodity for human life, industrial use, and national economic growth
[2]. Different types of wastes, like heavy metals, organic compounds,
fertilizers, industrial effluents, etc., are the major concerns for envi-
ronmental contamination [3]. Therefore, protecting the environment
from various contaminants should be the main target for the whole
community in the world. There are different technologies by which
environmental contamination can be reduced, such as adsorption of the
contaminants, chemical reactions, photocatalysis, filtration of the
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contaminants, etc. Conventional methods for the removal of environ-
mental contaminants have some limitations, such as higher energy
consumption, higher cost, tendency to generate toxic biproducts,
requiring high temperature, etc. Moreover, conventional methods have
lower reactivity and are volatile in nature, which are not desirable for
the degradation of environmental contaminants [3]. Recently, nano-
technology has drawn great attention in the research community to
overcome these problems with conventional methods. Nanotechnology
is nothing but a process by which materials in the nanoscale range can
be synthesized and utilized in different fields such as biology, chemistry,
material science, and engineering [4,5]. In recent years, nanotechnology
has become a more attractive research area in the field of environmental
concerns. The properties and efficacy of the nanomaterials make them
an appropriate candidate for reducing environmental pollution since
they have significant catalysing activity and a higher surface to volume
ratio, which results in higher reactivity of the nanomaterials. [6,7].
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Nanoparticles have higher surface area and surface energy, which causes
them to easily absorb a huge number of environmental pollutants [6,7].

In recent years, amongst different nanomaterials, metallic nano-
particles have attracted more attention in the different fields of appli-
cations like environmental remediation, catalysis, imaging, gene
therapy, drug delivery, electronics, cosmetics, space industry, and many
more shown in Fig. 1 [8-11]. Their attractive characteristics, like higher
surface area, surface energy, and chemical reactivity, make them suit-
able for different applications. Moreover, their chemical reactivity can
be controlled by changing their size, shape, and dispersion. They also
have diverse magnetic, optical, thermal, and mechanical properties
[12]. The global synthesis of metallic nanoparticles is estimated to be
13.7 billion US dollars, with a projected value of 50 billion US dollars by
2026 [2]. The metal nanoparticles (MNPs) can be synthesized by
different techniques like physical, chemical, and biological methods. In
physical and chemical synthesis methods, precursor materials react to
produce metal nanoparticles in the presence of reducing agents such as
sodium borohydride, hydrazine, etc. These reducing agents are gener-
ally toxic in nature, which causes human health issues and environ-
mental pollution [13]. To overcome problems with the physical and
chemical synthesis of metallic nanoparticles, the biological synthesis
method has attracted more attention from researchers because this
method is more facile, biocompatible, less toxic, energy efficient,
greener, and eco-friendly for synthesizing nanoparticles. Therefore,
green nanotechnology is a prominent solution to synthesizing nano-
particles while maintaining environmental quality. Green nanotech-
nology, along with the principles of green chemistry, is utilized to
maintain a pollution-free environment. In addition, green nanotech-
nology provides nanomaterials through safer, greener, and eco-friendly
pathways. Green nanotechnology-based synthesis is more advantageous
compared to chemical synthesis for metallic nanoparticles because
synthesized nanoparticles are more stable at room temperature for a
long time in green synthesis than in chemical synthesis. Using a suitable
process, the green synthesis method’s cost can be decreased by 1/10th
compared to the chemical synthesis method. Furthermore, because
surface capping agents (which are present during synthesis) on the
surface of green nanoparticles can remove a greater number of con-
taminants than nanoparticles. So far, different biological sources such as
microorganisms (bacteria, fungi, and algae), bio wastes, agro-wastes,
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plant derivatives (leaves, fruits, and seeds) and different biodegrad-
able polymers have been utilized for the synthesis of metallic nano-
particles. Single metallic nanoparticles can be categorized into two
broad groups, namely single metallic nanoparticles and compound
metallic nanoparticles [14-21].

To date, a number of review papers have been published on the green
synthesis of metal and metal oxide nanoparticles, but a comprehensive
and systematic review where all metallic, metal oxide, bimetallic, core-
shell, and composite-based nanoparticles have been discussed is rare [6,
15,29,21,30]. Therefore, the present review will first summarise the
green synthesis of nanoparticles in detail by outlining the key discov-
eries in the green synthesis of metal, metal oxide, and composite
nanoparticles and making an attempt to resolve their probable synthesis
mechanisms. This review then focuses on green chemistry and its
mechanisms for the remediation of environmental pollution. Moreover,
the catalytic activity of different metallic nanoparticles in environ-
mental pollution remedies has also been covered in detail.

2. Green synthesis of metal and metal oxide nanoparticles

The green synthesis route for the preparation of metal and metal
oxide nanoparticles has attracted significant attention as it can offer
toxicity free living organisms and a pollution-free environment, unlike
physical and chemical synthesis routes [31]. Moreover, green synthesis
can present further gains like reducing input energy in the synthesis
process and lower product costs compared to the conventional synthesis
methods (physical and chemical), which leads to an easy commerciali-
zation of the nanoparticles. There are various green sources such as
microorganisms (bacteria, fungi, algae, etc.), biowaste, agricultural
waste, and plant components (leaves, fruits, and seeds) that can be used
for the synthesis of nanoparticles [31,32].

2.1. Green synthesis of monometallic nanoparticles

Metal nanoparticles that are commonly used include gold, silver,
copper, platinum, iron, and others. So far, various approaches for the
preparation of these metal nanoparticles through green routes (plant-
based synthesis and microorganism-based synthesis) have been explored
by the different research groups. In the microbe-based synthesis method,
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Fig. 1. Applications of green synthesized metallic nanoparticles [22-28].
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it is very difficult to maintain the conditions required for microorgan-
isms’ culture, and therefore a cheaper and easier synthesis based on
plant extracts has received more attention. In recent years, many ap-
proaches have already been explored for the preparation of metal
nanoparticles (MNPs) using different plant parts such as leaves, fruits,
peels, stems, and seeds, etc. Due to their attractive antibacterial prop-
erty, silver nanoparticles (Ag NPs) are widely used in the field of wound
healing applications. Moreover, it has other applications in agriculture,
water treatment, air filtration, oxidation catalysis, etc. There are
different plants, such as Ocinum sanctum, Lantana camera, Alovera, etc.,
mainly used to prepare AgNPs. These plant extracts contain various
phenolic compounds like flavonoids and terpenoids, which can be uti-
lized as reducing and stabilizing agents for the preparation of the AgNPs
(Fig. 2a). Various research works in the synthesis of AgNPs using green
synthesis routes have already been reported. For example, silver nano-
particles (AgNPs) having an average size in the range of 15-33 nm, were
synthesized successfully by Widatalla et al. [33] using green tea extract
solution. According to photochemical and FTIR analysis [34], green tea
extract contains a variety of compounds, including gallic acid (GA),
catechin (CE), gallocatechin (GC), epigallocatechin protein, flavonoids,
saponin, and glycosides. Green tea flavonoids contain more hydroxyl
groups than epigallocatechin gallate, which acts as a strong reducing
agent for AgNP synthesis [35]. Likewise, Farshori et al. [36] also pre-
pared AgNPs where they used Phoenix dactylifera seed extract as a
reducing agent. Phoenix dactylifera seed extract contains various chem-
ical compounds such as flavonoids, alkaloids, saponin, terpenoids, an-
thraquinones, phenolics, fatty acids, proteins, etc. [37,38]. Amongst
them, phenolic compounds mainly act as stabilizing and reducing agents
for the synthesis of AgNPs. The average size of the synthesized AgNPs
was found to be 15 nm. A flow chart for the extraction and preparation
of AgNPs is depicted in Fig. 2b.

Liu and colleagues [39] synthesized AgNPs using rice husk extract as
a reducing agent (Fig. 3a). In the presence of rice husk extract (which
contains quinones), caffeic acid (CA) was found as the main chemical
compound responsible for reducing Ag+ into metallic silver nano-
particles. TEM analysis confirmed that the synthesized AgNPs had an
average size of 425 nm. Likewise, Kesharwani et al. [40] prepared
AgNPs using Datura metel leaf extract as a reducing agent (Fig. 3b).
Datura metel leaf extract contains different active biomolecules such as
polysaccharides, alkaloids, proteins, enzymes, amino acids, vitamins,
etc., which can be reduced by the Ag" ion into the metallic silver
nanoparticles. The as-synthesized AgNPs were confirmed by UV-Vis
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spectroscopy, where a sharp absorption peak is depicted at 420 nm,
corresponding to the AgNPs. TEM analysis confirmed that AgNPs had an
average size of 16-40 nm.

In another study, Kumar and co-workers [41], prepared the Ag NPs
using Pimenta dioica leaf extract as a reducing and stabilising agent. The
synthesised Ag NPs had an average size of 422 nm, as confirmed by UV
spectroscopy. Further, gas chromatography-mass spectroscopy (GCMS-)
and liquid chromatography-mass spectroscopy (LC-MS) analyses were
carried out to identify various bioactive compounds present in the
Pimenta dioica leaf extract.

Due to the lower cost of copper precursors, researchers have focused
on synthesising them using plant extracts [42]. For example, Ghosh et al.
[43] prepared Cu NPs using Atropha curcas leaf extract. Different poly-
phenolic compounds such as flavonoids and tannins are present in the
Atropha curcas leaf extract and these compounds are used as reducing
and stabilizing agents during the synthesis of Cu NPs. The size of the
as-prepared Cu NPs was found to be 11 nm or 12 nm. Likewise, Celastrus
paniculatus Willd. leaf extract was also used to prepare Cu NPs by Mali
et al. [44], and the authors reported that the size of the nanoparticles
was found to be in the range of 2-10 nm. The extract is a rich source of
flavonoid compounds which can be transferred from enol to keto form
by releasing a reactive hydrogen atom, and that hydrogen can reduce
Cu?®" ions to CuNPs [45]. Similarly, Nieto-Maldonado and colleagues
[46] reported the green synthesis of CuNPs using ascorbic acid and Rosa
‘Andeli’ double delight fresh petals (RAFE) or Gardenia jasminoides Ellis
fresh leaves (GJLE) extract as reducing and stabilizing agents, respec-
tively. RAFE or GJLE extract contains different active compounds like
salicylic acid, isoquercitrin, quercitin, gallic acid, caffeic acid, genipo-
side, gardenoside, ixoroside, etc. (Fig. 4a) amongst them, quercetin
works as a stabilizing agent for the synthesis of the CuNPs (Fig. 4b).
After successful synthesis of the CuNPs, different characterizations were
carried example, FTIR for structural, TEM for morphological, and so on.
It was found that the synthesized CuNPs had an average size of 11.7 nm
and were spherical in shape out, for.

The gold nanoparticles (Au NPs) have also been synthesized well
using different plant extracts. For a typical example, Rodriguez-Leén
et al. [47] prepared AuNPs using Mimosa tenuiflora extracts. The powder
from Mimosa tenuiflora was analysed by FTIR to evaluate chemical
compounds such as polyphenolic compounds (Mimosa tannin, flavone
sakuranetin, triterpenoid saponins, chalcones, and the N, N-dimethyl-
tryptamine alkaloid). The polyphenolic compounds can provide elec-
trons for the reduction of Au®* ions to metallic gold nanoparticles

Fig. 2. (a) Mechanism for synthesis of AgNPs using plant extract [33], (b) process flow chart for synthesis of AgNPs using Phoenix dactylifera seed extract [36].
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Fig. 3. Synthesis mechanism of AgNPs using (a) rice

(AuNPs) [48]. The size of the synthesized AuNPs was found to be in the
range of 20 nm to 200 nm, confirmed by TEM analysis. As shown in
Fig. 5a, the synthesis of AuNPs uses parsley leaf extract as a reducing
agent [49]. An FTIR study of the parsley leaf extract revealed the pres-
ence of flavonoids like apigenin, cosmosiin, apiin, quercetin, and oxy-
peucedanin hydrate. These biomolecules act as reducing agents to
convert Au>" ions to the metallic gold nanoparticles (AuNPs). Moreover,
the hydroxyl and carboxyl ions of these biomolecules can also be utilized
as stabilizing agents in AuNP synthesis [50]. TEM analysis confirmed
that the AuNPs had an average size in the range of 20-40 nm. In another
study, Singh et al. [51] also reported AuNPs preparation using
cardamom extract as a reducing agent. The cardamom extract contains
1,8-cineole (65%), -pinene (0.85%), and -terpineol (7.92%) compounds,
which are the main constituents to reduce Au>* ions to the AuNPs [52].
The reduction mechanism of AuNPs synthesis is shown in Fig. 5b.
Khandanlou et al. [53] have also synthesized the Au NPs using Tas-
mannia lanceolata leaf extract. The leaf extract contains various phenolic
compounds, confirmed by LC-MS analysis. These phenolic compounds
were used as a reducing and stabilizing agents during synthesis of Au
NPs as stated by the authors. The as synthesized Au NPs had an average
size in the range of 6.44 nm to 7.76 nm confirmed by the TEM analysis.

Iron nanoparticles (Fe NPs) are also widely used in different appli-
cations, such as waste water treatment, biomedicine, antibacterial

2024 OH
« CH1 R
CH;
Reduction OH

Plastohydroquinone or
Plastohydroquinol or quinol(Reducing Agent)

husk extract [39], and (b) Datura metel leaf extract [40].

activity, and many more. Therefore, the synthesis of the Fe nanoparticles
is an important task without hampering environmental balance. In this
regard, green synthesis of Fe nanoparticles could be a better option
compared to other chemical synthesis methods. Amongst different green
synthesis approaches, plant extract mediated synthesis has drawn the
most interest because of its easy availability, cost-effectiveness, and non-
toxic nature. Many studies are already being conducted in the field of
iron nanoparticle synthesis using various plant extracts. For instance, a
group of researchers has reported the synthesis of Fe NPs using a plant
extract (Catharanthus roseus) [54]. The main ingredients in plant extracts
are polyphenols, alkaloids, steroids, flavonoids, and terpenoids, which
help in reducing as well as stabilizing. The Fe NPs synthesis was further
validated by UV-vis spectroscopy, DLS, and FTIR. Likewise, Perveen and
colleagues [55] have reported the synthesis of Fe NPs using Plumeria
obtuse plant extract. The as synthesised NPs were characterised by
employing various techniques such as FTIR, SEM, TEM, UV/Vis, and
XRD. They further reported that the Fe NPs possessed a spheroidal shape
and an average size of 50 nm. Similarly, in another reported work, the
authors have utilised peanut skin extract to synthesise Fe NPs. Such a
less explored extract was collected from agricultural waste products and
was easy to obtain in large quantities. Fig. 6 depicts a schematic rep-
resentation of the synthesis of Fe NPs using peanut skin extract [56]. In
another study, Wu et al. [57] prepared Fe NPs using green tea extract as
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Fig. 4. (a) Different active compounds present in RAFE and GJLE extract, and (b) possible synthesis mechanism of CuNPs using ascorbic acid and RAFE or GJLE

extract as reducing and stabilizing agent [46].

a reducing and stabilising agent. Green tea extract contains different
bioactive compounds such as polyphenols, i-theanine, caffeine, etc.,
confirmed by the GC-MS and LC-MS analyses. TEM and SEM analysis
shows an average nanoparticle size in the range of 50 nm to 100 nm.
Metal nanoparticles (MNPs) are also widely synthesized using
different microorganisms like bacteria, fungi, and algae, etc. Several
studies on the green synthesis of silver nanoparticles have already been
conducted, with researchers using bacterial cell-free supernatant,
intercellular, and extracellular attempts for both gram-positive and
gram-negative bacteria. Using Letendraea sp. WZ0 fungus, Qiao et al.
[58] prepared silver nanoparticles. Interestingly, the synthesized AgNPs
have an average size of 33.8 nm. As per the reported work, Letendraea sp.
WZO0 fungus extract contains flavonoid and polyphenolic biomolecules.
The phenolic compounds can reduce the Ag* ion to the metallic silver

nanoparticles (AgNPs). Similarly, Durdn and colleagues [59] synthe-
sized AgNPs using Fusarium oxysporum strains. The synthesized AgNPs
had an average size in the range of 20 nm to 50 nm. Kimber et al. [60]
reported the synthesis of copper nanoparticles (CuNPs) using Shewanella
oneidensis bacteria, and it was found that prepared copper nanoparticles
have an average size in the range of 20 nm to 40 nm. In another study,
Ahmadi-Nouraldinvand et al. [61] synthesized copper nanoparticles
through a green route where they used Trichoderma harzianum bacteria
fungus extract as a reducing agent. The average size of the Cu nano-
particles was found to be in the range of 10-15 nm, and their shape was
found to be spherical as well. Likewise, a marine actinobacterial isolate
(extracted from seaweed) was used as a reducing agent for the prepa-
ration of the CuNPs [62]. The isolated Streptomyces sp. MHM38 strains
were inoculated in a medium composed of starch, 20 g/1; KoHPOg, 1 g/L;
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Fig. 6. Synthesis flowchart of Fe NPs using peanut skin extract [56].

KNO3, 2 g/1; and MgSOs, 0.5 g/1.

Patil et al. [63] prepared gold (Au) nanoparticles using marine-based
bacteria, i.e., Paracoccus haeundaensis BC74171T (Fig. 7). Indeed,
marine-based microorganisms can adapt to harsh environments and can
thus be used in the synthesis of metal nanoparticles. Furthermore,
marine-based microbes are generally used to develop different bio-
molecules, and these biomolecules are used in human well-being. Par-
acoccus haeundaensis bacteria produced NPs with a diameter in the range
of 20.93 3.46 nm, confirmed by TEM and DLS characterizations. The

synthesis of AuNPs using an -NADPH mediated sulfite reductase enzyme
extracted from E. coli bacteria has also been reported [64]. Table 1
shows a list of microorganisms and plant extracts involved in the syn-
thesis of different monometallic nanoparticles.

The microorganisms (bacteria and fungi) were also used to synthe-
sise Fe NPs by employing bacterial supernatants that contained a com-
plex made up of auxin (indole-3-acetic acid, IAA). The synthesised NPs
had a spherical shape with an average size range of 250 to 300 nm,
which was confirmed by TEM and UV/Vis analysis. Furthermore, FTIR
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Fig. 7. The synthesis of Au NPs using Paracoccus haeundaensis BC741717 [63].

spectroscopy discovered corresponding functional groups of auxin [96].
Vitta et al. [97] also reported the synthesis of Fe NPs, where an aqueous
extract of Eucalyptus robusta was used as a reducing and stabilising
agent.

2.2. Green synthesis of metal oxide nanoparticles

Since it is now very well known that polyphenolic compounds from
natural products are also suitable for the synthesis of various metal oxide
nanoparticles like ZnO, CuO, PdO, TiOo, etc., Several investigations are
underway towards the synthesis of metal oxide nanoparticles from plant
derivatives. For example, Naseer and colleagues [98] reported the syn-
thesis of ZnO nanoparticles using Cassia fistula and Melia azedarach plant
extract. Cassia fistula and Melia azedarach plant extracts contain flavo-
noids, alkaloids, glycosides, limonoids, fixed oil and other polyphenolic
compounds like saponins, tannins, triterpenes, nimbin, melianol, etc.
Polyphenolic compounds are primarily responsible for the reduction of
Zn ions to ZnO NPs. Demissie and colleagues [99] synthesized ZnO
nanoparticles from Lippia adoensis leaf extract. The synthesized ZnO
nanoparticles were 19.78 in average size and were spherical and hex-
agonal in shape. Moreover, the synthesized nanoparticles have shown a
strong absorption band in the range of 360 nm to 363 nm in the
UV-spectroscopy analysis, which confirms the synthesis of ZnO nano-
particles. Cayratia pedate leaf extract was also synthesized into ZnO
nanoparticles [100]. As shown in Fig. 8a, Cayratia pedate leaf extract
contains different compounds like aldehydes, terpenoids, flavonoids,
phenolic compounds, fatty acids, alkaloids, etc., which can reduce zinc
nitrate salt to ZnO nanoparticles. The average size of the ZnO nano-
particles was found to be 52.24 nm, and the nanoparticles also showed a
strong absorption peak at 320 nm, which was confirmed by
UV-spectroscopy.

CuO nanoparticles also have wide application in different fields, like
ZnO nanoparticles. The synthesis of CuO nanoparticles by plant extract
has been discussed in detail. Recently, Veisi et al. [101] explored the
synthesis of the CuO nanoparticles using Stachys Lavandulifolia (herbal
tea) flower extract (Fig. 8b). The as-synthesized CuO nanoparticles were
15 nm to 25 nm in size and were spherical in shape, confirmed by TEM
analysis. It was also found from the UV-spectrum that synthesized

materials can absorb light at 400 nm, which also confirms the synthesis
of CuO nanoparticles. Likewise, Sukumar and colleagues [102] prepared
CuO nanoparticles using Caesalpinia bonducella seed extract. Table 2
shows the list of microorganisms and plant extracts involved in the
synthesis of metal oxide nanoparticles.

3. Green synthesis of bimetallic/core-shell and composites

In the above section, green synthesis metal and metal oxide nano-
particles such as Au, Ag, Cu, ZnO, CuO, MgO, nanoparticles etc., using
different microorganisms and plant extracts have been elaborated in a
systematic way. Synthesis of bimetallic or composite nanoparticles has
attracted more attention in recent years as compared to monometallic
nanoparticles due to their enhanced physical properties like shape, size,
morphology, etc., attractive synergistic effect, enhanced antibacterial
property, etc. For a typical example, Bhanja and colleagues [136] pre-
pared Ag@Au bimetallic nanoparticles using Ramaria botrytis mushroom
extract as a reducing agent, and they studied their catalytic activity
against the reduction of 4-nitrophenol, along with antibacterial and
antioxidant characteristics. A UV-visible spectroscopy analysis was car-
ried out to confirm Ag@Au NPs and, interestingly, it was found that a
sharp peak appears at 507 nm in the UV-vis spectrum. This peak at 507
nm is an intermediate absorption peak between silver (418 nm) and gold
(524 nm) (Fig. 9a). The synthesized bimetallic nanoparticles were 150 nm
in size and were rectangular in shape. Similarly, in another study, Ag@Fe
nanoparticles were synthesized by Gardenia jasminoides leaf extract. FTIR
and raman spectroscopy revealed that Gardenia jasminoides leaf extract
contained chemical compounds such as flavonoids, saponins, alkaloids,
tannin, and other polyphenolic compounds. The phenolic compounds can
reduce zinc ions to ZnO nanoparticles [137,138]. It was found from the
morphological study that, as synthesized (Ag@Fe), bimetallic nano-
particles had a core-shell structure. The synthesized bimetallic NPs were
7-19 nm in average diameter and were spherical in shape [139]. In
another study, Ag @Fe nanoparticles were also synthesized using Salvia
officinalis leaf extract by Malik and colleagues (Fig. 9b) [140]. S. offici-
nalis leaf extract contains flavonoids (methyl rosmarinate, rosmarinic
acid, free caffeic acid, flavones, luteolin-7-glucoside, luteolin-7-glucur-
onide, 6-hydroxyluteolin-7-glucoside, and luteolin-3-glucoside) and
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Table 1
List of microorganisms and plant extract involved in the synthesis of mono-
metallic nanoparticles.
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Table 1 (continued)

Nanoparticles  Size and shape Microorganisms and plant Reference
extract
Plant extract mediated synthesis
Ag NPs 15 nm to 33 nm and Green tea extract [33]
spherical
Ag NPs 15 nm and spherical Phoenix dactylifera seed [36]
extract
AgNPs 20.41 nm to 20.93 Capsicum chinense leaf [65]
nm and spherical extract
AgNPs 21 to 173 nm and Conocarpus Lancifolius plant ~ [66]
spherical extract
AgNPs 47 nm and spherical Syzygium cumini fruit [67]
extract
AgNPs 19.401 nm and Urtica diocia (UD) leave [68]
spherical extract
AgNPs 13.85 to 34.30 nm Rubus ellipticus Sm. Root [69]
and spherical extract
AgNPs 11.17 nm to 37.50 Boswellia sacra leaf extract [70]
nm and cubic
structure
AgNPs 1o nm to 25 nm and Ctenolepis garcini L. plant [71]
spherical extract
AgNPs 40nm to 220 nmand  Citrus medica plant extract [72]
spherical
CuNPs 11 nm to 12 nm and Atropha Curcas leaf extract [43]
spherical
CuNPs 2 nm to 10 nm and Celastrus paniculatus Willd. [44]
spherical Leaf extract
CuNPs 6.93 nm to 20.70 nm Citrus sinensis aqueous fruit [73]
and spherical extract
CuNPs 7 nm and spherical Hyptis suaveolens (L.) plant [74]
extract
CuNPs 5 nm to 8 nm and Green coffee bean extract [75]
spherical
CuNPs 20 nm to 30 nm and Prunus mahaleb L. plant [76]
spherical extract
CuNPs 5 nm and spherical Neem flower extract [771
CuNPs 20 nm to 40 nm and Angelica keiskei (Miq.) [78]
spherical Koidz. leaves extract
CuNPs 38.5 nm and Artemisia plant extract [79]1
spherical
CuNPs 54 nm to 80.98 nm Vitis vinifera L. seed extract [80]
and spherical
CuNPs 3.9 nm to 10.9 nm Osmium sanctum plant [81]
and spherical extract
AuNPs 20 nm to 200 nm and Mimosa tenuiflora extracts [47]
spherical
AuNPs 20 nm to 40 nm and Parsley leaves extract [49]
spherical
AuNPs 13.6 nm and Citrus peel extract [82]
spherical
AuNPs 57.9 nm to 57.2 nm Black tea extract [83]
and spherical
AuNPs 16.7 nm and Spinacia oleracea L. Leaf [84]
spherical aqueous extract
AuNPs 28 nm to 43 nm and Jatropha integerrima Jacq. [85]
spherical flower extract
AuNPs 15 nm to 40 nm and Bauhinia tomentosa Linn [86]
spherical plant extract
AuNPs 36.4 nm and Mentha Longifolia leaf [87]
spherical extract
AuNPs 13.20 nm and Erythrophyllum Leaf Extract [88]
spherical
AuNPs 8 nm to 25 nm and Curcumae kwangsiensis leaf [89]
spherical aqueous extract
AuNPs 5 nm to 23 nm and Persicaria salicifolia leaf [90]
spherical extract
AuNPs 5 nm to 20 nm and Phragmites australis root and [91]
spherical rhizome extracts
AuNPs 18 nm to 38 nm and Garcinia kola Pulp Extract [92]
spherical
Microorganisms mediated synthesis
Ag NPs 10 nm to 30 nm and Bacillus methylotrophicus [93]

spherial

DC3 bacteria

Nanoparticles  Size and shape Microorganisms and plant Reference
extract
Ag NPs 33.8 nm and Letendraea sp. WZ0 fungus [58]
spherical
Cu NPs 20 nm to 40 nm and Shewanella oneidensis [60]
spherical bacteria
Cu NPs 10 nm to 15 nm and Trichoderma harzianum [61]
spherical fungus extract
Cu NPs 1.06 nm to 6.5 nm Streptomyces sp. MHM38 [62]
and spherical strains
Au NPs 20.93 + 3.46 nmand  Paracoccus haeundaensis [63]
spherical BC74171"
Au NPs 10 nm and spherical Sephacryl S-300 extracted [64]
from E. coli bacteria
Au NPs 30 nm to 60 nm and Penicillium brevicompactum [94]
spherical fungus extracts
Au NPs 12 nm to 15 nm and Alternaria chlamydospore [95]

spherial

Fungi

polyphenolic compounds (phenolic acids, salvianolic acids Kand I) [141,
142]. It is worth mentioning that flavonoids and polyphenolic compounds
are responsible for reducing and stabilizing the Ag-Fe nanoparticles. The
UV-vis spectrum has shown three absorption peaks at 450 nm, 350 nm,
and 352 nm, respectively, which confirms the formation of Ag-Fe NPs.
From morphological (TEM and SEM) analysis, the average diameter of the
synthesized Ag@Fe NPs was found to be 30 nm.

Likewise, Riaz and colleagues [138] reported the synthesis of
silver-nickel (Ag-Ni) bimetallic nanoparticles using Salvadora persica
plant extract as a reducing and stabilizing agent. The extract contains
many bioactive chemicals such as flavonoids, terpenoids, saponins,
steroids, and alkaloids, as confirmed by the FTIR analysis of the extract.
These chemical compounds are responsible for the synthesis and stabi-
lizing of the Ag-Ni nanoparticles [145]. Plant extract was mixed with
two equimolar solutions of silver nitrate (100 ml) and nickel nitrate
(100 ml) salt to make the Ag-Ni bimetallic nanoparticles, and the
resulting solution was continuously stirred until a noticeable colour
change in the solution was observed. The average diameter of the syn-
thesized Ag-Ni NPs was found to be 23.67 nm. The copper-silver (Cu-Ag)
bimetallic nanoparticles synthesized using Phoenix dactylifera (Palm
tree) leaf extract (Fig. 9c) had an average diameter of 26 nm, confirmed
by morphological analysis. [143]. Furthermore, Weng and colleagues
[144] prepared Fe-Ni bimetallic nanoparticles using eucalyptus leaf ex-
tracts as a reducing agent, as shown in Fig. 9d. The eucalyptus leaf extract
had different compounds like pyrazole-4-carboxaldehyde, 1-methyl,
1-methylethyl)-benzene, hydroquinone, etc., confirmed by GC-MS.
These compounds have reducing and stabilizing characteristics. The
synthesized Fe-Ni NPs exhibited an average diameter in the range of 20
nm to 50 nm. Olajire et al. [146] prepared palladium-gold (Pd-Au)
core-shell bimetallic nanoparticles using Ananas comosus leaf extract as a
reducing and capping agent. The Ananas comosus leaf extract had
various polyols like flavones, polysaccharides, terpenoids, etc.,
confirmed by FTIR analysis. These polyols are mainly responsible for
reducing Pd?"-Au®" ions to their respective core-shell structures. The
UV-vis spectroscopy analysis of the as synthesized Pd-Au nanoparticles
revealed a sharp absorption band at 517 nm, corresponding to the sur-
face plasmon resonance band of Au present on the surface of Pd. The
FTIR analysis also revealed the formation of Pd¢ore-Augpe) Nanoparticles.
The synthesized Pdcore-Aushen nanoparticles had an average size in the
range of 2.06 nm to 28.59 nm. Similarly, Wicaksono and colleagues
[147] also reported the synthesis of gold-palladium (Au-Pd) core-shell
bimetallic nanoparticles using orange peel extract as a reducing agent.
The orange peel extract contains various biomolecules such as flavo-
noids and phenolic compounds, which can reduce the Au®t-Pd?** ion to
their bimetallic nanoparticles. For synthesis of Au-Pd core-shell struc-
ture, first HAuCly was reduced by orange peel extract to obtain core Au
nanoparticles and then HoPdCl, precursor solution was reduced to form
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flowers extract [101].

a Pd shell on the core Au NPs. The Au-Pd core-shell nanoparticles for-
mation was first confirmed by UV-vis spectroscopy followed by FTIR
analysis. An average size of the synthesized Au-Pd NPs was found to be
47 nm.

Nasrollahzadeh and colleagues [148] prepared copper/magnesium
oxide composite nanoparticles using Cassytha filiformis L. extract as a
reducing and stabilizing agent (Fig. 10a and 10b). The average diameter
of the synthesized Cu/MgO nanoparticles was found to be 19 nm by TEM
analysis. Similarly, Kulkarni and colleagues [149] reported the synthesis
of the Au @NiAg composite nanoparticles with a 10 nm size using
A. vasica leaf extract as a reducing agent (Fig. 10c). Likewise, in another
study, Alwhibi and colleagues [150] synthesised Ag @Au nano-
composite nanoparticles using Acacia-nilotica husk extract as a reducing
and capping agent. The UV-vis spectrum exhibited a sharp absorption
peak at 460 nm to 500 nm, corresponding to the plasmonic absorption of
gold nanoparticles. Also, the synthesized Ag/Au nanoparticles have an
average size of 223 nm. Furthermore, Tiri et al. [151] prepared Ag@Pt
nanocomposite nanoparticles using propolis extract and a strong ab-
sorption peak at 300 nm in the UV-vis spectrum confirmed the forma-
tion of Ag@Pt nanoparticles (4-19 nm) (Fig. 10d). Table 3 summarizes a
list of microorganisms and plant extracts involved in the synthesis of
different bimetallic or composite nanoparticles.

4. Removal of dyes from wastewaters

Natural product mediated nanoparticles are widely used in envi-
ronmental applications, particularly in the dye degradation sector. Dyes
are organic compounds that are abundantly used in industries, espe-
cially in food, textiles, paper, cosmetics, and pharmaceuticals [152]. The
release of these coloured compounds, pesticides, and antibiotics into
wastewater is contributing majorly towards increasing pollution levels
worldwide [153]. Many of them cause mutagenesis, carcinogenicity,
and other birth defects, thus compromising precious human life [154].
Various conventional techniques, including physical, chemical, and
biological methods such as flocculation, adsorption, filtration, sedi-
mentation, chemical oxidation and reduction, and coagulation

treatment, have been in operation to remove dye effluents, etc. [155].
Since most of the organic contaminants are chemically stable, conven-
tional physiochemical water treatment methods are found to have one or
other disadvantage [156]. Recently, nanotechnology is booming in
every field and is reported to have a cure for dye pollution as nano-
particles can efficiently degrade a wide range of organic pollutants,
including dyes, to harmless by-products through a process called pho-
tocatalysis [157,158]. Although different approaches have been used for
the synthesis of nanoparticles and their photocatalytic activity, the most
efficient approach is green synthesis using different plants. In the past
years, several reviews have discussed antimicrobial, biomedical, and
photocatalytical applications of synthesised NPs [159-162]. However,
recent advances in the use of natural product inspired NPs for dye
discoloration have not been reviewed in detail yet.

Metal and metal oxide NPs are one of the most important photo-
catalysts, and their use in the degradation of organic contaminants to
harmless end products has increased dramatically in the past several
years [163,164]. Numerous research investigations have shown that the
photocatalytic properties of metallic nanoparticles are largely depen-
dant on the reactive oxygen species produced under UV illumination
[165,166]. Interestingly, in the photocatalytic reactions, when photons
of energy equal to or greater than the energy gap of semi-conducting
materials are absorbed, electrons from the valence band get excited to
the conduction band, generating electron hole pairs (e/h™) [167]. The
photogenerated holes (k") in the valence band react with water mole-
cules or hydroxyl ions (OH™) to produce hydroxyl radicals; on the other
hand, excited free electrons (e) in the conduction band, react with ox-
ygen molecules present in the solution and convert them to superoxide
radicals (.O3) anions [168,169]. The superoxide radicals further
combine with H' ions to produce hydrogen peroxide, which can further
be decomposed into OH radicals. During photocatalysis, the generated
reactive oxygen species cause oxidation and reduction reactions and
potentially attack chromophores of organic pollutants and dyes that are
carcinogenic by nature and convert them into less harmful and colour-
less by-products [170]. The schematic representation of the photo-
catalytic mechanism by metal NPs is depicted in Fig. 11.
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Table 2
List of microorganisms and plant extract involved in the synthesis of metal oxide
nanoparticles.
Nanoparticles  Size and shape Microorganisms and plant Reference
extract
Plant extract mediated synthesis
ZnO NPs 6 nm to 68 nm and Cassia fistula and Melia [98]
spherical azedarach plant extract
ZnO NPs 19.78 nm and Lippia adoensis leaf extract [99]
spherical
ZnO NPs 52.24 nm and Cayratia pedate leaf extract [100]
spherical
ZnO NPs 56 nm to 78 nm and  Syzygium Cumini plant [103]
spherical extract
ZnO NPs 11.2nmto 118.6 nm Pomegranate Fruit Peel and [104]
and hexagonal Solid Coffee Grounds
nanorods
ZnO NPs 100 nm and Eucalyptus lanceolata leaf [105]
hexagonal extract
ZnO NPs 14.4 nm and Rivina humilis leaf extract [106]
spherical
ZnO NPs 69.77 nm to 70.03 Gum Acacia modesta [107]
nm and rod shape
ZnO NPs 209 nm and Raphanus sativus var. [108]
spherical Longipinnatus leaf extract
CuO NPs 15nmto 25 nm and  Stachys Lavandulifolia [101]
spherical (herbal tea) flowers extract
CuO NPs 13.07 nm and rice Caesalpinia bonducella seeds [102]
like shape extract
CuO NPs 22 nmto 40 nm and  Bauhinia tomentosa leaves [109]
spherical extract
CuO NPs 8 nm to 16 nm and Bougainvillea Plant Flowers [110]
spherical Extract
CuO NPs 900 nm and Capparis decidua Leaf Extract [111]
spherical
CuO NPs 20 nm to 30 nm and  Punica granatum leaf extract [112]
spherical
CuO NPs 33 nm and spherical Canthium coromandelicum [113]
leaves extract
CuO NPs 50.7 nm and Rubia cordifolia bark extract [114]
spherical
CuO NPs 1.7 nm to 15.2 nm Pergularia tomentosa leaves [115]
and spherical extract
FeO NPs 21.59 nm and Carica papaya leaf extract [116]
spherical
FeO NPs 70 nm and spherical Bauhinia tomentosa leaf [117]
extract
MgO NPs 35 nm to 55 nm and Rosa floribunda charisma [118]
polyhedral extract
MgO NPs 36.7 nm and Manihot esculenta leaf extract ~ [119]
hexagonal
MgO NPs 18 nm to 80 nm and  Amaranthus tricolour, [15]
spherical Andrographis paniculata and
Amaranthus blitum
Microorganisms mediated synthesis
ZnO NPs 124.2 nm and Lactobacillus plantarum TA4 [120]
spherical bacteria strain
ZnO NPs 34 nm to 55 nm Xylaria acuta fungi extract [121]
and hexagonal
ZnO NPs 16 nm 78 nm Periconium sp. Fungi extract [122]
and spherical
CuO NPs 1.72 nm to Streptomyces sp. MHM38 [123]
13.49 nm and
spherical
CuO NPs 30 nm to 75 nm Lactobacillus casei Subsp. Casei [124]
and sphrical
CuO NPs 9.75 nm and Penicillium chrysogenum fungus [125]
spherical
CuO NPs 10 nm to 190 Trichoderma sp. Fungi extract [126]
nm and
spherical
FeO NPs 19 nm to 30 nm Proteus vulgaris ATCC-29,905 [127]
and spherical bacteria extract
FeO NPs 30 nm to 45nm  Pseudomonas aeruginosa bacteria [128]
and spherical extract
FeO NPs 40 nm and Aspergillus niger BSC-1fungus [129]
spherical extract
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Table 2 (continued)

Nanoparticles  Size and shape Microorganisms and plant Reference
extract

MgO NPs 8 nm to 38 nm Aspergillus terreus S1fungus strain ~ [130]
and spherical

MgO NPs 26.70 nm and Burkholderia rinojensis fungus cell [131]
spherical filtrate

MgO NPs 68.06 nm and Algae (Sargassum wightii) extract [132]
spherical

TiOy NPs 20 nm and Staphylococcus aureus bacteria [133]
spherical

TiO2 NPs 30 nm to 70 nm Streptomyces sp. HC1bacteria [134]
and spherical strain

TiO, NPs 70 nm to 130 Halomonas elongata IBRC-M [135]
nm and 10,214
spherical

Extensive research work has been done on the photocatalytic
degradation of different organic pollutants, particularly methyl orange,
rhodamine B, methylene blue etc. Additionally, through a green proto-
col, a number of renewable and sustainable materials have been intro-
duced to produce efficient nano photocatalysts discussed in subsequent
sections.

4.1. Silver nanoparticles in environmental remediation

Silver NPs are versatile mainly due to their low toxicity, chemical
stability, and biological activities. Their ease of production,
morphology, and excellent dye degradation properties make them
favourable candidates for environmental applications [171,172].
Several green chemistry approaches are being explored to synthesize Ag
nanoparticles with different morphologies using polyphenolic com-
pounds present in plant extracts. The characterization methods
confirmed the synthesis and biogenic formation of Ag nanoparticles
using gallic acid and flavanols present in Terminalia bellerica kernels
[173]. The prepared NPs were spherical and proved strong, fast, and
cost-effective toward the reduction of four different potential environ-
mental pollutants. Isoimperatorin, a natural compound isolated from
Prangos ferulacea roots, has been used to produce AgNPs for the
degradation of different textile dyes. AgNPs were produced when iso-
imperatorin ethanolic solution was mixed with 12 mL of 1 mM aqueous
solution of AgNO3 and the synthesis reaction was allowed to take place
under sunlight. The produced NPs (spherical and 79-200 nm) were
evaluated for the degradation of new fuchsine, Methylene blue, Eryth-
rosine B, and 4-chlorophenol pollutants under sunlight conditions. It
was shown by UV-vis study that almost 96.5% of methylene blue, 92%
of erythrosine B, and 96.0% of new fuchsine were degraded after 60 min
[174]. In addition, AgNPs have been immobilised onto graphene oxide
through in-situ rapid reduction using green tea extract (Fig. 12). The
produced composite has demonstrated 633 mg g-1 degradation of
methylene blue [175]. Alex and colleagues [176] have shown the ability
of leaf extracts of neem, aloe vera, Indian mint, and guava to produce
stable, spherical-shaped AgNPs. Diterpenoid-based chemical com-
pounds present in these extracts were reported to be responsible for the
reduction of silver nitrate salt. These NPs were employed to understand
the photocatalysis of an agricultural fungicide, mancozeb. The authors
believed that reactive oxygen species produced during photocatalysis
were responsible for damaging or degrading mancozeb pollutants. Li
et al. [177] also reported excellent photoactivity of AgNPs synthesised
by rhizome extract of Alpinia officinarum on methylene blue and mal-
achite green dyes. Muthu et al. [178] synthesised AgNPs using a seed
extract of Punica granatum. The TEM analysis showed the AgNPs were
spherical in shape and 10-35 nm in size, while XRD showed that the
AgNPs were face-centred cubic. These NPs showed effective degradation
of methylene orange and 4-nitro phenol. Rani et al. [179] have used
kidney bean (Phaseolus vulgaris) extract to synthesise AgNPs and
examined their degradation ability towards reactive red-141 RR. The
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UV-vis peaks at 332 and 534 nm were monitored and a decrease in peak possible degradation agent. Awad et al. [180] have studied the biogenic

absorption was noticed within 150 h of incubation time under solar synthesis of AgNPs by seed extract of Trigonella foenum-graecum and
light. They introduced the formation of highly reactive active ROS as a calculated their dye degradation and antibacterial activities. They found
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Table 3

List of microorganisms and plant extract involved in the synthesis of bimetallic
or composite nanoparticles.

Nanoparticles  Size and shape Microorganisms or plant Reference
extract
Ag @Au 150 nm and were Ramaria botrytis mushroom [136]
rectangular extract
Ag @ Fe 7 nm to 19 nm and Gardenia jasminoides leaves [139]
spherical extract
Ag @Fe 30 nm and spherical Salvia officinalis leaves [140]
extract
Ag-Ni 23.67 nm and Salvadora persica plant [138]
spherical extract
Au @NiAg 10 nm and core-shell  A. vasica leaf extract [149]
Ag @Au 223 nm and spherical Acacia-nilotica husk extract [150]
Ag @Pt 4 nm to 19 nm and Propolis extract [151]
spherical
Cu-Ag 26 nm and spherical Phoenix dactylifera (Palm [143]
tree) leaves extract
Cu/MgO 19 nm and core-shell ~ Cassytha filiformis L. extract [148]
Au-Pd 47 nm and core-shell ~ Orange peel extract [147]
Fe-Ni 20 nm to 50 nm and Eucalyptus leaf extracts [144]
spherical
Pd-Au 2.06 nm to 28.59 nm  Ananas comosus leaf extract [146]

and spherical

that with these spherical shaped NPs, rhodamine B was 93% degraded
after 216 h.

Also, facile synthesis of AgNPs using extract of Cnicus benedictus for the
degradation of methylene blue could be achieved [181]. Ravichandran et al.
[182] have utilized aqueous leaf extract of Parkia speciosa for the pro-
duction of Ag NPs with an average size of 35 nm and recorded their
antimicrobial and dye discoloration properties. The produced AgNPs
showed significant photoactivity for methylene blue under solar irra-
diation and were found active against a range of microorganisms.
Ekennia et al. [183] fabricated AgNPs using Euphorbia sanguinea leaf
extract. SEM and XRD results showed that these particles have well
defined crystallinity and are spherical in shape with an average size of
20-28.8 nm. These NPs also displayed 86% and 90% efficiency of Congo
red dye degradation within 5 and 60 min of solar irradiation. Nypa
fruticans (NF) fruit husk have been used to produce spherical shaped Ag
NPs that displayed excellent catalytic conversion of o-, m-, p-nitrophenol
to amines compounds. The successful reduction and formation of ami-
nophenols was noticed from the appearance of new peaks in UV-vis
spectrum upon addition of NaBH,4 [184].
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Chand and colleagues [185] have elucidated that methyl orange,
methyl red, and Congo red dyes could be effectively degraded with
AgNPs having an average size of 5-100 nm, produced by onion, tomato,
and acacia catechu plant extracts. Khan et al. [186] have used an extract
of Petroselinum crispum to produce AgNPs with an average size of 25-90 nm.
They also demonstrated that alcoholic and polyphenolic compounds
present in the extract are responsible for the formation of AgNPs, which
were subsequently tested as photocatalysts to remove brilliant green dye
from waste waters. In another study, Ruellia tuberosa leaf extract was
used to synthesize AgNPs. Different characterization techniques such as
UV-vis, TEM, FE-SEM, EDX, and DLS analysis showed the formation of
stable spherical AgNPs with an average size of 55.65 nm. These AgNPs
were used to evaluate the photocatalytic degradation of crystal violet
and Coomassie brilliant blue [187]. Rajivgandhi et al. [188] reported
that antibacterial and photocatalytic AgNPs were biosynthesised by
using leaf extract of M. citrifolia. It was investigated that the methylene
blue absorption peak at 660 nm shows a gradual decrease with an in-
crease in reaction time, and a complete degradation was observed after
140 mins. In another study conducted by Yazdi et al., 82.50% of
methylene blue degradation was reported using AgNPs fabricated by
B. integerrima fruit extract biomolecules [189]. Kadam et al. [190]
synthesised AgNPs employing Brassica oleracea extract and studied their
role in the removal of methylene blue from waste waters. The effects of
extract concentration, silver salt, and pH were also examined to opti-
mize the best conditions for the formation of stable AgNPs. They char-
acterized the AgNPs and found that when 3 mL of plant extract is reacted
with 0.5 mM AgNOs; at pH 8.5, it results in the formation of stable NPs.
These AgNPs when treated with methylene blue displayed excellent
results, with 97.57% dye degradation within 150 min. Mehwish et al.
[191] produced green AgNPs using seed extract of Moringa oleifera and
reported their photocatalytic activity towards methylene blue, orange
red, and 4-nitro phenol. The seed extract when exposed to silver nitrate
at an alkaline pH resulted in crystalline and spherical AgNPs with an
average size of 4 nm. These NPs resulted in > 81% degradation towards
methylene blue, > 82% orange red, and > 75% for 4-nitro phenol.
Manikandan et al. [192] reported the production of spherical AgNP with
an average size of 48.25 nm using leaf extract of Ocimum americanum.
These NPs were photocatalytic and showed dye degradation efficiencies
of 75.41% and 91.17% against eosin yellow dye under UV-irradiation
and sunlight, respectively. Furthermore, waste banana peduncles were
employed by Desousky and co-workers to fabricate AgNPs which were
able to fully degrade methylene blue dye [193]. For the photocatalytic
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Fig. 12. In situ immobilization of green synthesized AgNPs onto GO and rGO (a) and the proposed adsorption mechanism of MB (b) [175].

discoloration of Congo red, Chand et al. [194] have examined the rapid
green synthesis of AgNPs using seed extract of Nigella sativa. The pro-
duced particles were spherical and polydisperse and had an average size
of 10-12 nm. They found that 15 mg ml—1 of the produced NPs resulted
in the highest degradation of Congo red dye. Chandhru et al. [195] re-
ported the facile formation of AgNPs using the latex of Calotropis pro-
cera within 80 min and reported their resultant photocatalytic activity.
The produced NPs with their method were found to be stable for more
than 5 months and displaced encouraging discoloration results against
methyl orange. A potential pollutant, 4-nitro phenol, has been efficiently
degraded by bacterial nanocellulose fibers loaded with green Ag and Au
NPs synthesised by pomegranate peel extract tannins. It is worth noting
that bacterial nanocellulose fibers have a rich number of hydroxyl
functional sites available for linking tannin biomolecules of pome-
granate peel extract that act as reducing sites for in-situ generation of Ag
and Au NPs. The schematic mechanism of formation is displayed in
Fig. 13 [196].

4.2. Iron and iron oxide nanoparticles

Because of their low toxicity, high stability, and the presence of
active surface functional groups, Fe NPs are an attractive choice for
photocatalysis and in the removal of toxic pollutants from bodies of
water [197]. In recent years, sustainable methods of preparation for
their role in photocatalysis technology have been preferred.
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Beheshtkhoo et al. [198] used an aqueous flower extract of Daphne
mezereum to produce iron NPs. The NPs formed using biomolecules
extracted from this plant material had a mean diameter of 6.5-14.9 nm
with an average size of 9.2 nm. These nanoparticles were applied to
remove methyl orange dye from wastewater and were seen to have an
efficient dye degradation ability of 81% after 6 h. Taha and co-workers
[199] investigated the use of pod extract of Acacia nilotica plant to
produce iron NPs for the photo degradation of methyl orange dye.
Rather et al. [200] used an aqueous leaf extract of Wedelia urticifolia to
produce rod shaped iron oxide NPs with a size of 15-20 nm. These NPs
exhibited strong dye degradation towards methylene blue from waste-
water. Zulfikar et al. [201] reported the photocatalytic ability of iron
NPs synthesised by using leaf extract of Mangifera indica (mango plant).
They observed 80.87% of Congo Red and 82% of Brilliant Green dyes
were degraded with these iron NPs. Khunjan et al. [202] used leaf
extract of Ruellia tuberosa as a green reducing and stabilizing agent to
synthesize iron NPs and simultaneously studied their use for photo-
catalytic degradation of reactive black 5. These NPs exhibited high
discoloration performance, with more than 92.1-99.8% degradation.
Raman et al. [203] reported the ability of grape leaf extract to produce
iron NPs and studied their photocatalytic activity against a range of
reactive dyes. Their results showed that 95-98% of dye discoloration
was achieved for all the tested dyes with 1.4-2 g/L of produced NPs.
Xiao et al. [204] reported the photocatalytic activity of iron NPs pro-
duced by a green method employing tea leaf extract. As shown by



Shahid-ul-Islam et al.

<
< X
&
% HO
Ho  ©
HO
%
o,
v %

g F
PPE biomolecules
Ta 7 R .
-ou{\ M2+ (M = Au, Ag)
\‘ Complexation

—2e-,—2H*] a

Oxidation

Chemical Engineering Journal Advances 14 (2023) 100460

2/CNI

Reduction of metal ions
on the PPE/CNF surface

@ : AuNPs ®: AgNPs

Fig. 13. Dye degradation mechanism of in-situ produced Au and Ag NPs using pomegranate peel extract and bacterial nanocellulose as support for the forma-

tion [196].

several characterization methods, the produced NPs having a spherical
or ellipsoidal shape with an average size of 75-100 nm were able to
degrade cationic dyes malachite green, rhodamine B, and methylene
blue effectively by following pseudo-first order kinetics. Yaun and
co-workers [205] reported a facile synthesis of iron NPs using an
aqueous extract of Dimocarpus longa leaves and a precursor salt, FeCls.
These NPs were highly stable for 28 days and were used in Fenton-like
reactions to catalyse degradation of methyl orange and several other
different dyes. The degradation followed pseudo first-order kinetics and
the acidic nature to catalyse the reaction was maintained by the pres-
ence of biomolecules in the leaf extract. Dhas and Dhar, [206] likewise,
produced spherical and quasi spherical shaped iron NPs (74 nm) using
young shoots of Camellia sinensis and found them highly effective to
degrade Rhodamine B within 1 hour. Likewise, tea leaves were also used
by Wang et al. to produce iron NPs on hydrochar in order to decolorize
methylene blue, and it was observed that almost 97.77% of the dye was
absorbed within 60 min of catalysis [207]. Ting and Chin [208] reported
on the use of apple peel extract as an effective reductant and stabilizing
agent for making elliptical and spherical shaped iron NPs with an
average size of 50 nm. These NPs showed 71.51% discoloration on the
degradation of malachite green within the first minute.

Synthesis of FeO NPs using an aqueous leaf extract of Ruellia tuberosa
has successfully been reported by Vasantharaj et al. [209]. These NPs
showed a peak at 405 nm in the UV-vis spectrum and were further
characterized by FT-IR, SEM, TEM, DLS, and DSC techniques. The au-
thors proved that FeO NPs were able to decolorize crystal violet syn-
thetic dye with 80% efficiency under solar light irradiation. The XPS
spectra displaying the surface chemistry of Fe-O NPs produced by
C. citratus extract further confirms the presence of hydroxyl and
carbonyl groups in the spectrum [210]. Qasim et al. [211] reported a
one-step synthesis of FeO NPs using berry extract of Withania coagulans.
The extract resulted in the production of FeO nanorods with an average
size of 16 nm. These nanorods displayed efficient degradation of
safranin dye. They proved that iron oxide NPs synthesised by green
methods display better photocatalytic efficiency than chemical methods.

The dye degradation potential of FeO—NPs synthesised in a green
way by using Avicennia marina flower extract has been carried out by
Karpagavinayagam et al. [212]. Shalaby and co-workers [213] reported
the natural-product mediated synthesis of iron oxide NPs using Pirulina
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platensis microalgae and their photocatalytic activity to remove syn-
thetic crystal violet and methyl orange dyes. The synthesised NPs dis-
played good degradation of both the dyes following pseudo-second
order kinetics. Prakash et al. [214] prepared iron oxide NPs by using
aqueous neem leaf extract and used them to degrade acid blue dye. They
used Fenton and ultrasound assisted Fenton processes and found ultra-
sound more efficient as the degradation was completed in 20 mins.
Arasu et al. [215] synthesised iron oxide NPs in one step using Acorus
calamus rhizome extract and showed them to be effective photocatalysts
to reduce two azo dyes, methylene blue and Congo red. The formation
mechanism and catalytic degradation of methylene blue dye with zero
valent iron NPs produced by Cymbopogon citratus and R. communis ex-
tracts, respectively, are shown in Fig. 14 [216,217].

Iron hexacyanoferrate NPs with hexagonal, rod, and spherical shapes
and having a size range of 10-60 nm could be easily produced using
Sapindus-mukorossi as a natural surfactant. The produced NPs were
found to degrade toxic organic pollutants such as anthracene and
phenanthrene with 80-90% efficiency, whereas chrysene, fluorene, and
benzopyrene degraded 70-80% in water and soils [218]. Sharma et al.
[219] reported the use of biosurfactant extracted from the bacterium
Alcaligenes sp. for the synthesis of iron oxide NPs. The TEM analysis
revealed a size of 176.69 +5 nm, and the photocatalytic studies
demonstrated that these NPs could remove 93.77 £ 0.12% of malachite
green within 1.5 min.

Bhuiyan et al. [220] prepared (a-FesO3) NPs from precursor hexa-
hydrate ferric chloride salt using Carica papaya leaf extract and used
them for the degradation of remazol yellow RR from wastewater. These
NPs showed efficient dye degradation activity for remazol, whereby
76.6% was effectively degraded in the presence of a 0.8 g/L catalyst dose
after 6 h at pH 2. Bini et al. [221] studied the feasibility of using Punica
granatum seeds to extract biomolecules to synthesize spherical shaped
Feo03 NPs for photodegradation of a reactive blue 4 dye. As identified by
LC/MS, the pomegranate extracts are rich in polyphenols, which resul-
ted in the fast generation of iron oxide nanoparticles with a size in the
range of 25-30 nm. Under UV irradiation, they observed more than 95%
of the dye was degraded in less than 56 min.

In another work, extracts of K. alvarezii plants have been used to
produce Fe304—NPs by Arularasu and coworkers [222]. These NPs
displaced antibacterial activity against S. aureus and E. coli and showed
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excellent dye degradation activity towards removing cationic textile dye
wastes. Pai et al. [223] reported the Thunbergia grandiflora leaf extract
mediated one-step synthesis of Fe304 NPs and investigated their pho-
tocatalytic activity against acid blue 115 dye. The synthesised NPs were
predominantly spherical in shape (25 nm) and had a degradation rate of
95% at pH 2 in less than 3.5 h. A plausible mechanism for the formation
of a-FeyO3 and Fe304 using Camellia sinensis and Zanthoxylum armatum
leaf extracts is shown in Figs. 15a and b [224,225].

4.3. Copper and CuO NPs as photocatalysts

Copper is a low-cost metal and the most widely used, with numerous
potential applications in almost every sector [226]. In the medical field,
as an antimicrobial agent and disinfectant, as a coating material for

drugs in pharmaceuticals, a conducting material in electronics, and for
sensing in environmental applications [227,228]. Nowadays, attempts
are made to develop advanced Cu and CuO NPs using biological and
renewable materials for their application in water purification tech-
nology [229]. An aqueous leaf extract of Celastrus paniculatus has been
used for the rapid synthesis of CuNPs in the 2-10 nm size range. The NPs
were produced when 50 mL of 5 mM copper sulphate solution was mixed
with 5 mL of plant extract at pH value 7. These CuNPs displayed
excellent photocatalytic activity towards converting methylene blue to
less harmful by-products under solar irradiation for 120 min [44]. The
degradation spectra of Nile blue (93%) and reactive yellow 160 (81%) in
120 min with CuO NPs produced from Psidium guajava leaf extract is
shown in Fig. 16 [230].

CuNPs with a size range of 9-11 nm were produced using Jatropha
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Schematic illustration for the green formation-mechanism of aFe;O3 and Fe304 NPs using C. sinensis and Z. armatum leaf extracts [224,225].
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curcas leaf extract, and were found to efficiently degrade the methylene
blue dye under solar light. Reduction of copper salt to CuNPs using leaf
extract of Jatropha curcas was attributed to the presence of flavonoids,
tannins, glycosides, and alkaloid compounds [43]. In a study, an extract
of Ageratum houstonianum leaves was reported to reduce copper salt to
CuNPs, and the particles were characterized viz. UV-vis, XRD, SEM,
FT-IR, TEM, and zeta particle size analyser. The CuNPs synthesised using
Ageratum houstonianum extract were cubic, hexagonal, and rectangular
with an average size of 80 nm. These NPs were able to completely
degrade Congo red dye within 2 h of light illumination [231]. An extract
of Manilkara zapota leaves has been used to generate spherical shaped
CuNPs (18.9-42.5 nm). Methyl violet (92.2%), Malachite green
(94.9%), and Coomassie brilliant blue (78.8%) were found to degrade in
50, 40, and 60 min, respectively [232]. A green method was described
by Karuppannan et al. [233] to synthesis and characterize CuNPs by
treating copper ions with Cardiospermum halicacabum extract. They
mixed 10 mM CuSO4 with 20 mL of leaf extract and reported the for-
mation of stable spherical shaped CuNPs within 2 h of reaction time.
These NPs were observed to cause 93% methylene blue degradation
under sunlight. Synthesis of CuNPs using an aqueous coffee bean extract
was described by Wang et al. [75]. The CuNPs were stable and syn-
thesised rapidly with an average size of 5-8 nm. These NPs proved as
potential catalysts in the degradation of amido black, methylene blue
and xylenol orange. Chawla et al. [234] synthesised green CuNPs capped
with gum arabic and showed them photoactive to degrade 95% meth-
ylene blue and crystal violet within 40 and 20 min of reaction time,
respectively. Sarwar and colleagues [235] synthesised highly stable
CuNPs using extract of cinnamon bark. Cinnamon bark is rich in ter-
penoids mainly eugenol and this compound was described as responsible
for the biogenic reduction of Cu ions to NPs (Fig. 17). These NPs were
spherical and catalysed or degraded more than 80% of two textile dyes
namely methylene blue and methyl orange. Raina et al. [236] observed
the photocatalytic degradation behaviour of three textile dyes in UV-vis
spectrum using spherical CuNPs produced by leaf extract of Centella
asiatica. They noticed that CuNPs were able to produce 98.49% degra-
dation in methyl red, 98.84% methyl orange and 99.62% in phenyl red
under optimal treatment conditions. Extract of O. americanum leaves
has been used by Manikandan et al. [237] to produce spherical CuO NPs
with a size of 68 nm. These NPs caused efficient discoloration of eosin
yellow, rhodamine, and methylene blue azo based dyes. Sharma et al.
[238] reported the green synthesis of CuO NPs using aloe-vera extract
biomolecules as reducing and capping agents. The formed NPs were
5-20 nm in size and exhibited excellent photocatalytic activity against
methyl orange with 96% of degradation within 24 min under UV light
illumination. Rafique et al. [239] reported a study for the degradation of
Rhodamine B dye using CuO NPs produced using Citrofortunella macro-
carpa leaves extract. More than 98% dye was degraded under UV

Chemical Engineering Journal Advances 14 (2023) 100460

irradiation. The mechanism of photocatalysis was proposed based on
generation of ROS which attack on the dye molecule and covert it to less
harmful by-products. Sharma et al. [240] described the synthesis and
photocatalysis of CuO NPs from leaves extract of Ocimum tenuiflorum.
The formation of CuO NPs was first confirmed by the peaks at 360 and
368 nm in UV-vis spectrum. Other characterization techniques showed
that the produced CuO NPs are elliptical, spherical or rice shaped (6-18
nm). These CuO NPs demonstrated excellent degradation activity, with
96.4 + 0.83% methyl orange discoloration within 24 min. Zaman et al.
[241] likewise, produced CuO NPs using leaf and fruit extracts of
Tamarindus indica and evaluated their photocatalytic activity. The NPs
produced by fruit extract (5- 10 nm) were smaller in size than leaf
extract (50-100 nm). The photocatalytic results on Rhodamine B under
UV-vis illumination showed that leaf mediated NPs degraded 65% while
as 77% was noticed using fruit produced CuO NPs. In another study,
photocatalytic activity of CuO NPs produced by chemical and a green
method using aqueous leaf extract of Solanum nigrum was described by
Muthuvel et al. [242] They compared the photocatalytic activity of
chemically produced CuO NPs with biogenic and found that methylene
blue was more efficiently discolourised by plant extract mediated CuO
NPs. Sukumar et al. [243] employed leaf extract of Annona muricata to
fabricate CuO NPs which were characterized by UV-vis, XRD, Bio-TEM,
SEM-EDX, FT-IR techniques. The results showed CuO NPs to be spherical
with an average pure crystalline size of 30-40 nm. These NPs were
utilized for discoloration of reactive red and methyl orange. The results
from their study revealed that these NPs exhibited dye degradation ef-
ficacy of 90% (reactive red), and 95% (methyl orange) after 60 min
under solar radiations.

4.4. Zinc oxide NPs in catalysis

A wide variety of plant and microbe products have been utilized over
the last few decades to synthesise ZnNPs by various research groups
worldwide [244,245]. Apart from being biocidal, ZnO NPs are proven
photocatalysts and have been used extensively to convert toxic azo dyes
into less harmful by-products [246]. In recent years, the photocatalytic
activity of ZnNPs synthesised via biological routes has attracted more
and more interest of researchers. The digital photographs of green
fabricated ZnO NPs under normal and UV-light are shown in Fig. 18
[247]. Calliandra haematocephala leaf extract mediated synthesis of
nano-flower shaped and hexagonal-formed wurtzite structures for the
degradation of methylene blue was reported by Vinayagam et al. [248].
In their work they examined degradation efficiency of the dye molecule
at different time intervals using UV-vis spectroscopy and found 88% dye
discoloration within 270 min under solar light. Methyl orange and
Methyl blue were degraded viz photo catalytically by Mirgane et al.
[249] using ZnO NPs produced by Abelmoschus esculentus leaf extract.
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Fig. 16. UV-visible spectra during degradation: (a) NB dye and (b) RY160 dye catalysed by CuO NPs under direct sunlight [230].
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Fig. 18. Digital photographs of the green-synthesized ZnO NPs by Nelumbo nucifera leaves extract [247].

Charkarborty et al. [250] reported synthesis and congo red dye degra-
dation of ZnO produced by Averrhoe carambola fruit extract. They
found that appearance of a peak at around 350 nm in UV-vis spectrum
confirmed the formation of stable ZnO NPs. The ZnO NPs had significant
photocatalytic efficiency of 93% under UV light. Also, leaf extracts of
Hibiscus rosa-sinensis have produced ZnO NPs (spherical and 100 nm)
for the removal of Congo red from waste waters [251]. In another study
conducted by Liu and colleagues, [252] highly active ZnO NPs were
produced using Amomum longiligulare fruit extract for the degradation of
methylene blue. Moghaddas et al. [253] used zinc nitrate hexahydrate as
a precursor and Quince seed mucilage as source of bio reducing and
stabilizing agents to produce highly stable ZnO NPs with photocatalytic
applications. They tested the produced ZnO NPs (25 nm) towards
methylene blue and observed more than 80% degradation efficiency
with 2 h. Park et al. [254] reported synthesis of ZnO NPs using Gynos-
temma pentaphyllum extract biomolecules as reducing agents and
examined their Malachite Green dye degradation activity. The results
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revealed that the malachite green absorption peak decreases with an
increase in exposure time and finally exhibits 89% removal after 180
min under UV illumination.

Aegle marmelos juice has also produced ZnO NPs for degradation of
methylene blue. It was shown that Aegle marmelos synthesised NPs
could bring more than 96% discoloration in methylene blue within 30
min of UV irradiation [255]. Rambabu et al. [256] studied the use of
date pulp/Phoenix dactylifera waste for green synthesis of ZnO NPs.
They characterized ZnO NPs produced by treating 5 g of Zn precursor
with 50 mL of plant extract using various analytical methods. It was
concluded that date palm extract mediated NPs were spherical, crys-
talline with a mean diameter of 30 nm. By using these ZnO NPs as cat-
alysts for methylene blue and eosin yellow, they noticed the calculated
dye degradations were more than 95%. Methylene blue was effectively
also degraded by Eriobutria japonica seed extract produced ZnO NPs
[257]. ZnO NPs reported to be produced by Euphorbia sanguinea extract
showed strong photoactivity towards malachite green dye [258].
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SEM/EDX demonstrated that these NPs are flower shaped and XRD
showed their hexagonal crystalline structure. The formed NPs demon-
strated 92% degradation of Malachite green after 60 min under solar
irradiation. Also, Asperagus racemosus root extract produced spherical
and hexagonal ZnO NPs with an average size of 30~70 nm has displayed
93.20% discoloration of Malachite green after 3 h of illumination. They
proposed shatavarins based compounds present in root extract were able
to bind zinc ion and convert them to NPs (Fig. 19) [259].

Rafique et al. [260] fabricated hexagonal crystalline and spherical
shaped ZnO NPs by treating aqueous leaf extract of Syzygium cumini
with zinc ions and subsequently evaluated their photocatalytic activity.
The synthesis was quick and the presence of flavonoids, phenolic acids,
enzymes and steroids in the leaves extract demonstrated by FT-IR were
proposed mainly responsible for reduction and stabilization. In their
work more than 98% Rhodamine B dye was catalysed and it was
concluded that irradiation time, temperature and pH were crucial pa-
rameters controlling the Rhodamine B dye degradation efficiency.

4.5. TiO3/SnO3 and other NPs

A one-pot method has been used for the synthesis of crystalline and
tetragonal TiO, NPs using A. indica twigs, F. benghalensis, and
S. aromaticum plant extracts. The produced NPs were stable and
exhibited 70% photocatalytic activity on the degradation of methylene
blue [261]. Phyllanthus emblica leaf extract has demonstrated its use for
the synthesis of 20-30 nm crystalline TiO2 NPs which showed effective
degradation of Coralline Red dye under solar light (rate constant 0.005
min—1 and efficiency~93%) [262]. Anatase TiO5 NPs with an 80-100
nm size range and a band gap of 3.22 eV have been successfully syn-
thesised using citric acid present in the leaf extract of Citrus limetta. The
photocatalytic activity of these NPs was examined on Rh-B, and the
results showed that the degradation efficiency was 90% under UV
irradiation for 80 min [263].

A novel green method for the synthesis of TiO, NPs using aqueous
extract of lemon peels is described by Nabi et al. [264]. Spherical shaped
particles containing anatase TiO, with an average size of 80 —140 nm
were produced by the hesperidin flavanol compound present in lemon
extract. The UV-vis calculations showed a band gap energy of 3.08 eV.
These NPs were found to degrade Rhd-B dye and showed 70% activity,
much higher than commercially available TiO; NPs (60%) under
UV-irradiation. Likewise, in another study, the effect of Lagenaria
siceraria leaf extract on the synthesis of TiO, NPs was investigated to
compare its photocatalytic performance with chemically produced TiO,
on Reactive Green 19 dye. Under similar acidic pH conditions, it was
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found that green fabricated TiOy NPs achieved 98.88%, whereby only
88.55% of dye removal was exhibited by chemically produced TiO,. The
improvement in catalytic efficiency of the green method was attributed
to the generation of a greater number of electron hole pairs due to its
smaller size, higher surface area, and increased pore diameter compared
to chemically synthesised TiO9 [265]. More recently, Helmy et al. [266]
presented biological synthesis of S-doped TiOy NPs using Malva parvi-
flora as a source of green reductants and compared their results with a
chemically synthesised counterpart. By using BET analysis, they noticed
that green synthesised NPs had a 135.5 m2/g surface area, much higher
than chemically produced and could effectively degrade methyl orange
under solar illumination (Fig. 20). The photocatalytic results of their
study provide new insights for green mediated S-doped TiO, NPs in
environmental applications.

Apart from TiO,, the green fabricated semiconductor materials SnO,
have demonstrated excellent dye degradation results. Likewise, the
synthesis of spherical shaped SnO5 NPs has been carried out by using
chitosan as a stabilizer. The synthesised NPs were characterized by
different analytical techniques and evaluated for photocatalytic activity
on Eriochrome Black T under mercury lamp (500 W) irradiation. The
photocatalytic efficiency was optimised by examining the effect of
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Fig. 20. Effects of different radicals on the photocatalytic bleaching efficiencies
of MO dye over GST NPs under visible light irradiations [266].
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Fig. 19. Schematic representation of the possible mechanism for the green synthesis of ZnO NPs using aqueous Asperagus racemosus root extract [259].
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different reaction conditions, and it was concluded that 21.1 mg/L of the and eriochrome black-T from wastewaters has been synthesised using
photocatalyst at pH 5 effectively degraded 77% of the tested dye in 4 h reducing and stabilizing power of flavonoid compounds isolated from
[267]. A reusable SnO, photocatalyst for the removal of methylene blue jujube fruit extract. These NPs were able to remove both the dyes under

: 120 ; —— V10
a 100 4 ® 4 + > * - * ! —— UV-MO-8n0), (1%)
100 4 - lT\i-NI(l-Sul'); (2%
T b= [ -RAO-Sn0). (4%
80+ : :
' 80
Uo 60 4 ; Qe -
= Dark ~— ey Dark~—
C w0 . © 401 '
¥ 100% :
20 4 = Sun-\O 204 ! 100%
=8 Sun-MO-Sn0), (1%) fegradeiion ) degradation
% ~@— Sun-MO-Sn0, 12%) )
—he— Sun-M0-5n0, (4%) 7 04 H
30 0 30 60 90 120 150 180 30 0 10 20 30 40 S0 60 80 100120 150 180 --
Time (min) Time (min)

Methyl orange

HaC
C) \N N Breaking N-N Sulfanilic acid Aromatic amine
HoS Y C
3 3 Na ———— N SOHNa + HoN N(CHa),

OH -

OH

Y
COZ+HZO «———  Intermediates

a) = b)
1004
so-
60 4 H
< 804 % :
@) : o :
< 1 o H
U Dark - j U " Der
60 : 20 '
—&— Sun-MB 1 ——/V-MB
—8— Sun-MB-Sn0, (1%) . - —8—UV-MB-$n0, (1%)"
=8~ Sun-MB-Sn0, (2%) 0 =@ UV-MB-5n0, (2%)
=& Sun-MB-Sn0), (4%) —A— 1JV-MB-5n0, (4%)
40— T | JMan B an S 2m s By g an Snan s an Ean ma o o aan
-30 0 30 60 9% 120 150 180 =30 0 10 20 30 40 50 60 80 100120150 180
Time (min) Time (min)
Methylene blue
C) N (44N N-dimethyl)-aniline) (2~amin0-4-(N.N~flimc}h_\ D-
S benzenesulfonic acid)
cr /CH3 H3C\
H4C Z CH, H,N N O+ N NH,
N s’ N~ \ / .
I | CH; HsC
CH3 CH3 so'3

OH Opening Rings

Intermediates
CO, + H,0 ﬁ

Fig. 21. Photocatalytic activity of green synthesised SnO, NPs in the degradation of MO, MB, and RhB [272].

19



Shahid-ul-Islam et al.

Chemical Engineering Journal Advances 14 (2023) 100460

a) b)
804 —— UV-RIB
90 4 —— UV-RhI3-Sn0), (1%)
Uc = 60 ++Ir\nr<|.n»\m: (2%)
UV-RhB-Sa0), (%)
O 80 2 : '
Dark - O 404 park~
1
—0—*'11\4{!\”' ! ) 204 100%
70— Sun kiS¢ ), (1%) degradation
—&— Sun-RhI-Sn0, (2%) i
—A— Sun-RhB-Sn0, (4%) 1 i :
60 T T T T T T T - T T T T T
30 0 30 60 9% 120 150 180 -30 0 10 20 30 40 50 60 80 100 120 150 180
Time (min) Time (min)
Rhodamine B
c) [ 1 erephtalic acid |
|
COOH ) ) P ,)I\OH
N-de-ethylation H Chromophore ’ \J
NN ‘ OH° cleavage N \H»’OH
s Ao NN =
o |

ch/

Succinic acid

Mineralization

i
HO._ AN A £
CO,+H,0*——— ”“\[h\)\cu * y il
o o

PNF - °
i CH, +
Cl \CH HaN “ o X NH 3-Hydroxybenzoic acid
3

Adipic acid 5 & N\

HO

\ £\
\ \
N\ )
\
J + ou

Benzoic acid

Y,
NN

o Opening rings

Fig. 21. (continued).

solar light illumination with degradation percentage of 90% and 83%
towards methylene blue and eriochrome black-T, respectively [268].
Spherical and crystalline SnO5 NPs were also produced using leaf extract
of Piper betle. As synthesised NPs exhibited 92.17% discoloration of
RY-186 dye under solar light following pseudo-second order kinetics
with a rate constant of 1.3 x 10~2 min~! [269]. A green process was
reported for the synthesis of SnOy NPs using fruit extract of Vitex
agnus-castus. The characterizations showed 8 nm size and spherical
shape and further analysis by UV-vis confirmed their use in photo-
catalytic dye degradation of Rh-B under UV irradiation. The discolor-
ation of 91.7% at 298 K was achieved within 190 min [270]. SnO5 NPs
with spherical shape (5-10 nm) were also prepared for the first time
using Actinidia deliciosa (Kiwi) peel extract and characterized by UV-vis,
FT-IR, TEM, SEM and EDX techniques. These SnO NPs displayed good
photodegradation performance towards discoloration of methylene blue
(89% in 8 min), methyl orange (87% in 8 min), and rhodamine B (97%
in 6 min) [271]. In another interesting work, the photocatalytic degra-
dation of Citrus paradisi grapefruit peel extract mediated (flavonoid and
polyphenols) SnO, was investigated on methyl orange, methylene blue
and Rhodamine B under both solar light and UV irradiation. SnOy NPs
prepared by this cleaner route had quasi-spherical morphology with 4- 8
nm size range. The photocatalytic degradation under sunlight and UV
and also possible degradation patterns of all the three dyes is shown in
Fig. 21. As can be seen clearly from the results, 100% decomposition was
achieved on all the tested dyes under sunlight and UV by using 4%
extract concentration in the formation of SnOs. It was concluded that UV
irradiations cause degradations in shorter duration (20 min for MO, and
60 min for MB and RhB) compared to solar light (180 min) [272].
Nowadays, newer NPs are also explored via green routes for water
purification applications. In this direction, Pd NPs have been formed by
the reduction of Pd (NOs) salt using kernel shell extract of apricots. The
reduction of Pd*2 to Pd NPs was quick and this was attributed mainly to
the presence of hydroxyl and polyphenolics in apricot, as evidenced by
FTIR Results. The photocatalytic results showed these NPs can be used to
degrade Methyl Orange, Methylene Blue, Rhodamine B, and Congo Red
dyes [273]. Nickel (Ni) and nickel oxide (NiO) NPs were synthesized
using Hordeum vulgare extract. The results showed that 1 M precursor
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salt, pH 12 at 60 °C for 60 min were optimum reaction conditions for the
formation of stable NPs. These NPs showed good photocatalytic degra-
dation of methylene blue dye by following first order kinetics [274].

5. Green bimetallic/tri/core-shell NPs as next generation
photocatalysts

As disused in this review nanoparticles are attractive choice for the
environmental cleaning applications. Catalysis by NPs is highly influ-
enced by surface area which can be altered or tuned by using bimetals
and changing their compositions [275]. . Increased stability, higher
surface area, catalytic activity, synergy phenomenon, and improved
electronic conductivity of bimetallic NPs has sparkled significant inter-
est and made them attractive candidates for a promising research in-
terest in environmental remediation treatments [276,277]. Most
importantly, synthesising bimetallic NPs based on sustainable and
renewable materials is considered a new and exciting research area and
therefore, the catalytic ability of core shell or bimetallic NPs to degrade
coloured synthetic dyes via this emerging route has recently been
explored. Ag/Au bimetallic NPs have been produced in a single-step
reaction by aqueous extract of clove buds and used as photocatalysts
for the degradation of methyl orange, and methylene blue. As expected,
excellent photocatalytic activity is reported by Ag/Au bimetallic NPs
towards both the dyes compared to AuNPs and AgNPs when used
separately. This enhancement was assigned to synergistic effect of both
the metals and capping of NPs with extract biomolecules. From FT-IR
results, it was concluded that eugenol present in clove extract pro-
vides required 4 electrons necessary for the formation of bimetallic NPs.
Ghosh et al. also observed highest catalytic activity for Ag-Au formed by
plant extract [278]. The UV-vis spectrum of bimetallic Ag-Au syn-
thesised with Polyalthia longifolia leaf extract compounds is shown in
Fig. 22 [278]. The synthesis mechanism of bioactive Ag-TiO, bimetallic
by bio-reductants such as carnosol, ursolic acid, carsonic acid, lith-
ospermic acid isolated from Origanum majoana is shown in Fig. 23 [279].
Al-Asfar et al. [280] synthesised silver-iron bimetallic NPs using fruit
extract of date palm as a reducing agent in the presence of AgNO3 and Fe
(NO3)3 as precursor salts. These core-shell NPs were reported to display
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Fig. 22. UV-vis diagram for the reduction of metal ions; and formation of Au-Ag BMNPs [278]

photocatalytic degradation of bromothymol blue. This catalytic activity
was attributed to the generation of active holes leading to the formation
of hydroxyl radicals which are responsible for actual degradation
phenomenon.

In another work CuO/ZnO nanocomposites for excellent photo-
catalytic activity were synthesised using eggshell membranes (ESM).
The SEM and EDX showing uniform distribution of particles (100 nm) of
the formed composite is shown in Fig. 24 [281]. Date palm (Phoenix
dactylifera) leaves extract has also been employed to prepare 26 nm
Cu-Ag NPs. These bimetallic NPs were formed by reacting equal volume
80 mL silver nitrate and copper nitrate salts and to this mixture 40 mL of

extract solution was added after heating at 95 °C for 10 min. Photo-
catalytic tests revealed bimetallic NPs when treated with 5.0 mg/L
methylene blue solution produced 82% degradation after 24 h of incu-
bation [282]. Spherical shaped Ag-Pt BM NPs with 30 nm diameter were
prepared using green method based on ethanolic leaf extract of Crocus
sativus plant. In the presence of synthesised Ag/Pt NPs and NaBHy as
reducing agent, photocatalytic degradation of methyl orange was
examined and it was noticed that these BMINPs cause 96.68% methyl
orange discoloration much higher than by monometallic Ag NPs
(70.5%). These BMNPs catalysed reaction by reducing the activation
energy and kinetic barrier between donor and acceptor by facilitating a
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Fig. 24. FE-SEM images of (a) the natural ESM; (b) the CuO-ESM nanomaterials, (c) the ZnO-ESM nanomaterials, and (d) CZ-ESM nanocomposites, and (e-g)
corresponding elemental mapping images of Cu, O, and Zn in (d), (h) the EDX spectrum of CZ-ESM nanocomposites [281].

movement in electrons generated by BHsions to dye structures [283].
Synergistic photocatalytic activity of A. muricata leaves extract mediated
Ag—Cu and Ag-Zn BNPs in the presence of sodium borohydride was also
studied on Methylene orange and rhodamine B dyes. The percentage
degradation of 96% in 40 min for rhod-B and 94% in 25 min for MO
displayed by Ag-Cu was higher than Ag-Zn BNPs combination where
95% in 80 min for rh-B and 96% in 45 min for MO was observed. As
summarized in Fig. 25, they proposed BM NPs helped in the generation
of hydroxyl and oxygen radicals by the transfer of electrons from
borohydride ions to MO and rhod-B dye molecules and turn these dyes
into less harmful by-products [284].

Besides, a few papers have been published on the formation of CuO/
ZnO and CuO/ZnO carbon composites for wastewater purification ap-
plications using biological chemicals. The presence of CuO and ZnO

NaBH,

|

BH,

N

SO; Na*

peaks in the structure of XRD displayed in Fig. 26a shows the useful
formation of these composites by the biomass filtrate of P. corylophilum.
The CuO/ZnO displays good dye adsorption results and by inception of
carbon in the composites, excellent removal of Cr metal and Congo red
dye have been obtained that are ascribed to different interactions
operating as shown in Fig. 26b. [285,286].

The adsorption of Congo red and other dye molecules onto ZnO
based composites is mainly a pH-dependant reaction. The ZnO nano-
particles produced by Tulsi leaf extract could interact with the dye
molecules via electrostatic and hydrogen bonding [287]. ZnO-CdWO4
nanoparticles have also been formed by lemon grass extract to effec-
tively degrade organic congo red dye. The maximum adsorption ca-
pacity of 5 mg/g was observed. Different modes of interaction between
ZnO and ZnO based composites with negatively charged dye molecule

H*+ OH<— H,0

HO,+ HO}

Colorless derivatives

Fig. 25. Possible mechanism involved in the reduction of rh-B and MO textile dyes by BNPs as catalyst in the presence of NaBH, [284].
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surfaces are shown in Fig. 27 [288].

To prevent the electron-hole combinations and therefore enhance
the photocatalytic activity of ZnO, it was also coupled with SnO, by
different research groups. Viscum album L extract was used by Sayadi
et al. to synthesise ZnO- SnO; for the degradation of three organic pol-
lutants, including Congo red dye. The formation of this composite was
proved by XRD, FT-IR and UV results, and the photocatalytic mechanism
of a similar composite produced by orange peel extract is shown in
Fig. 28a-d [289,290]. Using Salvia officinalis extract as a green source of
reducing and stabilizing agent, the pollutant 4 nitro-phenol is converted
to 4-amiphenol within 45 min of treatment [291]. Devan et al. used
aqueous leaf extract of the Catharanthus plant for the green synthesis of
Ag/Pd NPs (15-30 nm) and tested their photocatalytic activity on

Safranin O dye [292]. These NPs exhibited excellent discoloration ac-
tivity and showed more than 98% Safranin dye degradation within
40 min under UV irradiation. Younas et al. [293] reported the formation
and photocatalytic activity of Fe-Cu core-shell bimetallic NPs using an
aqueous extract of Ixora finlaysoniana. These synthesised bimetallic NPs
had a 50-200 nm size and showed efficiency in the degradation of
methylene blue within 17 min of reaction time. Recently, Suvarna et al.
[294] also reported a green, facile, and one-step synthesis of Fe-Cu core
shell NPs using Cyclea peltata leaf extract. The core-shell NPs were
detected by a UV-vis peak at around 250 nm with iron at the core and
copper as the shell. These bimetallic NPs exhibited 82% of methylene
green dye degradation within 105 min. Deng et al. reported the bime-
tallic NP synthesis of Ni/Fe;O3 by leaf extract of Moringa oleifera. Deng
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and colleagues [295] reported the potential of proanthocyanins, a nat-
ural chemical compound found in fruits, bark, leaves, and seed extracts
of several plants, to produce Au/Ag bimetallic NPs. The proanthocya-
nins were able to reduce Au>* and Ag™ ions to NPs when a mixture of
precursor salts, 2% of AuCls HCI4H20 and 1% of AgNO3 were reacted
with it. XRD and TEM techniques showed that synthesised particles have
a uniform core-shell structure with a spherical shape. The photocatalytic
activity data of these NPs demonstrated they were successful in
degrading methylene blue and Rhodamine B by 96% and 92.70% when
exposed to light for 30 min, respectively. Nasrollahzadeh et al. [296]
reported the production of Cu/MgO NPs from aqueous fruit extract of
Cassytha filiformis L. for the reduction of 4-nitrophenol, methylene blue,
2,4-dinitrophenylhydrazine, and congo red. They have noticed a colour
change from whitish to dark and have used several other characteriza-
tions such as UV-vis spectroscopy, FT-IR, FE-SEM, EDX, and TEM to
confirm the synthesis of Cu/MgO NPs. It was interesting to see that
methylene blue and Congo red were reduced after 1 s and 190 s,
respectively, suggesting the efficient nature of the catalytic reaction.
Recently, a few research papers have used bacteria to prepare bimetallic
NPs.

In this direction, the use of the bacterium Deinococcus radiodurans
protein extract mediated synthesis of Au-AgNPs has been reported by
Weng et al. [297]. These NPs caused 83.68% methylene green degra-
dation. They have observed that as the pH increases from acidic to
alkaline, the degradation capability of synthesised NPs towards meth-
ylene green also increases. This showed that pH 9.6 is the optimum pH
for methylene green discoloration and was attributed to the reason that
electrostatic forces operate between positively charged dye molecules
and bimetallic NPs in addition to the leuco form conservation of meth-
ylene green dye in alkaline conditions. Furthermore, GC-MS analysis
revealed that a less toxic product, 4-(dimethylamine) benzophenone,
and other by-products were produced after the degradation reaction was
completed.
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6. Removal of heavy metals and antibiotics

Heavy metals and antibiotics are reported as priority and emerging
contaminants; both of them remain an unprecedented global issue due
to their mobility in water ecosystems and their acute toxicity to human
health [298,299]. Heavy metal pollution occurs in wastewaters pro-
duced by the discharges from the mining industry, from vehicle emis-
sions, and through the paper, dye, surfactant, and paint industries [300].
Most heavy metals such as Pb, Cr, Cd, and Hg, as well as other antibiotics
such as levofloxacin, tetracycline etc., produced by the pharmaceutical
and above-described sectors, are non-biodegradable and have a high
toxicity potential even at trace ppm levels due to their bioaccumulation
in the environment [301,302]. As a result, different physiochemical and
biological methods for the removal of toxic heavy metal ions from in-
dustrial wastewaters have been widely applied in recent years. Amongst
these methods, green nanoparticles and composites produced by the use
of biomass are relatively new and environmentally green adsorbents
that have demonstrated great potential for removing many kinds of
pollutants [303]. Leaf biomass of S. ravannae, S. officinarum, and
O. sativa has been successfully used to fabricate silica nanoparticles for
the adsorption of Pb?t and Cu?*ions from aqueous solutions. Different
parameters such as pH, adsorbent dose, contact time, initial metal ion
concentration, and temperature were varied, and more than 95 percent
of both metal ions were removed [304]. In another study conducted by
Primo et al., a green method based on the synthesis of ZnO using aloe
vera extract for the removal of Cu (II) was reported. The adsorption
results showed that ZnO nanoparticles could efficiently remove heavy
metal pollution from wastewaters [305]. Ebrahimian et al. studied the
adsorption capacity of Vitex agnus-castus-mediated SnOy NPs against
Co*? from wastewaters. More than 94% of heavy cobalt ions were
removed at 298 K after 60 min [306]. A detailed list of emerging pol-
lutants along with the removal capacities of different
biomass-synthesised NPs is summarized in Table 4. Several researchers
have also attempted to remove antibiotics from polluted waters. Altaf
and co-workers showed the feasibility of using greenly fabricated Fe304
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Table 4
A list of some emerging pollutants along with the removal capacities of different biomass-synthesised NPs
Biomass/Green agent Nanomaterial Shape Heavy metal/ Antibiotic/ Efficiency/adsorption capacity Ref.
pollutant
Peanut skin Fe Spherical Cr (VD) 100% [56]
Abutilon indicum MnO Spherical Cr (VD) 11.50% [310]
Sphagneticola trilobata ZnO Irregular Cr (VD) 80% [311]
Catharanthus roseus AgNPs and - Cr and Cd 47.84% (Ag) and 5.68% (CuO) [312]
CuO—NPs
Hevea brasiliensis magnetite - Cd 37.03mgg 1 [313]
Aspergillus tubingensis Fe,03 Spherical Pb, Ni, Cu, Zn 98.0037% of Pb (1), 96.4502% of Ni (II), [314]
92.1984% of Cu (II), and 93.9913% of Zn
(I
Tridax plant v-Fe,03 - Pb, Cd 96% (Pb) [315]
Punica granatum Fe304 Rod shape Pb (I 46.18 mg/g [316]
Pine tree leaves Zn0/Sn0, Spherical cu®*, Pb** and Zn?* ions Cu*" (38.92mgg 1), Pb*" (117.16 mg  [317]
g~ Dand zn** (29.12mgg 1
Lemon extract Au Spherical, trigonal, hexagonal, Ni (ID - [318]
trapezoidal, pentagonal, rectangular,
small rod, and oval
Trianthema portulacastrum TiOy - Cd (1) - [319]
and Chenopodium quinoa
Ficus benjamina Ag - cd** 0.845 mg/g [320]
S. oneidensis Pd Spherical Cr (VD) 200 mg/L [321]
Syzygium cumini TiO4 Spherical Pb (1) 82.53% [322]
Citrus limon Fe304 - Pb (1), Cd (I1), and As (III) 98.8 + 5.6, 46.0 & 1.3, and 48.2 + 2.6% [323]
Mint leaves and orange peels  CuO Spherical Pb (1), Ni (II), and Cd (II) 88.80, 54.90, and 15.60 mg g ~ ! for Pb [324]
(ID), Ni (II), and Cd (ID).
Bamboo SiO, Spherical Cu** 121.95 mg/g [325]
Phoenix dactylifera FeS Spherical Ciprofloxacin 7.69mgg  'and 8.50mgg ! [326]
and Cr (VI)
Punica granatum NiFe - Tetracycline 77 £1.12 [327]
Green tea Fe - Pb (II) and rifampicin 100% and 91.6% [328]
Pseudomonas aeruginosa 71Oy Spherical Tetracycline 526.32 mg/g [329]
Excoecaria cochinchinensis Fe304 Spherical Rifampicin 98.4% [330]
Moringa olifera Fe304 Irregular, polyhedral and spherical Levofloxacin 86.15% [307]
Monsonia burkeana ZnFe;04 Spherical and rod Sulfisoxazole 67% [331]
banana peels ZnO Spherical Amoxicillin 90% [332]
Euphorbia polygonifolia Fe30,@CuO - Metronidazole, 89%, 94%, and 96% [333]
ciprofloxacin and
cephalexin

nanoparticles from Moringa olifera extract for the removal of the anti-
biotic levofloxacin from wastewater [307]. The green synthesised Fe3O4
nanoparticles displayed better results than chemically synthesized ones,
with a maximum adsorption capacity of 22.47 mg/g. Ari et al. [308]
published a study on the degradation of tetracycline using -Fe,O3 syn-
thesized from Azadirachta indica leaf extract. Their results showed that
the catalyst can be used over a wide pH range with a reusability up to
five cycles. Gopal et al. [309] discovered that bimetallic Fe/Pd nano-
composite synthesised by biomolecules from pomegranate peel extract
removed more than 80% of tetracycline antibiotic. It can be concluded
that exploring more cost-effective sources and with a deeper under-
standing of the green synthesis of NPs, it is anticipated that this tech-
nology could be operated at a pilot scale for the removal of emerging
pollutants in the near future.

7. Conclusion and future prospects

The presence of various organic and inorganic pollutants, including
dyes and heavy metals, in the effluents from industrial activities has
been considered an important environmental issue with numerous
ecotoxicological and health implications. Most biological wastewater
treatment systems are not capable of treating such effluents, and hence
there has been a trend in the literature for the development of feasible
physico-chemical treatment technologies such as advanced oxidation
processes (AOPs). Photocatalysis has received enormous attention but is
still suffering from technical, environmental, and economic issues pre-
venting its rapid commercialization. Green synthesis of nanomaterials,
including metal oxides, has been an approach to minimising the possible
environmental impacts of the precursors and methods used for the
fabrication of nanostructured materials. In this regard, biosynthesis has
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been considered a means of meeting such needs, and several natural
sources, such as plant components (leaves, roots, seeds, fruits, etc.) and
microorganisms (bacteria, fungi, algae, etc.), have been extensively used
for the synthesis of various metal (Ag, Cu, Au, Fe, etc.) and metal oxide
(ZnO, CuO, MgO, FeO, etc.) nanoparticles. Amongst all biological
sources, plant extracts are mostly used for the synthesis owing to their
excellent reducing and stabilising activities towards the precise control
of the size, shape, crystallinity, and other specific features of the nano-
materials. These nanomaterials are nowadays excellent candidates to
protect aquatic systems from different unwanted wastes like heavy
metals, organic compounds, fertilizers, industrial effluents, etc. Greenly
synthesised nanoparticles have a higher surface-to-volume ratio, higher
surface energy, greater biocompatibility, and higher chemical reactivity,
which make them suitable for different applications. Biosynthesis can
considerably help in the fabrication of sustainable materials. However,
there are research gaps that need more attention. Economic analysis is
required to identify key areas that can help reduce the fabrication costs
of nanomaterials. Furthermore, the potential advantages of such an
approach to preventing the release of dangerous substances into the
environment need to be investigated in future studies. There is also a
need to study the applicability of such methods for the synthesis of
structures capable of efficient separation of the photogenerated elec-
trons and holes and the development of visible-light active materials.
Other important areas that require the scientific community’s attention
include the standardisation of protocols for the green synthesis of pho-
tocatalytic materials and discovering the actual mechanism behind the
green synthesis of nanoparticles.
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