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Abstract

Nanotechnology has become a promising and emerging field of research in creating and modifying nanomaterials for
different applications. Nanoparticles are considered to be the basic element of nanotechnology as they are the primary
source of several nanostructured materials. During the last few decades, several metal oxide nanoparticles (NPs) were
synthesized and their applications were investigated in various fields of science and technology, including biomedical,
environmental, energy and agricultural practices. Moreover, metal oxide NPs have been synthesized by physical and
chemical methods, while the chemical method used different chemicals as reducing and stabilizing agents. However, the
wet chemical synthesis strategy become responsible for various biological and environmental risks due to the toxicity of
used chemicals. Recently, biological synthesis of metal oxide nanoparticles using plants, algae, and microbes as a source
of precursor material has emerged as a green and safe method. Additionally, the green synthesized metal oxide nano-
particles have shown a pivotal role in several applications such as nano-adsorbents, nano-membranes, photocatalysts
and disinfection of wastewater from microbes. In this review, we present an overview of the biosynthesis of metal oxide
nanoparticles such as; ZnO, CeO,, TiO,, CdO, CuO, Fe;0,, SnO,, NiO etc. Their method of characterization and properties
is also discussed. Finally, their applications towards environmental protection is presented with particular attention to
water treatment and remediation.
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1 Introduction

Nanotechnology is an interdisciplinary area of research
involving synthesis, characterization and applications of
nanomaterials. It is one of the rapidly growing fields with
significant applications in various areas for the past one
decade [1, 2]. Nanomaterials (NMs) are nano-objects hav-
ing a size range of 1-100 nm, at least in one dimension
which have specific properties in terms of size, shape,
porosity etc. [3-5]. The main reasons why nanomateri-
als have attracted great attention is due to their unique
optical, electrical, magnetic, chemical and mechanical
properties which is different from their bulk counterparts.

The synthesized powdered products have a large surface
area to volume ratio, which is their most important feature
responsible for the widespread use in mechanics, optics,
electronics, biotechnology, microbiology, environmental
remediation, medicine, numerous engineering fields and
material science [5-7].

Metal oxide nanoparticles have a size within a
nanoscale range, which include both deliberately synthe-
sized and naturally occurring particles resulting from natu-
ral and anthropogenic processes [8]. Transition metal oxide
nanoparticles are an important class of materials due to
their attractive magnetic, electronic and optical proper-
ties. This makes them preferable to be used in a variety of
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applications, such as; catalysis, sensors, lithium-ion batter-
ies, and environmental applications etc. When compared
with other classes of materials, transition metal oxides
have variety of interesting properties which deserves to
be studied in different applications [9, 10].

Physical and chemical methods are being used exten-
sively for the production of metal oxide nanoparticles.
However, these techniques require the use of very reac-
tive and toxic reducing agents such as sodium borohy-
dride and hydrazine hydrate, which cause undesired det-
rimental impacts on the environment, plant and animal
life. Moreover, the use of sophisticated equipment, tedious
procedures and rigorous experimental conditions are also
remained as a big challenges [7, 11]. Thus, physical meth-
ods produce heterogeneous NPs with high consumption
of energy, and chemical methods utilize synthetic capping,
reducing and stabilizing agents, and eliminate non-ecof-
riendly byproducts though desired homogenous metallic
NPs are obtained [12].

In addition the obtained nanoparticles cannot be used
for medicinal purpose due to their health related effects
[13]. Therefore, researchers have devoted considerable
efforts to develop facile, effective and reliable green chem-
istry methods for the production of nanomaterials. Several
biological sources such as such as; plant extracts, bacte-
ria, actinomycetes, fungi, yeast, viruses, macro algae [14]
waste aquacultural and horticultural food materials are
already introduced as a precursors to produce stable and
well-functionalized nanomaterial, where these precursors
act as reducing and capping agents [7, 15, 16].

The progress of nanotechnology in the field of environ-
mental engineering, especially in wastewater treatment,
has opened new directions by applying new materials and
devices [17]. The use of nanotechnology for environmen-
tal remediation has received substantial financial support
as well as attention from service providers and the scien-
tific community [18]. The application of the nanomateri-
als increases rapidly due to the continuing advancement
of the nanotechnology and their environmental fate of
engineered NPs and their effects on the ecosystem and
human health [19]. Thus, the uncontrolled discharge of
the nanoparticles on the other hand is a serious threat to
the sustainability of the environment in which plants are
responsible to accommodate the nanomaterials for further
transportation [20]. Ahmed et al. [21] studied the impact of
CuO and TiO, nanoparticles on cell cycle progression and
induction of oxidative stress in onion root, and ant it was
found that, they reduced the mitotic index (MI) by 28%
and 17%, respectively. Additionally, the adsorption of the
NPs onto the onion root upon penetration inside tissues
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can generate reactive oxygen species (ROS), which eventu-
ally induced oxidative perturbation leading to imbalance
in redox homeostasis, genotoxic, and mito-depressive
effects. ZnONP and Zn*? penetrates into the plant tissue
(onion) and generates ROS, which induces oxidative imbal-
ance leading to mito-depressive genotoxic effects [22].
Similarly, CUONP accommodate in potato roots and shoots
(341.6+14.3 and 146.9+ 8.1 pug/qg), respectively, which can
lead to an increase in reactive oxygen species [23].

The use of metallic nanomaterials in diverse industrial
products increases their exposure to the various compo-
nents of the environment; air, water, oil and alternative
renewable energies [24]. These days, the green synthe-
sized nanomaterials have been tested for a wide variety
of applications and showed many positive and promising
activities. For example, ZnONPs prepared from Hibiscus
subdariffa, Azadirachta indica and Aloe vera plant extracts
were investigated for their potential use in bactericidal,
antidiabetic and anti-fungal activities, and showed prom-
ising results [25, 26]. Additionally, nanosized ZnO synthe-
sized using the same method from different plant sources
has confirmed to be an efficient photocatalyst for degrada-
tion of organic pollutants [26-28].

Biogenically synthesized maghemite nanoparticles
(y-Fe,03) using Tridax leaf extract exhibited 85% removal
efficiency of Pb within 2 h and 96% in 24 h. Also, signifi-
cant removal of Cd, reaching below the detection value
(0.01 ppm in 2 h) was observed [29].

Works by Raghavendra et al. [30] show the potential
use of green synthesized ZnONPs for biodiesel produc-
tion. In typical synthesis experiment, water extracted Gar-
cinia gummi-gutta seed (10 mL) was homogenized with
Zn(NO;),-6H,0 (2.32 g), dried and calcined in a muffle fur-
nace at 450 °C. According to the authors, irregular shaped
morphology with spongy cave-like structures having an
average crystallite size of 14 nm was obtained. The biosyn-
thesized ZnONPs was used for biodiesel production and G.
gummi-gutta oil itself was also used as source of biodiesel.
1.5% w/v of ZnONPs were added to the CH;0H (9:1) CH;0H
to oil molar ratio and the resultant mixture was added to
the preheated oil. After the transesterification process, the
yield of biodiesel obtained using ZnO nanocatalyst was
found to be 80.1%. The use of nanocatalyst provides easy
separation of products, higher catalytic activity, lesser pol-
lution and reuse.

In recently study by Karthik et al. [31], ZnONPs were fab-
ricated from Acalypha indica leaf extract and their poten-
tial was investigated for antimicrobial activities. Aqueous
extract of the leaf was added to 0.5 g of 1 M zinc acetate
under stirring for 1 h at 60 °C. The obtained precipitate was
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then washed with deionized water several times and then
heated in a hot-air oven at 80 °C for 24 h. The obtained
ZnO nano-powders were calcined at three different tem-
peratures, namely at 100, 300, and 600 °C. ZnONP600
shows spherical morphology, whereas ZnONP100 and
ZnONP300 nanoparticles appear in irregular shape with
an aggregated morphology. The average particle size of
the ZnO nanoparticles observed through TEM images was
19.9, 53.39, and 65.13 nm for ZnONP100, ZnONP300, and
ZnONP600, respectively. Thus, high temperature calcina-
tion of ZnO nanoparticles enhances their crystallinity due
to particle growth and decreasing the defects in crystals.
Itis also found that the fabrics coated with ZnO nanocom-
posite obtained by calcination at 600 °C show maximum
zone of inhibition against E. coli (25.13+0.05 mm) and S.
aureus (30.17 £0.03 mm), higher UV-protection (87.8 UPF),
and water-repellent property with enhanced wash dura-
bility than those coated with particles calcined at 100 and
300°C.

Biological synthesis strategy has recently gained several
attentions because of the facile, environmentally benign
and simple nature. Hence, this review mainly focuses on
the recent advancements in the biosynthesis of metal

oxide NPs. The approaches for the synthesis of different
metal oxide nanomaterials using plant parts, bacteria,
fungi, macro and microalgae are discussed in brief. Then,
we summarize the application of those green synthe-
sized metal oxides to tackle environmental problems. The
mechanism of formation of metal oxide NPs using plant
and microorganism sources is discussed in the context of
different responsible metabolites. Finally, the review con-
cludes with some future insight and prospects.

2 Synthesis of metal oxide nanoparticles
A wide range of physical, chemical and biological tech-
niques have been developed to produce metal oxide nan-

oparticles of different sizes, shapes, and compositions as
described in Fig. 1.

2.1 Physical method

This type of synthesis process basically depends upon the
instrument types used in the experiment. Tube, furnace,
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Fig. 1 Physico-chemical approaches and biological methods of nanoparticle synthesis
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ceramic heater, laser ablation, ball milling, flame pyrolysis,
and electric arc discharge are among the most commonly
used methods for synthesis of the nanomaterials [32].
Ismail et al. [33] synthesized ZnO nanoparticle using laser
ablation. The ablation in double distilled water yielded
spherical nanoparticles in the average size of 35 nm. The
use of water as a solvent has an important role in deter-
mining the size or shape of synthesized ablated particles.
TiO, nanoparticle doped with Fe (10%) synthesized via
ball-milling process in the average size of 25-30 nm for
Rh-B degradation purpose. The doped nanoparticle shows
highest photocatalytic efficiencies (higher than 60% at
120 min) under UV light irradiation [34].

2.2 Chemical method

Chemical method of synthesizing nanoparticles depends
on chemicals, reducing agents and capping agents along
with an optimum condition of temperature and pressure.
They are relatively simple techniques, inexpensive, less
instrumentation compared to many physical methods and
can be carried even at lower temperature (<350 °C) [32,
35]. Wet chemistry techniques using chemical approaches
such as precipitation, sol-gel, and solvothermal processes
are usually simpler and proved to be very effective for
large-scale production [36]. Sol-gel synthesis of spheri-
cal shape zinc oxide nanoparticles using Citrus auranti-
folia fruit extracts were produced by Samat and Nor [37]
with a size range of 50-200 nm (FESEM) using zinc acetate
as a metal ion source. The nanoparticles have a remark-
able photocatalytic activity. Kulkarni [35] reported that
solvothermal synthesized ZnO nanostructures show the
average degradation of methylene blue 80% in 400 min.
Moreover, Jagadhesan et al. [38] prepared Sb-doped ZnO
nanoparticle via co-precipitation method. The Sb (0.075%)
doped ZnO nanostructure improve the MB dye degrada-
tion efficiency (84%) compare to Sb (0.05%) doped ZnO
nanostructures due to the creating of a large surface area.

2.3 Biological method

To reduce toxicity and improve efficacy of chemically syn-
thesized NPs researchers have employed plant metabo-
lites as adjuvant. The synthesis involves biological extract
from microorganisms or plants as reducing agent to
reduce metal ions either extracellularly or intracellularly.
The extract components further act as capping agents and
help in the production of homogenous and stable NPs
through prevention of aggregation. This synthetic process
is used for largescale production of NPs with biocompat-
ibility, scalability, non-toxicity, reproducibility and medical
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applicability. Furthermore, metabolites that are used for
reduction process are hypothesized to bind to the surface
of NP and further enhance activity [12].

The choice of synthesis method determines the physic-
ochemical characteristics of the metal oxide nanoparticle,
such as the size, dispersity, type of intrinsic and/or extrinsic
defects, morphology and crystal structure. As biocompat-
ibility is one of the most important requirements for any
nanomaterial used in the field of nanomedicine, biological
method occurs as a good alternative, but the studies on
biogenic synthesis methods are scanty and much work is
necessary to improve their efficiency associated with size,
shape and yield. Larger quantities of nanoparticles can be
produced using chemical and physical methods and their
main advantage over biological is the ability to control the
size and shape [39].

Green synthesis of nanomaterials is a bottom-up
approach (Fig. 1) similar to chemical reduction where an
expensive chemical reducing agent is replaced by the
extract of different biological sources plant parts, micro-
organisms, waste materials etc. Biological entities is easy
(one-pot synthesis), fast, cost effective and eco-friendly
process for the production of NPs [40]. There is an increas-
ing need to develop high-yield, nontoxic, and environmen-
tally benign procedures for the synthesis of metal oxide
nanoparticles. A vast array of biological resources are avail-
able in nature including plants and plant products, algae,
fungi, yeast, bacteria, and viruses could all be employed
for the synthesis of metal oxides. Both unicellular and mul-
ticellular organisms have been known to produce intracel-
lular or extracellular inorganic nanomaterials [15, 41]. The
approach of using plant parts is more advantageous and
straightforward in comparison with microorganisms since
it does not need any special or complex procedures such
as isolation, culture preparation, and culture maintenance.
Furthermore, plant mediated synthesis of nanoparticles
tends to be faster than microorganisms. Additionally, this
phyto-mediated synthesis is cost-effective and relatively
easy to scale up for the production of large quantities of
nanoparticles [15].

2.3.1 Plant mediated biosynthesis of metal oxides
nanoparticles

The use of plant system has been considered as a green
route and a reliable method for the biosynthesis of metal
oxide nanoparticles owing to its environmental friendly
nature [42, 43]. In a biogenic synthesis of metal oxide
nanoparticles, some phytochemicals such as alkaloids,
terpenoids, polyphenols, tannin, phenolic acids and poly-
saccharides, present in the extracts of the plant stem, leaf
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or flower, act as bio-reductant as well as capping agents
[44-46]. The nature of the plant extract, concentration of
the extract, the concentration of the metal salt, the pH,
temperature and contact time are known to have a clear
effect on the rate of production of the nanoparticles, their
quantity and other characteristics (size, shape etc.) [47].

A facile, efficient and environmentally-friendly method
has been developed by Rufus et al. [48] for the synthesis of
hematite (a-Fe,05) nanoparticles exploiting the reducing
and capping potential of the aqueous leaf extract of the
cashew tree (Anacardium occidentale). The Fe,O; nanopar-
tice synthesized in the size range 29-50 nm, as revealed
by TEM and SEM micrographs. The as-synthesized Fe,O,
sample exhibited excellent antibacterial activity, which
is demonstrated by inhibiting the growth of E. coli and S.
aureus. The stability and bio-potency of the catalytically
active hematite leads to functioned in the medical and
environmental remediation.

Sundrarajan et al. [49] synthesized titanium dioxide
(TiO,) nanoparticles using leaf extract of Morinda citrifolia
following advanced hydrothermal method. They charac-
terized the synthesized nanomaterial using XRD, FTIR, SEM
and EDX techniques. Interestingly, tetragonal rutile phase
TiO, with an average crystallite size of 10 nm was obtained.
The nanoparticles exhibited superior antimicrobial activity
against microorganisms such as S. aureus, E. coli, B. subtilis,
P. aeruginosa, C. albicans, and A. niger. The superior anti-
microbial activity against gram-positive bacteria clearly
demonstrated the antimicrobial value of synthesized TiO,
nanoparticles against disease-causing pathogens. A noble

Fig.2 Mechanism of biore-
duction of titanyl hydroxide

to TiO,NPs using Euphorbia
heteradena Jaub root extract as
bio-template [51]. © Elsevier,
reproduced with permission

synthesis of ZnO nanoparticle using Annona squamosa leaf
extract as bio-reductant have shown fascinating antibiotic
potentiation competence and anti-cancer activity with a
targeted action through securing natural microbiome [50].

In recent work reported by Nasrollahzadeh and Sajadi
[51]TiO,NPs were synthesized from titanyl hydroxide using
Euphorbia heteradena Jaub root extract as a reducing and
capping agent. According to these authors, the hydroxyl
groups of phenolics in E. heteradena Jaub root extract were
not only responsible for the reduction of titanyl hydrox-
ide but also function as capping ligands to the surfaces of
TiO,NPs (Fig. 2).

Green synthesis of multifunctional hexagonal wurtz-
ite structured of zinc oxide nanoparticles with a variety
of morphologies has been studied by Madan et al. [52].
They followed low-temperature solution combustion
route, employing Azadirachta indica (Neem) leaf extract
as template. The synthesized NPs were tested for their
photocatalytic, photoluminescence, antioxidant and anti-
bacterial activities. The antibacterial studies indicated that
ZnONPs had significant antibacterial activity against K.
aerogenes and S. aureus but not against E. coli and P. ger-
uginosa. Ali et al. [53] prepared ZnO nanoparticles fol-
lowing a cost-effective and efficient biogenic synthesis
approach, exploiting the reducing and capping potential
of Aloe barbadensis Miller (Aloe vera) leaf extract. The as-
synthesized nanomaterial were used as antibiotics against
multi-drug resistant clinical bacterial isolates. In another
study, Sharma and his coworkers [54] used leaf extract of
Azadirachta indica (Neem) plant as a reducing agent for
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Fig. 3 Plant-mediated synthesis, characterization, and application of nanoparticle

the synthesis of nanosize tetragonal hausmannite crystals
of Mn;0,. They applied the synthesized nanomaterial as
a working electrode for fabricating an efficient chemical
sensor for the detection of 2-butanone and also for the
catalytic thermal decomposition of ammonium perchlo-
rate by decreasing the decomposition temperature to 175
°C with a single decomposing step.

The presence of hazardous organic chemicals such as
organic dyes in wastewater has been regarded as a major
environmental concern, and it has drawn the attention of
many researchers during the last few years. Over the last
few decades, burgeoning researches were conducted and
exciting results were obtained (Fig. 3). Basically, the pol-
lutants are difficult to remove by natural processes due

to their chemical and biological stabilities. A renewable
and non-toxic leaf extract of Euphorbia prolifera was used
by Momeni et al. [55] as a mild reducing agent as well as
stabilizer. Through using this plant, 5-17 nm Cu/Zn0O sized
nanoparticles (NPs) were obtained. The synthesized com-
posite nanomaterial exhibited excellent catalytic activity
in degrading methylene blue and congo red dyes in their
aqueous solutions in the presence of NaBH,.

Green synthesis of iron () oxide nanorods mediated
by polyphenols present in Omani mango (Disambigua-
tion) tree leaves has been carried out by Al-rugeishi
et al. [56]. The synthesized Fe,O; nanorods with an aver-
age length and diameter of 15 nm and 3 nm, respec-
tively, were obtained. The as-synthesized material was

Fig.4 A proposed mechanism H,O
for the formation of ZnO-NPs :'
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successfully applied in heavy crude oil cracking for reduc-
tion of dynamic viscosity of crude oil due to the presence
of dipole water molecules. A simple and green method
has been used by Kashale et al. [57] for the synthesis of
TiO, nanoparticles, by reacting TiCl, with kitchen wastewa-
ter obtained from soaking Bengal gram beans (Cicer arieti-
num L.) extract. The morphology, specific surface area and
pore size distribution of a synthesized TiO,NP was investi-
gated using XRD, Raman spectroscopy, TEM, TGA and BET
surface area measurement system and applied to lithium
ion battery. The Li-intercalation properties were evaluated
using TiO,NPs as anode in the half-cell configuration (Li/
Bio-TiO,). Interestingly, the green synthesized TiO,NP dis-
played a good cyclability and retained 98% of its initial
reversible capacity even after 60 galvanostatic cycles. In
2014, Kumar et al. [58] reported the synthesis of ZnONPs
using an extract of Grape fruit. The ZnONPs were in the size
range of 12-72 nm (TEM), and they show promising per-
formance when used as an antioxidant and photocatalyst
for degradation of methylene blue (> 56% efficiency for
photocatalysis). They also proposed the reaction mecha-
nism as shown in Fig. 4; the flavonoids/limonoids/carot-
enoid molecules of the plant have free OH/COOH, which
can react with ZnSO, to form zinc flavonoids/limonoids/
carotenoid complex. After completion of the reaction, the
solution was centrifuged and dried in a hot air oven. Dur-
ing drying and calcining, conversion of zinc flavonoids/
limonoids/carotenoid complex into ZnONPs takes place.
Nava et al. [59] used tomato, orange, grapefruit and
lemon peels for the synthesis of ZnO nanoparticle, and
they examine the activity for photocatalytic degrada-
tion of MB under UV irradiation. Accordingly, the sample
prepared from grapefruit peel extract exhibits 77% deg-
radation efficiency at 180 min, while the other ZnONPs
prepared from orange, lemon, tomato peel extracts show
a higher photocatalytic activity of 95%, 97% and 97% at
180 min, respectively. The rate constants (K) are reported
to be 0.0078, 0.0162, 0.0176 and 0.0195 corresponding
to grapefruit, orange, lemon, and tomato peel extracts,
respectively. With these results, the sample synthesized
with the tomato peel extract, have a higher K than the
other samples due to a smaller particle size and a nearly
monodispersed size distribution when compared with the
other samples, which could provide a larger surface area
for a quicker absorption and degradation of the MB mol-
ecules, resulting in a higher performance when compared
to chemically synthesized commercially available NPs that
only display a 37% degradation at 120 min. The average
sizes of the synthesized nanoparticles characterized by
TEM were 9.66, 12.55, 11.39 and 9.01 nm corresponding

to grapefruit, orange, lemon, and tomato peel extract sam-
ples, respectively.

Greener synthesis of zinc oxide nanoparticles using 25%
(w/v) of Azadirachta indica (Neem) leaf extract has been
reported by Bhuyan et al. [60]. The biosynthesized ZnO
nanoparticles, well characterized by TEM, EDX, and spec-
troscopic techniques and revealed spherical in shape with
9.6-25.5 nm particle size. Their studies on the antibacte-
rial activity of the biosynthesized ZnO nanoparticles, using
shake flask technique, revealed that the NPs were more
active against the gram-positive bacteria; Staphylococcus
aureus and Streptococcus pyogenes than against gram-
negative bacteria; Escherichia coli. Further, it also exhibited
photocatalytic activity under the UV light enhancing the
degradation rate of methylene blue a major water pollut-
ant released by the textile industries.

Pallela et al. synthesized CuO nano rod using Aspara-
gus racemosus root extracts to test against pathogenic
bacteria (gram positive and gram negative). The mini-
mum inhibitory concentration of CuO nano rod was
6.25 ug/mL for both bacteria types. The zone of inhibi-
tion of CuO nano rod with 50 ug/mL concentration was
found highest for B. subtilus (23.00 + 0.63 followed by S.
aureus (21.83 £ 0.75), K. pheumonia (20.00 = 0.63), E. coli
(19.83 £ 0.75), A hydrophila (19.00 + 0.63), F. fluorescens,
(18.83 + 0.75), Y. ruckeri and E. tard (17.95 + 0.46) [61].
Similarly, the author of this group synthesized CUONPs
using Aloe vera leaf extracts for antibacterial activity
against fish bacterial pathogens. They used 10-100 pg/
mL of concentration range to evaluate the MIC of the
NP. An increasing of zone of inhibition was observed
above 20 pug/mL for all of the bacteria, while the sensi-
tivity of P. fluorescensis was higher at lower concentra-
tions (20-60 pg/mL) showing highest zone of inhibition
when compared to A. hydrophila and F. branchiophilum.
On the other hand, the sensitivity of A. hydrophilais was
higher at high concentrations of CUONPs (60-100 pg/
mL) with maximum zone of inhibition compared to other
bacterial pathogens. However, CUONPs with 100 pg/mL
concentration appears to be effective as there was no
bacterial growth, with zones of inhibition for A. hydroph-
ila, P. fluorescens and F. branchiophilum being 21, 19 and
17 mm, respectively using sulphafurazole as a positive
control [62].

The available data on the green synthesis of some
metal oxide nanoparticles mediated by different plant
extracts, the particle size, their characterization and
applications have been summarized in Table 1.
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Table 1 Plant mediated synthesis of metal oxide nanoparticles

Plant Plant part NPs Metal ion source Size (nm) Shape Studied applications Ref
Cynodon dactylon Leaf Tio, Ti[(CH,),CHO], 13-34 (TEM) Hexagonal Antibacterial and [63]
anticancer
Azadirachtaindica  Leaf Mn;O, [Mn(CH;CO0),-4H,0] 18.2 (XRD) Spherical Catalytic thermal [64]
decomposition
of ammonium
perchlorate (AP)

Leaf Zn0O Zn(CH;C00),.2H,0  9.6-25.5 (TEM) Hexagonal wurtzite  Antibacterial and [60]
photocatalytic
applications

Moringa oleifera Leaf Zn0 Zn(NO;),-6H,0 12.27-30.51 - - [65]
Peel CeO,  Ce(NOs;);:6H,0 45 (HRTEM) Spherical Photocatalyticand  [66]
antibacterial
Kalopanax pictus Leaf MnO, KMnO, 19.2 Spherical Degradation ability  [67]
of dyes (congo red
and safranin O)
Garlic Vine Leaf Fe,O;  FeSO,7H,0 18.22 (XRD) Hexagonal - [68]
Ixora Coccinea Leaf Zn0O Zn(CH;C00),-2H,0 145.1(DLS) Hexagonal wurtzite - [69]
Artocarpus hetero- Leaf Zn0O Zn(NO,),-6H,0 15-25(SEM) Hexagonal wurtzite Photocatalytic deg- [70]
phyllus radation of Rose
Bengal dye
Anisochilus carnosus  Leaf Zn0O ZnNO; 30-40 (TEM) Hexagonal wurtzite  Antibacterial and [71]
photocatalytic
activities on meth-
ylene blue
Allium sativum Bulb Zn0 Zn(NO3),-6H,0 14-70 (XRD) Hexagonal wurtzite Photodegradation  [72]
of methylene blue
Petroselinum crispum Leaf Zn0O Zn(NO,),-6H,0 14-70 (XRD) Hexagonal wurtzite  Photodegradation ~ [72]
of methylene blue
Artocarpus gomezi-  Fruits ZnO Zn(NO3);-6H,0 11.53 (XRD) Spherical, hexago- ~ Photocatalytic deg- [73]
anus nal wurtzite radation of dye
and antioxidant
Asparagus racemo-  Root Fe,O;  FeCl;6H,0 30-40 Spherical Photodegradation  [74]
sus of methylene
orange
Annona squamosal  Peel Tio, TiO(OH), 23+2 (TEM) Spherical - [75]
Plectranthus Leaf Zn0O ZnNQO; 50-180 (SEM) Rod shape Photocatalytic activ- [76]
amboinicus ity (methyl red)
Plantain peel Peel Fe;O, FeCl36H,0 <50 (SEM) Spherical - [771
Saraca indica Flower Sno, SnCl,xH,0 2.1-4.1 (HRTEM) Spherical Antibacterial and [78]
antioxidant activi-
ties
Phyllanthus niruri Leaf Zn0O ZnNO; 25.61 (SEM) Hexagonal wurtzite Photodegradation  [79]
of methylene blue
Euphorbia Jatropa Leaf Zn0O ZnNO, 15 (XRD) Hexagonal shape - [80]
Calotropis gigantean  Leaf Zn0O Zn(CH;C00),:2H,0 10 (XRD) Spherical Nanofertilizers [81]
Carica papaya Leaf CuO CusoO, 140 (DLS) Rod shape Photocatalyticdye  [82]
degradation
Aspalathus linearis  Leaf SnO,  SnCl,-5H,0 8.23+0.12 (TEM) Photocatalytic [83]
activity
Cassia fistula Leaf Zn0 Zn(NO;);-6H,0 5-15 (TEM) Hexagonal wurtzite  Photodegrada- [84]
tive, antioxidant
and antibacterial
activities
Hibiscus Sabdariffa  Flower Cdo Cd(NO;),-4H,0 113 (SEM) Cuboid shape - [85]
Agathosma betulina  Leaf Zn0O Zn(NO,),-6H,0 15.8 (TEM) Quasi-spherical - [86]
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Table 1 (continued)

Plant Plant part NPs Metal ion source Size (nm) Shape Studied applications Ref
Leaf NiO NiCl,-6H,0 26.7+0.4 (HRTEM)  Cubic - [871]
Poncirus trifoliate Fruits Zn0O ZnNO; 21.12 (TEM) Hexagonal wurtzite, Catalytic activity [88]
spherical shape
Corymbia citriodora  Leaf Zn0O Zn(NO;),-6H,0) 64 (TEM) Hexagonal wurtzite  Photocatalytic [89]
activity
Eucalyptus globulus  Leaf Zn0O (NO;),6H,0 11.6 (TEM) Spherical Photocatalytic [90]
and antioxidant
activity
Camellia sinensis Leaf ZnO Zn(CH;C00),-2H,0 54.84 (XRD) Hexagonal wurtzite  Supercapacitor [91]
(green tea) applications
Eichhornia crassipes  Leaf Zn0O ZnNO; 32+74 Spherical shape - [92]
Citrus paradise Peel Zn0O ZnS0O,7H,0 12-72 (TEM) Spherical Photocatalytic [58]
degradation of
methylene blue
and antioxidant
activity
Citrus sinensis Leaf Fe,0;  Fe(NO;);9H,0 60 (SEM) Spherical photocatalytic [93]
activity
Annona squamosal  Fruits Sno, SnCl,-2H,0 27.5 (TEM) Spherical Sytotoxicity against  [94]
hepatocellular
carcinomacell
Physalis alkekengi Shoot Zn0O ZnSO, 72.5 (TEM) Triangular Remediation of [95]
zinc-contaminated
soils
Morinda citrifolia Root Tio, TiO(OH), 20.46-39.20 Spherical Larvicidal activity [96]
against Anopheles
stephensi, Aedes
aegypti and Culex
quinquefasciatus
Psidium guajava Leaf Tio, TiO(OH), 32.58 (FESEM) Spherical Antibacterial and [97]
antioxidant prop-
erties
Lycopersiconescu- Zn0O ZnNO; 20-70 (DLS), 40-100 Spherical shape Photovoltaic appli-  [98]
lentum (TEM) cation
Abutilon indicum Leaf CuO Cu(NO3),-3H,0 16.78 (XRD) Hexagonal wurtzite  Antimicrobial, [99]
antioxidant and
photocatalytic
dye degradation
activities
Carissa edulis Fruits Zn0O ZnNO; 50-55 (TEM) Flower shape Photocatalytic [100]
degradation of
congo red
Peganum harmala Seed Zn0O ZnNO, 40 (TEM) Non-uniform shape Removal of Cr(VI) [101]
from aqueous
solution
Lemon Fruits Zn0O ZnNO; 49.16 (HRTEM) Hexagonal wurtzite Photocatalyticdye  [102]
degradation
Leucas aspera Leaf CeO,  Ce(NO;);:6H,0 4-13 (TEM) Uniform micro- Photocatalyticand ~ [103]
spheres antibacterial
Cauliflower (Brassica  Leaf Sn0O, SnCl,2H,0 3.62-6.34 (TEM) Quasi-spherical Photocatalytic [104]
oleracea) activities
Amorphophallus Tuber Zn0O Zn(CH;C00),-2H,0 19.7 (XRD) Rice shaped Solar cells [105]
konjac
Catunaregam Root Sno, Sncl, 47 £2 (TEM) Spherical Photocatalytic [106]
spinose degradation of
diazo dye
SN Applied Sciences

A SPRINGERNATURE journal



Review Paper

SN Applied Sciences (2019) 1:928 | https://doi.org/10.1007/542452-019-0931-4

Table 1 (continued)

Plant Plant part NPs Metal ion source Size (nm) Shape Studied applications Ref
Persia Americana/ Seed Sn0O, Sncl, 4 (XRD) - Degradation of [107]
Avocado phenolsulfonph-
thalein (phenol
red).
Jatropha curcas Leaf Tio, TiCl, 10-209 (FESEM) Spherical Tannery wastewater [108]
treatment
Eucalyptus globulus  Leaf NiO NiNO;-6H,0 19 (XRD) Pleomorphism Antibacterial and [109]
anti-biofilm activ-
ity
Aloe vera Leaf a-Fe,0; FeCl;-6H,0 <10 Hexagonal Antibacterial and [110]

antibiofilm activi-
ties

2.3.2 Algae mediated biosynthesis of metal oxide
nanoparticles

Algae are eukaryotic aquatic oxygenic photosynthetic
organism which ranges from unicellular forms (ex. Chlo-
rella) to multicellular ones (ex. Brown algae) but lack
of basic plant structure like roots and, leaves [15, 111].
Microalgae attract special attention since they have
the ability to bioremediate toxic metals, subsequently
converting them to more amenable forms [15]. Macro-
algae have different active metabolites like alkaloids,
polyketides, cyclic peptide, polysaccharide, proteins,
phlorotannins, diterpenoids, stereos, quinones, lipids
and glycerol, which can be used for the synthesis of
nanoparticles [112, 113]. The unusual optical, chemical,
photoelectrochemical and electronic properties of the

Fig.5 Algae mediated synthe-
sized of metal oxide nanopar-
ticles

Calcining in
a furnace
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NPs received a great interest. 10-50 nm average size of
Ulva lactuca seaweed mediated fabricated ZnONPs was
tested for degradation of MB dye under direct sunlight
irradiation, 90% MB degradation was achieved at the
optimal initial dye concentration of 25 ppm irradiated
in 120 min [114, 115].

The collected seaweeds were washed under running
water to remove dirt, salt and other foreign materials
and then soaked in deionized water. The washed algae
or seaweed was allowed to dry, powdered and appro-
priate dried seaweed was soaked in deionized water
for hours. The resulting extract was filtered using filter
paper. Finally, a solution containing metal ion source salt
was added to prepare the metal oxide nanoparticles as
demonstrated in Fig. 5 below [116] (Table 2).

Filtering

Oven Drying Addition of

Metal solution
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Table 2 Micro and macro algae mediated synthesis of metal oxide nanoparticle

Algae NPs  Metal ion source Size Shape Studied applications Referencs
Sargassum muticum ZnO  Zn(CH;CO0),-2H,0 30-57 (FESEM) Hexagonal wurtzite - [117]
Fe;0, FeCly 18+4 (TEM)  Cubic shapes - [118]
Bifurcaria bifurcata CuO CuSO, 20.66 (TEM) Spherical Antimicrobial activity [119]
Chlamydo-monas reinhardtii ZnO  Zn(CH;C00),-2H,0 21 (XRD) Hexagonal wurtzite Photocatalytic activity [120]
Sargassum wightii ZnO  ZnO; 20-62 Spherical Larvicidal and Pupicidal toxic- [114]
ity on A. stephensi and H.
armigera.
Ulva lactuca ZnO  Zn(CH;COO0), 10-50 (TEM)  Sponge-like asym-  Photocatalytic, antibiofilmand  [115]
metrical shaped insecticidal activity
Gracilaria edulis ZnO  ZnO4 65-95 (FESEM) Rod-shaped Anticancer activity [121]

2.3.3 Bacteria mediated biosynthesis of metal oxide
nanoparticles

Among the milieu of natural resources, prokaryotic bac-
teria have been most extensively researched for the
synthesis of metallic nanoparticles. One of the reasons
for “bacterial preference” for nanoparticles synthesis is
their relative ease of manipulation [41]. The bacterial cell
reduces metal ions by use of specific reducing enzymes
like NADH-dependent reductase or nitrate dependent
reductase [122].

The major bacterial species used for the synthesis of
metallic nanoparticles include Actinobacter sp., Escherichia
coli, Klebsiella pneumonia, Lactobacillus spp., Bacillus cereus,
Corynebacterium sp, and Pseudomonas sp. [15, 111]. The
bacteria are known to synthesize metallic nanoparticles
by either intracellular or extracellular mechanisms [123].
Even though bacteria-mediated nanoparticle biosynthesis
is known to produce less toxic metal oxide nanoparticles,
such as CuQ, TiO,, ZnO, and iron oxide, it involves fastidi-
ous cell culturing alongside difficulties in controlling the
size distribution, shape and crystallinity of many metal
oxide nanoparticles [44].

Kirthi et al. [124] synthesized TiO, nanoparticles using
TiO(OH), as a precursor, and the bacterium, Bacillus subtilis

as a reducing agent. The synthesized nanoparticles were
confirmed as TiO, nanoparticle. The morphological char-
acteristics of TiO, were found to be spherical oval in shape,
individual nanoparticles as well as a few aggregates had
the size of 66-77 nm.

Khan and Fulekar [125] reported biosynthesis of TiO,
using Bacillus Amyloliquefaciens as a capping agent. The
synthesized TiO,NPs revealed the formation of spherical
nanoparticles with a size range of 22.11-97.28 nm. Photo-
catalytic degradation of Reactive Red 31 was tested by the
nanoparticle using platinum doped TiO, which showed
the highest potential (90.98%) in RR31 degradation as
compared to undoped (75.83%). Similarly, Ordernes-aenis-
hanslins et al. [126] produce TiO,NPs using a culture of 200
pL of Bacillus mycoides grown overnight by adding 40 mL
of a 25 mM titanyl hydroxide solution and incubated at
37 °C for 24 h with constant shaking. The isolate was able
to biotransform the precursor into its nanostructured,
40-60 nm size and spherical shape. A possible mechanism
for TiO, biosynthesis using titanyl hydroxide as a precursor
and an unknown organic molecule from B. mycoides (X) is
proposed in Fig. 6 below. Works reported by researchers
on bacteria mediated green synthesis of metal oxide NPs
has been summarized in Table 3.
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Fig.6 Possible mechanism for biotransformation of titanyl hydrox-
ide to titanium dioxide nanoparticles. The dehydration reaction
would be mediated by an acidic group present in an “unknown”

Table 3 Bacteria mediated synthesis of metal oxide nanoparticles
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component of the extracellular matrix of B. mycoides that could
have a key role in biotransformation [126]

Bacteria species NPs Metal ion source  Size Shape Studied application References
Aeromonas hydrophila Zn0O 57.72 (AFM) Spherical Antibacterial and anti- [127]
fungi activity
Aeromonas hydrophila TiO, TiO(OH), 28-54 (FESEM) Spherical Antibacterial activity [128]
Rhodococcus pyridini- Zn0O ZnSO,H,0 100-120 (FESEM, TEM) Hexagonal Photocatalytic activity on  [129]
vorans NT2 malachite green
Bacillus subtilis TiO, TiO(OH), 66-77 (SEM) Spherical - [124]
Bacillus subtilis TiO, K,TiFg 10-30 (TEM) Spherical Photocatalytic activityon  [130]
aquatic biofilm
Bacillus licheniformis MTCC  ZnO  Zn(O,CCH,),-2H,0 - Hexagonal wurtzite Photocatalytic activity [131]
9555
Bacillus amyloliquefaciens ~ TiO, TiOSO, 22.11-97.28 (TEM), Spherical Photocatalytic activity [125]
15.23-87.6 (XRD) for the degradation of
a sulfonated textile dye
Reactive Red 31
Microbacterium sp. MRS-1 ~ NiO  NiSO, 100-500 (AFM) Spherical flower Bioremediation of nickel ~ [132]
electroplating industrial
effluent
Micrococcus lylae, Micro- ~ TiO, TiO(OH), 14-17 (TEM) Spherical Wastewater remediation  [133]
coccus aloeverae, Cellulo-
simicrobium sp.
Bacillus mycoides TiO, TiO(OH), 40-60 (TEM) Spherical Solar cells [126]
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2.3.4 Fungi mediated biosynthesis of metal oxide
nanoparticles

In recent years, fungi, among several groups of living
organisms, have also been used as a better mediator for
the biosynthesis of metal oxide nanoparticles (NPs). The
green fabrication of NPs using different strains of fungi is
much interest since this group of organisms is directly or
indirectly dependent on metals for their growth, metab-
olism, and differentiation. The use of eukaryotic organ-
isms of fungi offers considerable promise for large-scale
metal/metal oxide NPs production since the enzymes
that are secreted by the fungi represent an essential
ingredient for the biosynthesis of metal and metal oxide
NPs [134, 135]. A biologically induced method to syn-
thesize titanium dioxide NPs using Aspergillus flavus as
a reducing and capping agent show that the NPs were
primarily composed of aggregate nanosized particles
with average particle sizes ranging from 62 to 74 nm. The
NPs synthesized using this technique was evaluated for
antimicrobial activity against five pathogenic bacterial
strains viz. S. aureaus, E coli, P. aeruginosa, K. pneumonia,
B. subtills. Among the bacterial strains tested, TiO,NPs
showed superior antimicrobial activity against E. coli
(MTCC-1721). Rajakumar et al. [136] demonstrated the
fabrication of TiO,NP from fungus using various precur-
sor salts (sulfate, nitrate, chloride, and oxide salts). The
product of this study revealed 0.1 mM precursor salt
concentration, 72 h of incubation at pH 5.5 and 28 °C
resulted in more nanoparticle yield. The advantages of
fungal biosynthesis of nanoparticles is that fungi pos-
sess very high intracellular metal uptake capacities and a
large number of enzymes are produced per unit biomass.

Table 4 Fungus mediated synthesis of metal oxide nanoparticles

Extracellular enzymes secreted by fungi such as reduc-
tases have facilitated the formulation of metal nanopar-
ticles with different chemical compositions [44]. Recently,
fungus mediated metal oxide nanoparticles have been
used as nano-nutrient fertilizer, delivered either by soil or
root application. The small particle size of the nanopar-
ticle base nutrient up take by roots is quite higher than
the conventionally fertilizer applied through the soil. To
enhance solar light absorption by plant leaves to boost
plant photosynthesis, fungus originated titanium dioxide
and magnesium oxide nanoparticles were used because
of their photocatalytic activity and essential part of pig-
ment chlorophyll structures, respectively. Aspergillus fla-
vus mediated synthesized titanium dioxide nanoparticles
(12-15 nm) enhances chlorophyll content in the mung
bean plant leaves by 46.4% and for plant fertilizer pur-
pose [137, 138], similarly, zinc oxide nanoparticles have
been synthesized using Aspergillus fumigatus TFR [139].
Fungal spores of Fusarium oxysporum have been used for
the synthesis of novel tertiary oxide nanostructures of
barium titanate (BaTiO;) and bismuth oxide (Bi,O;) [44].
Ibrahem et al. [140] synthesis zinc oxide nanoparticles
(ZnONPs) using biological methods as eco-friendly using
Aspergillus niger filtrate in the extracellular synthesis,
then characterized by UV-Vis Spectrophotometer and
Scanning Electron Microscopy (SEM) appear as spheri-
cal in shape and 41-75 nm particle size. Furthermore,
the biological synthesized ZnONPs was tested against
isolated pathogen microbes; Staphylococcus aureus and
Escherichia coli.

The works reported by researchers on the fungus medi-
ated green synthesis of metal oxide NPs has been sum-
marized in Table 4.

Fungi species NPs  Metal ion source Size Shape Studied application References
Aspergillus flavus TFR7 ~ TiO,  (BulkTiO,) 18 (DLS), 12-15 (TEM) - Plant nutrient fertilizer ~ [137]
to enhance crop
production
Aspergillus flavus TiO, TiO, 62-74 (SEM) Spherical Activity against patho-  [136]
genic bacteria
Pichia fermentans JA2 ZnO ZnO - Smooth and elongated Antimicrobial [141]
Aspergillus fumigatus ZnO  ZnNO; 54.8-82.6 (SEM), 29 spherical Enhance phosphorous  [139]
TFR-8 (XRD) mobilizing enzymes
and nanoinduced
gum production.
Aspergillus niger CeO, CeCl37H,0 5-20 (TEM) Cubic and spherical Antibacterial and larvi-  [142]
cidal activities
Cladosporium clad- NiO  NiCl, 9.9 Cubic Energy storage [143]
osporioides
Hypocrea lixii NiO  NiCl,-6H,0 1.25 & 3.8 (SEM) Spherical Removal of toxic metals [144]
from polluted sites
Humicola sp CeO, Ce(NO;);:6H,0 16 (TEM) Spherical - [145]
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3 Characterization of metal oxide
nanoparticles

The distinct physicochemical properties of the nanomate-
rials such as; size, surface properties, shape, composition,
molecular weight, identity, purity, stability, and solubility,
are critical for the interaction of the nanomaterials for dif-
ferent applications [146].

In order to characterize nanoparticles for the afore-
mentioned properties, several state art instruments are
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present and the most commonly used techniques are;
Dynamic light scattering (DLS), Electron microscopy
(TEM, SEM), Atomic force microscopy (AFM) are used to
measured morphology (shape, size), XRD for topogra-
phy (surface) analysis, UV-visible spectroscopy is used
to measured optical properties and band gap usually in
the range of 200-800 nm, DLS and Electron dispersive
X-ray spectroscopy (EDX) are exercised to analyses size
distribution and dispersed in liquid and elemental com-
position of the NPs respectively, FTIR is used to determine
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Fig.7 XRD peak (a), FTIR spectra (b), TEM image (c), d SAED pat-
tern, SEM image (e) of Glycosmis pentaphylla leaf extract mediated
synthesis of ZnO and XRD peak (), TEM image (g), UV-Vis spectrum
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the nature of functional groups of metabolites present
on the surface of the NPs [40]. The spectrum and images
characterization results of the plant mediated synthesis
of ZnO and TiO, nanoparticles is shown in Fig. 7. The FTIR
spectrum of zinc oxide nanoparticles synthesized from
Costus pictus leaf extracts absorbs at 441.51-665.50 cm™".
The O-H stretch appears in the spectrum as a very broad
band extending at 3372.37 cm™". This very broad O-H
stretch band is observed with a C=0 peak, which almost
certainly indicates that the compound is an aliphatic car-
boxylic acid [147]. FTIR spectrum of Jacaranda mimosifo-
lia flowers (JMFs) extract synthesized ZnONPs exhibits
a broad peak at 3373.12 cm™' corresponding to O-H
stretching vibration whereas the peaks at 2942.29 cm™,
2830.04 cm™', 1647.43 cm™" and 1031.62 cm™" corre-
spond to C-H stretching, carbonyl group (C=0) and C-H
bending, respectively. The spectra of ZNONPs synthesized
with and without JMFs extract shows characteristic peaks
of Zn-0 stretching at 745.54 cm™' and 779.45 cm™’,
respectively confirming the formation of ZnONPs [54].
Sargassum muticum assisted synthesis of ZNONPs by
Mahdavi et al. [117] was confirmed via FTIR spectrum, a
signal at 441 cm™'corresponded to the stretch band of
zinc and oxygen, XRD characteristic of the nanoparticles
confirms hexagonal wurtzite structure, and particle size
distribution measured using SEM was 30-57 nm. Similarly,
Arabic gum mediated synthesized of ZNONPs show a peak
in the region between 400 and 600 cm™ which is allotted

to Zn-0 vibration. The UV-Vis measurement reveals a
characteristic absorption peak of ZnO at a wavelength of
378 nm.The SEM image shows the particle size and exter-
nal morphology of the ZnO nanoparticles that was calcined
at 500 °C for 4 h, fairly uniform spherical shape and narrow
size distributions in the average size of 10 nm.[149]. Fe,O;
NPs synthesized by Psoralea corylifolia seeds extract reduc-
ing agent confirmed the fabrication of the NPs at 526 and
450 cm™' indicated the presence of Fe-O bond vibrations
in the FTIR spectrum. The morphologies of nanoparticles
were investigated by SEM and TEM and have rod-like or
uneven shapes and spherical, hexagonal and cubic in
shape respectively, the average size of nanoparticles was
estimated to be 39 nm according to the Scherrer equa-
tion [150]. Synthesis of Fe,0; using Emblica officinalis fruit
extract reported by Malarkodi et al. [151] also character-
ized by FTIR and spectral bands at 536 and 454 cm™" were
observed due to Fe-0 stretching. The UV-visible diffuse
reflectance spectrum consisted of the strong absorption
of Fe,0; was found at 530 nm. The band gap energy was
found to vary from 1.97 to 2.05 eV. SEM images coupled
with TEM revealed that the aggregation of rod-shaped of
Fe,O; crystalline with a diameter ranging 20-100 nm. The
size of the nanoparticles depends on the calcination tem-
perature and the band gap energy will vary little due to
the sample size. Usually, the smaller the size of the particle,
the greater should be the band gap [71] as illustrated in
Table 5.

Table 5 Characterization of

. ° NPs UV-Vis absorbance FTIR spectrum of  Size (hm) Band gap References
sel.ected blosyn.the5|zed metal peak (nm) NPs (cm™) energy (eV)
oxide nanoparticles
CeO, 296 468 - 3.28 [145][142]
TiO, 380 450-700 40-60 3.27 [126]
379 - 10-30 3.273 [130]
403 433 20-40 3.21 [152]
Zn0O 377 393 22 3.29 [153]
353 410 10 3.34 [154]
377 429-490 9.6-25.5 3.87 [60]
322and 334 530 50-90 3.38 [98]
400 445 20-30 3.46 [155]
378 400 and 600 10 - [149]
Fe;0, 402 and 415 535 and 307 17-25 - [118]
- 579 14 - [156]
Fe,04 378 618.88 13.82-15.45 2.84 [68]
- 500 29 - [157]
HgO 243 471,650 2-4 248 [158]
Dy,0; 285,358,477 591 35-45 545 [159]
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The elemental composition of green synthesis of Co;0,
nanoparticles via Aspalathus linearis leaf extract was
deduced using EDS spectrum. The average Co/O atomic
ratio deduced from the EDS studies is found 2.91/3.95,
which is, within the bar error, consistent with the theo-
retical value of 3, that is, Co;0, and not CoO neither Co,0;
nor Co(OH),. No other element has been detected so far,
which indicating the chemical purity of the Co;0, nano-
particles following the preparation and final filtration pro-
tocol [160].

4 Application of metal oxide nanoparticles
for water treatment

Conventional disinfection methods such as chlorination,
ultraviolet, and ozonation, are essential steps in central-
ized water treatment to control microbial pathogens and
waterborne epidemics. Even though, they are effective
to disinfect wastewater, the powerful oxidants may react
with natural organic matter (NOM) to form a wide range of
disinfection byproducts (DBP), some of which have been
identified as carcinogenic [161].

Furthermore, the survival of some pathogens, such
as Cryptosporidium and Giardia to the conventional dis-
infectants requires extremely high disinfectant dosage,
leading to the aggravated DBP formation [162]. Ozo-
nation of waters that contain NOM and bromide leads
to the formation of hypobromous acid (HOBr), hypo-
bromide ion (OBr™), bromate and brominated organic
byproducts. Ozonation of bromide-containing water
can produce brominated DBPs including bromate (BrO3),
bromoform (CHBr;), bromoacetic acids (BAA), dibro-
moacetone (DBA) and dibromoacetonitrile (DBAN), and
some of these inorganic and organic byproducts are
potential carcinogens. Therefore, there is an urgent need
to reevaluate conventional disinfection methods and to
consider innovative approaches that enhance the reli-
ability and robustness of disinfection while avoiding DBP
formation [162-164]. In addition to the modification of
existing treatment processes such as enhanced coagula-
tion to remove NOM, novel disinfection approaches have
been explored [165].

Nanotechnology has the potential to advance water
and wastewater treatment by improving treatment effi-
ciency. There are several classes of nanomaterials that
are being evaluated as materials for water purification
which have a broad range of physicochemical properties
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which make them attractive for water purification [166].
The application of nanoparticles such as fullerene based
nanomaterials, ZnO nanoparticles, photocatalytic nano-
particles (e.g., TiO,) for disinfection has captured signifi-
cant interest [161].

Nano adsorbents are effectively used in the removal
of organic compounds, metal ions and their selectivity
toward particular pollutants can be increased by func-
tionalization. Nanoscale metal oxides, such as titanium
dioxides, iron oxides, zinc oxides, alumina, etc., have
been explored as low-cost, effective adsorbent for water
treatment offering a more cost-efficient remediation
technology due to their size and adsorption efficiency
[167].

4.1 Removal of heavy metals

Heavy metal pollution of wastewater is one of the
most vulnerable environmental problems throughout
the world. Water contamination with toxic metal ions
such as; Hg(ll), Pb(ll), Cr(lll), Cr(VI1), Ni(ll), Co(ll), Cu(ll),
Cd(ln), Ag(l), As(V) and As(lll) becomes public health and
environmental challenges. Due to their serious health
and environmental concerns, thus, there is a need to
discover new and effective methods for their removal
from water and wastewater. A number of studies have
explored to the nanoparticles for adsorption of heavy
metals, owing to the simplicity of modifying their sur-
face functionality and their high surface area to volume
ratio for enhanced adsorption capacity, efficiency and
reuse [154, 168].

Srivastava et al. [169] revealed that ZnO nanoparticles
have a high removal efficiency for Cd(ll) using 20 mg/L of
adsorbent dose, the removal efficiency was ~55% and on
increasing the dose to 200 mg/L, a 92% removal of Cd(ll)
within 1 h of contact time was occur. Thus, then—ZnO
nanoparticle could be successfully used for the removal
of Cd from effluents.

Synthesized iron oxide nanoparticles using tange-
rine peel extract of spherical shape in the average size
50 nm worked by Ehrampoush et al. [170] investigated
for removal of Cd(ll) from wastewater. The peel extract of
Fe,O; nanoparticle shows effective removal of cadmium
ions almost 90% occurred at pH of 4 and the adsorbent
dose of 0.4 g/100 mL in 90 min contact time.

Peganum harmala seed extract mediated ZnO nano-
particles was synthesized by Fazlzadeh et al. [101]. The
authors offered the nanoparticle for Cr(VI) removal
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microbes [171]. © John Wiley and Sons, reproduced with permission

from wastewater and it shows 97.59% removal effi-
ciency at pH of 2, 1000 mg/L initial concentration, and
2 g/L load of the NPs in 30 min. Somu and Paul [171],
studied casein based biogenic-synthesis of zinc oxide
nanoparticles simultaneously to decontaminate heavy
metals, dyes, and pathogenic microbes from wastewa-
ter. The NPs show maximum adsorption efficiency of
85.63% and 71.23% for Cd(Il) and Co(ll) respectively at
pH of 7.0 and 95.35% for Pb(ll) at pH of 8.0. Whereas,
the degradation of the dyes was 93.58% for MB at pH of
7.0 and 94.72% for CR at pH of 6.0. The reusability of the
ZnONPs was assessed by repeating adsorption-desorp-
tion processes five times and loaded ZnONPs after five
cycles led to an adsorption loss of only 10-12% for both
dyes and metals. Moreover, the NPs confirmed highest
antibacterial potential for Escherichia coli in the pres-
ence of metals and dyes. As it is demonstrated in Fig. 8,
when ZnONPs were applied to contaminated water with
metals, dyes, and microbes, metals were adsorbed on
ZnONPs surface. Dyes were also adsorbed on ZnONPs
surface and photodegraded, mediated by UV irradiation
through ROS generation. Bacteria were further inacti-
vated by internalization of ZnONPs via ROS mediated

oxidative stress. The used ZnONPs was finally regener-
ated for further reuse.

Calotropis procera latex mediated green synthesis of
cupric oxide nanoparticles (CUONPs) was investigated
its application for removal of Cr(VI) from aqueous solu-
tions. The initial concentration of Cr(VI) and pH used for
the experiment was 5 mg/L and 2.0 respectively. It was
observed that the removal efficiency of CUONPs was
99.99% at the adsorbent dose of 18.84 g/L, but the nano-
particle which synthesized traditionally exhibits only 53%
removal efficiency with the same amount of adsorbent
dose. The adsorbent was successfully regenerated and
reused up to five consecutive cycles without significant
loss in removal capacity [172].

TiO, nanoparticle synthesized via a sol-gel method
in the range of 19.29-26.72 nm, calcined at 400 °C was
investigated for removal of Cd(ll) from wastewater.
The adsorption rate of cadmium ions was very fast in
the first 30 min, and the adsorption equilibrium was
achieved after 180 min and maximum adsorption capac-
ity of Cd(ll) is found to be 29.28 mg/g at pH of 6 [173]
(Table 6).
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Table 6 Removal of pollutants using bioinspired synthesized metal oxide nanoparticles

Plant/microorganism NPs Removal target Initial Dose NPs (g/L) Contact pH Removal Adsorption References
conc. time efficiency  capacity
(mg/L) (min) (%) (mg/q)
Peganum harmala, seed ZnO Cr(VI) 1000 2 30 2 97.59 74.67 [101]
Microbac-terium sp NiO Ni(l) - 2172 120 h 7 95 - [132]
Jatropha curcas, leave  TiO, Cr(VI) - - - 82 7648 - [108]
Mushroom Fe;0, Cr(VI) 200 12 240 3 73.88 [174]
Emblicao fficinallis Zn0O As(lI1) 0.002 2.5 60 5 96.7 [175]
Ananas comosus, peel  Fe;0,  Cd(ll) 60 0.1 10 6 96.1 49.1 [176]
Zingiber zerumbet ZnO Pb(ll) 25 0.1 60 5 93 19.65 [154]
Tangerine peel Fe,O;  Cd(ll) 15 0.4 90 4 88.7 - [170]
Casein Zn0O Cd(l 500 2 30 7 85.63 156.74 [171]
Pd(I) 500 2 30 8 95.35 194.93 [171]
Col(ll) 500 2 30 7 71.23 67.93 [171]
Calotropis procera CuO Cr(VI) 5 18.84 120 2 99.99 [172]
A. Vera a-Fe,0; As(V) 2-30 0.5 - 6-8 - 38.48 [177]

4.2 Fluoride removal

Fluoride contamination of drinking water is one of the
most serious health problems worldwide. An excessive
fluoride intake leads to the loss of calcium from the tooth
matrix, causing cavity formation, and ultimately leads to
dental fluorosis followed by skeletal fluorosis after pro-
longed exposure. The increased surface area of the metal
oxide nanoparticles highly favored for fluoride adsorption.
Their high adsorption capacity, non-toxic nature, limited
solubility in water and good desorption potential makes
metal oxide nanoparticles a material of choice [178].

A number of magnetic nanoparticles such as Ce-Ti@
Fe;0, and Fe;0,@AI(OH); are used for fluoride removal
from contaminated water due to their large surface
area, high reactivity, specificity, self-assembly, and recy-
clability. The former one shows a maximum adsorption
capacity of 91.04 mg/g at pH of 7 and also showed a
fast adsorption rate. The author also observed that it can
be used for 5 cycles without significant loss of adsorp-
tion capacity. Composite Fe;0,@AI(OH); nanoparticles,
which combines the advantages of magnetic separation
and aluminum oxide has a high affinity towards fluo-
ride [179]. Similarly, Chai et al. [180] fabricated sulfate-
doped Fe;0,/Al,0; nanoparticles with magnetic sepa-
rability for fluoride removal from drinking water. Nearly
90% adsorption can be achieved within 20 min and only
10-15% additional removal occurred in 8 h. The adsorp-
tion capacity of this nano-adsorbent for fluoride by two-
site Langmuir model was 70.4 mg/g at pH 7.0. Moreover,
this nano-adsorbent performed well over a considerable
wide pH range of 4-10, and the fluoride removal effi-
ciencies reached up to 90% and 70% throughout the
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pH range with initial fluoride concentrations of 10 mg/L
and 50 mg/L, respectively. Silveira et al. [45] Synthesized
FeONPs using Moringa oleifera leaf extract as a template
for fluoride ion adsorption from wastewater and the
study revealed that fluoride ion adsorption was favora-
ble with maximum adsorption at pH of 7. Adsorption
kinetics test showed that the equilibrium was reached
in 40 min with an adsorption potential of 1.40 mg/g.
The regeneration process showed that FeONPs is pos-
sible to reuse three times in the fluoride ion adsorption
process. As a result of its adsorption capabilities and the
shortest contact time to achieve equilibrium, the syn-
thesized nanoparticles in their work is highly promis-
ing material for fluoride ion removal. Kumari and Khan
[181] synthesized 51.48 nm of Fe;0, using Simmondsia
Chinensis (jojoba) defatted meal for defluoridation appli-
cation from drinking water. The NPs was impregnated
on to polyurethane foam (PUF) and made into tea infu-
sion bags. The percentage F~ removal increased with
increasing pH up to 5 and 6 for Fe;0, NPs-PUF. But the
F~ removal percentage decreases in the pH range of
5.0-9.0 for Fe;0, NPs-PUF. In acidic pH conditions, the
formation of hydrofluoric acid (HF) is responsible for
the reduction of F~ adsorption but under alkaline con-
ditions, F~ removal declined because of the competition
between F~ ions and hydroxyl ions for the active surface
sites. The adsorption of F~ ions reduced as the initial
F~ concentration increased. The percent fluoride removal
was found to be 93% at a contact time of 80 min. The
Fe;O0, NPs-PUF displayed a higher water defluoridation
capacity of 34.48 mg/g of F~. TiO, nanoparticle was syn-
thesized using a metal resistant Bacillus NARW11 spe-
cies. The microbial synthesized TiO, nanoparticles were
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tested for removal of F~ solutions which was treated
with different dosages of TiO, nanoparticles having dif-
ferent phases (0.2-1.2 g/200 mL) to the equilibrium time
for adsorbate concentration of 0.5-4 mg/L. The results
revealed that increase in adsorbent dosage increased the
percent removal and either reached a constant value or
showed saturation after a particular dosage level. The
more adequate adsorbent dosages for native, anatase,
rutile and anatase mix rutile phase TiO, nanoparticles
were found to be 0.6 g/200 mL. Native, anatase, anatase
mix rutile and rutile phase TiO, nanoparticles showed
the maximum F~ removal of more than 90% in the pH
range of 2-4 for the initial adsorbate concentration of
0.5 mg/L in 80 min contact time [182].

4.3 Water disinfection from microbes

Microbial contamination of water is a public health con-
cern because it causes numerous diseases and some aes-
thetic problems such as malodor in water. Organisms such
as Escherichia coli, Shigella spp., Salmonella spp., Vibrio
spp., and Cryptosporidium are known to be transmitted
by water and cause ill health in communities consuming
water contaminated by bacteria. Nanomaterials are excel-
lent adsorbents, catalysts and sensors due to their large
specific surface area and high reactivity. Several natural
and engineering nanomaterials have also been shown to
have strong antimicrobial properties [183].

Magnetic nanoparticles with poly allylamine hydrochlo-
ride (PAAH) stabilization were studied to determine their
efficiency in removal pathogenic bacteria through electro-
static interaction and magnet capture from drinking water.
High removal efficiency was achieved for four main patho-
genic species, as Escherichia, Acinetobacter, Pseudomonas,
and Bacillus, and the results showed high bacteria removal
efficiency (99.48%) and the total bacteria residual counts
was as low as 78 CFU/mL, which met the drinking water
standard of WHO (< 100 CFU/mL) [184].

Mostafaii et al. [185] investigated the removal of total
coliform bacteria using ZnONPs from the effluent of
municipal wastewater. Different concentrations of ZnONPs
in different reaction time and dose was tested on the
removal efficiency of total coliform bacteria (0.3, 0.5, 0.7,
0.9 and 1.1 g/L) in 20, 40, 60 and 90 min reaction time. A
load of 0.3 g/L of the nanoparticle in 20-90 min shows
96% removal efficiency, a dose of 0.5 g/L shows 75-98.66%
removal efficiency in 20-90 min, a concentration of 0.7 g/L
it shows 65% removal efficiency in 20 min and reached
99.4% in 90 min. Finally, high concentration of 1.1 g/L of
ZnO in 90 min removed 100% of the total coliform bacte-
ria from the municipal effluents. Novel microbial synthe-
sized of ZnO nanoparticles using Aeromonas hydrophila
in the size of 57.72 nm was tested against pathogenic

bacteria. The well diffusion experiments were performed
against the A. hydrophila, E. coli, S. aureus, P. aeruginosa, E.
faecalis, S. pyogenes, A. flavus, A. niger and C. albicans. The
maximum zone of inhibition was observed in the ZnONPs
(25 pg/mL against Paeruginosa (22 + 1.8 mm) and A. flavus
(19£1.0 mm). The biosynthesized ZnO nanoparticle shows
the minimum inhibitory concentration for A. hydrophila,
E. coli, E. faecalis, C. albicans at 1.2, 1.2, 1.5, 0.9 ug/mL""
respectively [127]. Hexagonal structure of ZnONPs synthe-
sized via Bauhinia tomentosa leaf extract as bioreducing
agent in an average size of 22-29 nm was reported. The
antibacterial potential of the bioinspired NP was tested
against B. subtilis, S. aureus, P. aeruginosa, and E. coli. The
bactericidal effect of ZnONPs was found higher for gram-
negative bacteria than gram-positive bacteria due to the
difference in the structural composition of gram-positive
and gram-negative bacteria. The plant extract-derived
ZnONPs showed a significant zone of inhibition for P. aer-
uginosa (20.3 mm) and E. coli (19.8 mm), whereas the zone
of inhibition for B. subtilis (8.1 mm) and S. aureus (10.7 mm)
was less [186]. The interaction of ZNONP with food borne
pathogens also showed a MICs of 80 ug/mL & 100 pg/
mL for E. coli DH5a & S. aureus 5021 respectively, and the
growth of the bacteria with treatment of bactericidal con-
centrations of ZnONP significantly retarded [187]. Green
synthesis of copper oxide nanoparticles using aqueous
leaf extract of Origanum vulgare, inhibits the cyanobac-
teria Microcystis aeruginosa which are commonly found
in the eutrophic freshwater, create extensive secondary
metabolites which are harmful to human and animal
health. Copper oxide nanoparticles inhibited the growth
of the colonial Microcystis aeruginosa nearly 89.7% with
load of 50 mg/L NP and decreases to 62.6% in low concen-
tration, 25 mg/L [188].

4.4 Photocatalytic activity of metal oxide
nanoparticles

Photocatalysis refers to the acceleration of the rate of
chemical reactions (oxidation/reduction) brought about
by the activation of a catalyst, usually a semiconductor
oxide and ultraviolet (UV) or visible irradiation [189]. Light
and a catalyst are necessary to bring about or to acceler-
ate a chemical transformation [190]. Organic pollutants
such as a textile dye, pesticide, pharmaceutical waste,
exist widely in wastewater, which are very harmful to the
aquatic and terrestrial ecosystems. They are toxic because
of their highly polar and persistent to environmental deg-
radation processes and can result in serious bioaccumu-
lation in the environment which will have a long half-life
and the only trace can lead to biological variation [191].
Thus, there is a need for a new generation for wastewater
treatment system that is environmentally friendly and can
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minimize the associated human health and environmental.
Among the new generations of wastewater treatment the
technologies heterogeneous photocatalysis with an oxide
semiconductor (nanoparticle) appears to be an attrac-
tive pre-treatment option to enhance the degradation of
organic contaminants, as well as the biodegradability of
the wastewater for further downstream treatments [192,
193].

Cassia fistula leaves mediated synthesis of ZnO nano-
particle shows photodegradation of methylene blue with
an efficiency of 96.26-98.71% in the pH range of 2-4 of
methylene blue dye solution [84]. Jayaseelan et al. [127]
also confirmed that jackfruit (Artocarpus heterophyllus)
leave template synthesized ZnO nanoparticle with hex-
agonal wurtzite structure and 15-25 nm particles size
ranging exhibited excellent photodegradation efficiency
(>80%, 0.24 g/L, 1 h) against Rose Bengal dye, the main
water-pollutant released by the textile industries. Bacteria
(Bacillus licheniformis) mediated synthesized ZnO nano-
flowers, shows a remarkable photocatalytic degradation of
methylene blue (MB) dye under UV-irradiation for 60 min
to achieve 83% with three times efficient recovery of the
ZnO nanoflower as reported by Tripathi et al. [131].

Zheng et al. [89] synthesized ZnONP using the Corymbia
citriodora leaf extract as a bio-reductant for MB degradation
in comparison to the same nanoparticle prepared by hydro-
thermal method. The bioinspired ZnONP (20 mg) shows
83.45% degradation while the conventionally synthesized
ZnONP shows only 59.47 degradation efficiency in 90 min
under the visible light irradiation. Prasad et al. [102] syn-
thesized ZnO nanoparticles using lemon juice as a capping
agent and ethylene glycol as a solvent. They synthesized
the nanoparticle in average 49.16 nm size and hexagonal
wurtzite morphology. The ZnO nanogranules (100 mg) was
tested to degrade three different dye solutions of methyl-
ene blue (MB) (31.98 mg/L), congo red (CR) (67.16 mg/L) and
Rhodamine B (Rh-B) (47.90 mg/L) under UV light irradiation;
91.17% of the MB solution was degraded in 70 min, 90%
photocatalytic degradation efficiency was achieved for
CR solution within 35 min and the degradation of Rh-B is
almost complete after 50 min by removing of 98% of the
dye molecules from the initial solution. Increase in catalyst
load enabled to achieve complete degradation of MB and
Rh-B while the catalyst amount was optimized for CR deg-
radation. Photocatalysts such as titanium dioxide (TiO,) and
zinc oxide (ZnO) are semiconductors that able to absorb the
energy from light and subsequently excite their electrons
from the valence band to conduction band. Zinc oxide is
one of the most important functional oxides that has been
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conventionally applied as photocatalyst owing to its direct
band gap, large excitation binding energy and good car-
rier mobility. Applied zinc oxide nanoparticles in the het-
erogeneous photocatalytic reaction achieved nearly 95%
of congo red dye removal. Besides, successfully embedded
zinc oxide into polyvinylidene fluoride (PVDF) microfiltra-
tion membrane and improved the hydrophilicity of the
membrane. Nevertheless, the distinct band gap energy
of zinc oxide (3.2 eV) has restricted the utilization of vis-
ible light for the photocatalytic reaction [194]. Maximum
degradation (up to 90%) photocatalytic degradation of 2,
4-dichlorophenol is also achieved with the coupled catalyst
Zn,Zr (ZnO and ZrO, in 2:1 ratio) at pH 5 for 75 mg/L phenol
and 30 mg catalyst load [195].

Micrococcus lylae, Micrococcus aloeverae, Cellulosimi-
crobium sp. mediated synthesis of TiO, nanoparticles in
14-17 nm range particle size and spherical shape was tested
for photocatalytic activity of MO, which confirmed that TiO,
obtained from microbial synthesis using individual bacte-
rial strains show a comparable degradation with the com-
mercial ones ~99% degradation of MO in 195, 180, 105 min
of the samples respectively under UV irradiation. Similarly,
sorghum root extract mediated synthesis of TiO, nanoparti-
cles shows 99.7% degradation efficiency in the same condi-
tion. The stability and reusability of the photocatalyst TiO, is
checked, approximately 98% of MO dye solution degrada-
tion achieved even after four consecutive runs using the
root extracted sample as reported by Fulekar et al. [133].

Green synthesized TiO, using soluble starch as the tem-
plate and titanium (IV) tetraisopropoxide as a metal ion
source was carryout to degrade MB under sunlight, stabil-
ity and reusability of the nanoparticles was checked ten
times, after 10 cycles, the degradation efficiency of MB
reduced only about 13.3% to 86.7%. Therefore, the study
showed that the photocatalytic activity of TiO,NPs has
a good repeatability. Recycled TiO,NPs for ten times and
freshly synthesized TiO,NPs analyzed by XRD and FESEM
and the porosity, morphological stability of the synthe-
sized TiO,NPs remained same as in anatase phase after ten
items of washing as worked by Muniandy et al. [196]. On the
other hand, iron (lll) oxide, which is abundant in the Earth
crust has been applied as photocatalyst owing to its fea-
sibility of photocatalytic process under visible light. From
literature, iron (Ill) oxide has been used as nano-sorbents
for heavy metal adsorption and also as a sensitizer for the
photocatalytic reactions. Besides, iron (lll) oxide has been
incorporated with TiO, to degrade 4-chlorophenol under
visible light [194].
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4.5 Proposed reaction mechanism of photocatalysis

When the oxide semiconductor (such as TiO,, ZnO, ZnS,
Fe,0;, CdS, WO, ZrO,, SrO,, CeO,, etc.) absorbs a photon
with energy greater than or equal to the band gap energy,
electrons are promoted from the valence band (VB) to the
conduction band (CB) to produce electron-hole pairs [197,
198].

Photon + Semiconductor — Semiconductor (ez; + hy;)

Produced electron-hole pairs can either recombine and
release heat energy or interact separately with other mol-
ecules. The electrons in the conduction band can reduce
dissolved oxygen to superoxide radical anion and this radi-
cal may form hydrogen peroxide. The electron reduction of
hydrogen peroxide produces hydroxyl radical [80].

€™ + Oyads) =~ Oxaqs)

‘0; +2H" +2e” — H,0,

H,0, + H" + e~ — OH +H,0
The holes in the valence band can oxidize the adsorbed
water or hydroxide ions to produce hydroxyl radicals.

h+ + HzoadS -’ OH(adS) + H+

h* + OH_ ;. = OH,qs)

Produced free radicals are able to undergo secondary
reactions. Among them, the hydroxyl radicals can be used
to degrade organic compounds at or near these surfaces
of semiconductor catalyst, and intermediates are formed.
These intermediates react with hydroxyl radicals to pro-

duce final products.

"OH, 4, + Organic compounds — Intermediates — Products

The CBe™ with molecular oxygen produces superoxide
radicals O35 which ultimately reacts with H* to produce
HO5radical species. The photoinduced holes can react with
water and the dye molecule (R) to yield hydroxyl radical
and R radical cations. All these oxygenous radicals (HO;,
O3, OH’) are powerful oxidizers capable to degrade the
organic compound R* further into non-toxic end products
[72, 189]. The schematic of the degradation mechanism is
shown in Fig. 9.

i Reduction
Conduction Band v <
€cp O+teg > 0,

TiO, + hv > h*z +e'g
" + Pollutant - - - H,0 + CO,

Band Gap E,;

Oxidation

H,0 + h*;3 > ‘OH +H*
Valance Band

°OH + Pollutant - -> - H,0 + CO,

Fig. 9 Mechanism of photocatalysis [196]. © Elsevier, reproduced
with permission

Surendra and Roopan [66] fabricated cerium oxide nan-
oparticles using peel extract of Moringa oleifera as reduc-
ing/capping agent in a range size of 40-45 nm for the
purpose of dye degradation, they have tested the nano-
particles (CeO,) for the degradation of crystal violet under
the UV light by taking 5 mg/L purified CeO,NPs to the
10 mg/L of crystal violet solution and they have achieved
a degradation efficiency of 97.5% exactly in 60 min. Osun-
tokun et al. [104] work reveals that SnO, synthesized nan-
oparticle via an environmentally friendly route could be
utilized in the degradation of toxic organic dyes such as
MB. They have prepared two samples regarding their size
annealed in a furnace at 300 and 450 °C to have the size of
3.55-5.8 and 5.28-6.34 nm, respectively. The photocata-
lytic efficiency of the two nanoparticles was checked. An
aqueous solution of MB (1 x 107 M) was mixed with 20 mg
of SnO, nanoparticles, and irradiated with UV light, the
result shows 91.89 and 88.23% degradation of MB, respec-
tively after 180 min. The variation could be ascribed to the
smaller size of the first sample annealed at smaller tem-
perature. Calcination of the sample at high temperature
increases the particle size of the nanoparticles which is the
main drawback, but crystallinity is increase as a function
of temperature [199]. Table 7 shows some photocatalytic
studies conducted using biogenically synthesized metal
oxide nanoparticles using plant and microorganism as a
capping agent.

SN Applied Sciences

A SPRINGERNATURE journal



Review Paper

SN Applied Sciences (2019) 1:928 | https://doi.org/10.1007/542452-019-0931-4

Table 7 Selected studies of plant and microorganism mediated metal oxide synthesized NPs for photocatalytic activity

Microorganism/plant NPs  Removal target Initial concentration Dose of NPs Irradiation Radiation source Removal References
time (min) efficiency
(%)
Cassia fistula, leave ZnO Methylene blue 5 ppm 50 mg 90-120 Sun light, UV light 98.71 [84]
Artocarpus hetero- ZnO Rose Bengal 0.24 g/L 60 mg 60 UV light 85 [70]
phyllus, leave
Bacillus licheniformis ~ ZnO  Methylene blue 0.25 g/L) 100 um/L 60 UV light 83 [131]
lemon juice ZnO  Methylene blue 31.98 mg/L 100 mg 70 UV light 91.17 [102]
Congo red 67.16 mg/L 100 mg 35 UV light 90 [102]
Rhodamine B  47.90 mg/L 100 mg 50 UV light 98 [102]
Citrus aurantifolia ZnO Methylene blue 15 mg/L 15 mg/L 180 UV light 97 [59]
(lemon), Citrus
paradisi
Micrococcus lylae TiO, Methyl Orange 0.02 mmol/L 0.03¢g 195 UV light 929 [133]
Cellulosimicrobium TiO, Methyl Orange 0.02 mmo/L 0.03¢g 105 UV light 929 [133]
sp.
Bacillus Amylolique- ~ TiO, Reactive Red31 75 ppm 0449 60 UV light 90.98 [125]
faciens
Starch TiO, Methylene blue 6 mg/L 0.19 120 Sun light 100 [196]
Moringa oleifera, peel CeO, Crystal violet 10 mg/L 5mg/L 60 UV light 97.5 [66]
Cauliflower Sn0O, Methylene blue 1x10™*M 20 mg 180 UV light 91.89 [104]
Azadirachta indica CeO, Rhodamine B 10 ppm 100 mg 120 UV light 926 [200]
Tamarindus indica TiO, Titan Yellow 10 ppm 0.75g/L 120 UV light 96.04 [152]

5 Conclusion and future prospects

The novel properties of nanomaterials generated from
their synthesis routs led to new directions for synthesis in
different aspects. Metal oxide nanomaterials can be syn-
thesized using physical, chemical and biological methods,
and the biological method is the most promising one due
to ecofriendly, cost effected and simple experimentation.
The bioinspired synthesized metal oxide nanoparticles
have a diverse application in terms of nanomedicine, water
and soil treatment, agricultural, energy and mixed con-
sumer products. Due to environmental concerns of using
various toxic chemicals for the synthesis of metal oxides,
completely new strategies have been built and biosynthe-
sis draws the attentions of many researchers. In most of the
cases, the mechanism of fabrication involves the reduction
of metal salt into corresponding metal ion followed by the
formation of a complex with the most active and abun-
dant chemical present in the biological source. Hence,
the calcination of this ultimately leads to the formation of
corresponding oxide material. The biosynthesis strategy
has several advantages over conventional chemical-based
techniques. It requires less toxic chemicals and the experi-
mental technique is simple and environmentally benign.
Moreover, the cost of fabricating these materials is still less
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compared to other techniques. However, reproducibility,
scale up production procedures, and the mechanism of
the nanoparticle synthesis need to be investigated and
elucidated clearly. To date, wide variety of metal oxides
with very interesting size and shape have been produced.
Biologically synthesized metal oxide nanoparticles such
as ZnO, TiO,, Fe, 05, Fe;0,, CeO,, NiO, CuO, and SnO, have
been employed to decontaminate wastewater, inhibit the
growth of bacteria and fungi.

Therefore, the focus should be made more on the
greener approach for the synthesis of metal oxide nano-
particles, which would, to some extent, help in limiting
toxicity towards the environment. Besides this some
studies show that bacteria are among the least sensitive
organisms to nanoparticles (CuO and ZnO). It was found
that crustaceans, algae and fish were more sensitive to
these nanoparticles toxicity. Hence, the release of these
nanoparticles into waste streams may pose threat to the
non-target organisms in the aquatic system and a consid-
eration must take in this case [166].
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