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The ever-increasing importance of green-based iron nanoparticles within the last decade and their environ-
mental applications is a compelling reason to probe novel routes for their synthesis. Therefore, the principles of
green chemistry, waste prevention, energy efficiency, safer solvents, and the benign precursor materials have
become fundamental considerations in the synthesis process of these materials, birthing extensive study in this
field. In this light, a comprehensive discussion of the successes of greener techniques and other biological na-
notechnologies including the use of microorganisms (fungi, bacteria, actinomycetes, and viruses), algae, plant

and their extracts for the synthesis of iron (Fe) nanoparticles (NPs) is presented. Although promising findings
have been reported, substantial research gaps and the opportunity to capitalize on the emergence and rise of
these eco-friendly sources have been identified. The application of synthesized nanoparticles for environmental
remediation and their toxicological implications are also discussed.

1. Introduction

Nanotechnology is the ability to study and understand small parti-
cles (average size of 1 —100 nm) with large surface area. The word
“Nano” is interpreted “dwarf” in Greek, which is 10~° m. Nobel
laureate, Richard Feyman helped popularized the concept of nano-
technology in the 60 s, although scientists had been using matter at
nanoscale level unknowingly. The advent of electron microscopic
techniques such as scanning electron and atomic force microscopies
have enhanced synthesis and characterization of nanoparticles (Ahmed
et al., 2014a,b).

Nanotechnology and iron nanomaterials have found wide applica-
tions in environmental remediation (Fang et al., 2018; Huang et al.,
2018), drug delivery (Ivashchenko et al., 2017; Manatunga et al.,
2017), electronics, biotechnology, catalysis (Arumugam et al., 2018;
Isaad and El, 2018; Rethinasabapathy and Kang, 2017), cosmetics,
space industry, cancer treatment and anticancer drug delivery (Allard-
vannier et al., 2017; Lin et al., 2017; Nosrati et al., 2018) and materials
science. Nanotechnology is an emerging multi-disciplinary field con-
necting chemistry, physics, biology, material science, medicine (Kania
et al., 2018), pharmacy and engineering. Nanoparticles have gained
attention due to their unique morphological and physicochemical
properties such as ultra-small size, shape (sheets, rods, tubes and wires),
and size distribution. They also possess magnetic, optical, thermal and
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mechanical properties. Nanoparticles are generally classified as or-
ganic, also referred to as carbon-based nanomaterials and inorganic,
which are mostly made of metals (Ag, Fe) and semiconductors (TiO,).
Several techniques have been proposed for the synthesis of nano-
particles generally classified as top-down and bottom-up approaches.
Top-down methods such as grinding, etching, milling and machining
involve breaking down of bulk material while bottom-up approach such
as chemical reduction and sol-gel processes entail assemblage of smaller
building blocks to form a larger structure - a process known as nano-
particle growth.

Physical and chemical syntheses of nanoparticles require the reac-
tion of a precursor material with reducing agents such as sodium bor-
ohydride and hydrazine hydrate. These reducing agents are mostly
toxic substances with hazardous effects on humans and the environ-
ment. This has necessitated research into biological methods involving
the development of facile, greener and eco-friendly reducing agents for
nanoparticles formation, resulting in the convergence of nano-
technology, environmental remediation and green chemistry.
Researchers have reported the use of microorganisms such as bacteria,
fungi and algae (Kaul et al., 2012; Subramaniyam et al., 2015), ionic
liquids and eutectic solvents (Sanchez et al., 2018), bio- and agrowaste
(Nistico et al., 2018; Yang et al., 2018; Olajire et al., 2017a,b), plant
materials such as leaves, fruit (Kumar et al., 2014; Mohan Kumar et al.,
2013) and seed (Radini et al., 2018; Venkateswarlu et al., 2014),
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Nomenclature

AAS Atomic Absorption Spectroscopy

AFM Atomic force spectroscopy

CTAB Cetyltrimethylammonium bromide
DRS Diffuse reflection spectroscopy
EDS Energy dispersive spectroscopy
Fe-NPs  Iron nanoparticles

FESEM  Field emission scanning electron microscopy
FT-IR Fourier-transform infrared
FRAP Ferric reducing antioxidant power

HR-SEM High resolution scanning electron microscopy
ISCO in situ chemical oxidation
MIONPs Magnetic iron oxide nanoparticles

MOFs metal organic frameworks

NPs Nanoparticles

PL Photoluminescence

SEM-EDX Scanning electron microscopy- Energy dispersive X-ray
TEM Transmission electron microscopy

VSM Vibrating sample magnetometer

XRD X-ray diffraction

microwave heating (Alvarez-romero et al., 2018; Liang et al., 2017;
Kombaiah et al., 2018a), and biodegradable polymers as greener routes
for the synthesis of various nanoparticles. Other green-based methods
for green synthesis of iron nanoparticles reported include amino acids
(Marimén-Bolivar and Gonzalez, 2018), vitamins, enzymes and waste
(Wei et al., 2016a). Energy use, cost, environmental friendliness and
availability are important considerations in adopting a greener tech-
nique. Biosynthesized nanoparticles often display lower toxicity, ag-
glomeration and improved stability in comparison with those prepared
using physical and chemical methods. This is due to the stabilizing and
capping effect of bioactive components of these biological materials,
particularly plants.

Iron nanoparticles — metallic, bimetallic, trimetallic and oxides,
have been widely reported as promising agents for environmental re-
mediation (Sharma et al., 2018). There are sixteen different known iron
oxides (Wu et al., 2015). They possess antimicrobial properties and
have been applied for degradation of dyes (via adsorption process)
(Sharma et al., 2017a,b), nitrobenzenes, antibiotics (Stan et al., 2017),
wastewater treatment (Fazlzadeh et al., 2018), removal of metal con-
taminants and as heterogeneous catalysts (Mondal and Purkait, 2018)

in environmental processes. The emergence of iron nanoparticles for
remediation is due to magnetic susceptibility, non-toxicity and dual
redox capability on reaction with water. Furthermore, it possesses large
surface area and high reactivity.

Several iron nanoparticles such as biosynthesized zerovalent iron
(Soliemanzadeh and Fekri, 2017a), magnetic iron oxide nanoparticles,
bimetallic nanoparticles (Luo et al., 2016), trimetallic nanoparticles
(Basavegowda et al., 2017; Mishra et al., 2015) and copper ferrite na-
noparticles (Kombaiah et al., 2018a) have been reported. Carbon-,
starch-, biopolymer-, and clay mineral - supported nanocomposites
(Abujaber et al., 2018; Ghaedi & Arabi, 2018; Krishna et al., 2016;
Ostovan et al., 2018; Soliemanzadeh and Fekri, 2017b; Wang et al.,
2015) as well as magnetic core-shell silica and amino functionalized
nanoparticles (Mahmoud et al., 2016b; Farzad and Veisi, 2017) have
been designed to mitigate particle agglomeration and enhance disper-
sion. Buds, fruits, seeds, stems and leaf extracts of several plants such as
Clove (Afsheen et al., 2018), Lantana camera (Rajiv et al., 2017a), Citrus
maxima (Li et al., 2018), Azardirachta Indica (Bolade et al., 2018;
Devatha et al., 2018), green tea (Zhu et al., 2018), eucalyptus (Weng
et al.,, 2017), Rosa damascene, Thymus vulgaris, and Urtica dioica
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Fig. 1. Illustration of greener routes for synthesis of iron nanoparticles.
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(Fazlzadeh et al., 2017), Cymbopogon citratus (Bolade et al., 2018), and - B
Canna indica (Bolade et al., 2019) have been utilized as bioreducing = 2 N
agents for nanoparticles synthesis. Furthermore, waste materials such S’ g E 8 § )
as banana peel and citrus juice waste have been employed (Machado 5 ; % E c ; 8
et al., 2014). a‘:,) g £ 8 E s =
gleg £ E2§ 5 s
o . $|3 Z 382 : 3
1.1. Green-based synthesis of iron nanoparticles z|= = =28= & A
=]

In line with the principles of green chemistry (Anastas and Werner, E o g‘i S 5 B
1998), an efficient greener route to nanoparticle synthesis will employ E E = 2 : ;
renewable energy, minimize waste and reduce energy use. The con- :. g ; E 2 o
ceptual development of methodologies for eco-friendly biosynthesis of 5 & ; E 2 E [n::“
nanoparticles is presented in Fig. 1. Consequently, numerous studies § 2’ & §: £ < =
within the last decade have reported the use of water as solvent with gl 4 2 5 E E
bioactive components of plants as capping and stabilizing agents in the § = s & s = E As A
synthesis of nanoparticles. Leaves and fruits of green plants have been 5| B5EB5%25 A% &
recently studied for the eco-friendly synthesis of iron nanoparticles g
using iron (II) or iron (III) chloride solutions as precursor (Bolade et al., " 2
2018). This is possible because these plants contain bioactive compo- E ‘qé 9 = g_
nents, mostly polyphenols that act as reducing and capping agents. _@ E E % §
Aquatic and terrestrial weeds have also been used (Prabhakar and & E‘ g §~ %’ o3
Samadder, 2017). The ability to synthesize nanoparticles in aqueous S| 88 E % § g% E‘
media and under standard conditions (temperature and pressure) re- s & = &5 3 5% §
duces the production of toxic by-products and disposal of organic s = %ﬁ 3 % = %OE

o | 588 < S53
waste/reagents. Z|z8a382, & &t

In comparison with conventional heating techniques, microwave
heating facilitates lower energy use leading to nanoparticle formation ‘E)
within a fraction of the time required for conventional methods. Also, ‘é
prokaryotic and eukaryotic organisms such as actinomycetes, yeast, g
fungi and algae facilitate intracellular and extracellular formation of 2 E
nanoparticles at near ambient temperature and neutral pH. Extensive 88
reviews on the design and applications of different nanomaterials ¢ E g
guided by the principles of green chemistry have been reported (Adil g E‘i’ E E
et al., 2014; Fawcett et al., 2017; Gilbertson et al., 2015; Saratale et al., i g g :"j OZ 2
2017; Schrofel et al., 2014; Shukla and Iravani, 2017; Thakur et al., % § = ? &8 g E
2014; Zhang et al., 2016). Further reviews written within the past few Sleld 9 | :f E L9
years on greener synthesis and characterization of nanoparticles _; o
abound (Hulkoti and Taranath, 2014; Luczak et al., 2016b; Kharissova _02 .§ g
et al., 2013; Sharma et al., 2017b). Synthesis and applications of metal E g ,E’
and metal oxide nanoparticles — particularly iron, silver and zinc oxide, g R E
in environmental studies are widely reported (Abdelghany et al., 2017; z 5 % o 3
Ahmed et al., 2017, 2016; Igbal et al., 2017; Saif et al., 2016; Rauwel g e § ; 3 § 59
et al.,, 2015). Sl 5|8 5 1 7 2 £

The review presented herein explores different greener techniques .@‘ 1 M ; = ;r E &%

. . . . . . ol 8| T =9 T
for the synthesis of iron-based nanoparticles. In particular, biosynthesis 2| £ § E ;: 2 g£& §
using green plants and microorganisms, the use of ionic liquids as a i
replacement for molecular solvents, which are mostly toxic organic li- §° é . ’EZ 5
quids or water, and microwave-assisted synthesis are reviewed. While E o £ = £ 2
nanoparticles have found diverse applications in different fields, their =l & £ E" g 8 E
applications for biosorption of metals, degradation of dyes and other 8 E’ § g g’ 5 :
organic contaminants (Lin et al., 2018) and as catalysts in organic and § E f - & § Ng -§ ’E‘
environmental processes are discussed. In addition to reviewing the g 2 . £% é E" 2 é f E
syntheses and applications of iron nanoparticles, the toxicological ef- 25| 8§ & é 3 ‘;&.E s 3 §
fects of these materials are briefly discussed and some critical chal- % 2> =8~ <&=< A8
lenges are identified that may inspire future research drive. %

> ~
2. Microorganism-based synthesis of iron nanoparticles E" % % % 8

Microorganism-based synthesis of nanoparticles has gained atten- g % g % % §‘
tion in the past few decades due to its benefits over conventional che- g s £ S g ,; E
mical syntheses (Table 1). These advantages include synthesis at room %':3 g g 8 3 bR S
temperature — an energy efficient process, consumption/production of El o é g % E i g &
less toxic chemicals/by-products, natural abundance, ease of scale up g g E f_: é" ‘; E«E £
and ability to cope in extreme conditions (Park et al., 2016). Micro- -5 gl ¢ & ¢ g S _g:%
organisms such as fungi, bacteria and yeast can synthesize nano- % 5 § g g g g £ g
particles via extracellular or intracellular mechanism. These processes EE A - -
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entail the enzymatic reduction of metal ions, producing well dispersed
nanoparticles with small size distribution, with proteins, peptides and
genes acting as natural capping agents, which in turn provide stability
and reduce agglomeration of nanoparticles (Singh et al., 2016). Unlike
in extracellular mechanism, which involves enzymatic reduction of
metal ions bound to the cell wall/surface of microorganism electro-
statically, the metal ions diffuse into the cell where they react with
enzymes to form nanoparticles in intracellular mechanism.

Mukherjee (2017) reported the formation of magnetic iron oxide
nanoparticles of 32-48 nm average particle size using cultured strains
of Microbacterium marinilacus isolated from sediment samples collected
from Damodar River in India. 1 mM of the precursor solution (ferric
chloride solution) was added to the isolated bacterium and incubated
resulting in the formation of nanoparticles marked by a colour change
of the culture from light brown to dark brown within 2 h. In order to
separate the synthesized nanoparticles from cells, the culture was
centrifuged, the supernatant separated, dehydrated and characterized
using scanning electron microscopy. Pleurotus sp. a filamentous fungus
was utilized to synthesize iron nanoparticles (Mazumdar and Haloi,
2011). The test fungus was grown over seven days and fast-growing
mycelium was isolated, cultured and incubated for 96 h at 28 °C. This
was followed by centrifugation to separate settled mycelia from culture
broth. Ferrous sulphate solution was then mixed with 1 g of washed
mycelia and shaken for 72 h. Nanoparticles formed were characterized
using Transmission electron microscopy (TEM), Scanning electron mi-
croscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR).

Abdeen et al. (2016) have reported the fungi-based intracellular
synthesis of magnetic iron and magnetite nanoparticles using Asper-
igillus niger isolated and cultured over 7 days. According to literature,
about 250 mg/mL homogenized mycelia was mixed with precursor salts
(FeSO4 and FeCly), incubated for 6 days, centrifuged and dried to obtain
FeS and Fe,0; pellets. The pellets were washed, dried and subjected to
supercritical conditions by heating liquid ethanol to 300 °C at 850 psi
for one hour, then left to cool. This is a green approach as it avoids the
direct use of organic solvents in liquid state in the synthesis of nano-
particles. Characterization of nanoparticles was carried out using SEM
and XRD. A schematic diagram showing this process is presented in
Fig. 2.

Extracellular synthesis of iron oxide nanoparticles using Alternaria
alternate, a phytopathogenic fungus has been reported (Sarkar et al.,
2017). The filtrate of cultured fungus was employed as reducing agent
with iron (III) chloride solution as the precursor at 30 °C for 24 h,
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Fig. 3. (a) Microbial synthesis of nanoparticles. Modified from (Salunke et al.,
2016). (b): Schematic illustration of the microbial synthesis of nanoparticles
(Salunke et al., 2016).
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Fig. 2. Schematic diagram of the biological-physical method for synthesis of magnetic nanoparticles (Abdeen et al., 2016).
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resulting in the synthesis of iron oxide nanoparticles — marked by
change in colour from yellow to dark brown. Synthesized nanoparticles
were separated by centrifugation, washed and characterized using
Transmission electron microscopy (TEM), Atomic force spectroscopy
(AFM), Fourier-transform infrared spectroscopy (FTIR), and X-ray dif-
fraction (XRD). Das et al. (2018) anaerobically synthesized maghemite
nanoparticles with average particle size of 18 nm using native hy-
persaline sulphate reducing bacteria isolated and cultured from sedi-
ment of saltpan, Goa, India. Ferric chloride and Ferrous sulphate were
used as nanoparticle precursors under anoxic conditions via nitrogen
purging and incubated over a thirty-five-day period. Nanoparticles
formed - evidenced by the appearance of dark black colouration - were
collected by centrifugation and characterized with XRD, TEM, FTIR,
SEM and EDX. A further study on developmental toxicity of Zebra fish
was carried out. Yeast-based synthesis of zerovalent iron nanoparticles
has been reported (Mehrotra et al., 2017). The use of microorganisms as
effective route for the biosynthesis of metal nanoparticles has been
reported (Salunke et al., 2016) (Fig. 3a,b).

3. Microwave-assisted synthesis of nanoparticles

Microwave-assisted synthesis involves electromagnetic irradiation
of precursor solvents and reducing agents via ionic conduction and
molecular motion. This is achieved by high temperature heating di-
rectly inside the sample (L.uczak et al., 2016b). Microwave irradiation
facilitates greener and rapid heating during the preparation of nano-
particles due to lower energy requirements. Additionally, it promotes
uniform dispersion of ultra-small nanoparticles with accelerated nu-
cleation and digestive ripening. Heating methods that can achieve
preparation of nanoparticles within minutes with appreciable degree
of control over nanoparticle size, dispersion and crystallinity are im-
perative to greener synthesis techniques (Amores et al., 2016; Ortega
et al., 2015). Several microwave-assisted biosynthesis of iron-based
nanoparticles have been developed and reported (Table 2). Comparing
microwave synthesis with other thermal decomposition methods,
Kombaiah et al. (2017a) showed that microwave technique was con-
siderably more efficient and economical in terms of energy con-
sumption and cost of fabrication during synthesis of nanoparticles.

Environmental Nanotechnology, Monitoring & Management 13 (2020) 100279

Schneider et al. (2017) described the fast and green microwave
synthesis of magnetic nanoparticles and their coating with alendronic
acid, a reactive biphosphate. Uniform nanoparticles with small par-
ticle size were synthesized with microwave heating at 200 °C while
iron acetylacetonate in triehtylene glycol, TEG, served as precursor
solution. The choice of TEG — a greener solvent, is due to its low
isoelectric point, non-toxicity, high viscosity and high boiling point,
which makes it amenable to solvothermal decomposition. The reac-
tion was conducted under inert conditions achieved with nitrogen gas,
Nz.

In order to overcome the challenge of low nanoparticles yield due
to limited size of reaction vessel, which is a major drawback for large
scale application of microwave-assisted synthesis, Gonzalez-Moragas
et al. (2015) have described a scale-up method for the synthesis of
multigram iron oxide nanoparticles using a multi-mode microwave
unit. To begin with, laboratory-scale synthesis of nanoparticles was
carried out with Iron (III) acetylacetonate (Fe(acac); in anhydrous
benzyl alcohol as precursor. Temperature ramping was applied from
room temperature to 180 °C over 20 min and cooled within 3 min at
300 W. DLS and TEM characterization of synthesized nanoparticles
revealed average particle size of 3.8 = 0.8 nm. Ten-fold scale up was
then carried out under optimized conditions with higher microwave
power of 500 W, higher maximum heating temperature (200 °C) and
extended reaction time. Excellent yield > 80 % was achieved using
the scale-up method.

Li et al. (2016) successfully prepared a magnetically recoverable
nanocatalyst by grafting silver nanoparticles on carboxymethyl cellu-
lose support under microwave irradiation and subsequently in-
corporating magnetic iron oxide nanoparticles into it for the degrada-
tion of catalyzed hydrogenation of carbonyls to carboxylic acids in
water (Fig. 4).

Williams et al. (2016) have reported the synthesis of polymer-
supported multifunctional magnetite nanoparticles via microwave
heating method at 150 °C for 20 min. In a single step, aggregated
nanoparticles with high crystallinity and aqueous stability were pre-
pared using FeCl3.6H,0 and FeCl,.4H,0 as precursors. Lastovina et al.
(2017) showed that a two-step microwave heating process can be
applied for the synthesis of magnetite and maghemite nanoparticles

OR
_-‘/ o o
OR . /lk
OR R H
n
R =H or CH,CO;Na %)
Ag CcmMC _ o Oo Fe, base P H,, H,0
AN
A Ag@CMC  |AY oH
Hz, H,0 OH Ag-Fe;O0,@CMC /k
i )\ g g
_—

Fig. 4. Schematic diagram for synthesis of magnetic Ag-Fe304,@CMC (Li et al., 2016).
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HO OH

Ascorbic acid

Xiao et al. (2016) have carried out studies using fifteen plant species
obtained in China to understand the influence of the major bioactive
components of these plants on iron reduction during synthesis of zer-
ovalent ion nanoparticles. Iron nanoparticles were synthesized by
boiling powdered plant leaves with deionized water and heating for one
hour to extract biomolecules, thereafter, the extract obtained was re-
acted with iron (III) chloride as precursor. Morphology and particle size
determination of the synthesized nanoparticles was carried out using
TEM and XRD while FTIR was employed to identify likely active
functional groups. Uniform, spherical nanoparticles with average size of
5 nm were obtained (Table 3). FTIR spectra of plant extracts before and
after reaction with precursor solution were obtained to understand the
variation in composition of biomolecules. Of the biomolecules in-
vestigated, namely polyphenols, reducing sugars, flavonoids and pro-
teins, they established that polyphenol was the most active molecule in
the reduction of Fe*" during nanoparticle synthesis. Extracts obtained
from S. jambos (L.) Alston and D. longan Lour showed stronger ability to
reduce Fe>* than other plants and better capacity to remove hexavalent
chromium from solution, with S. jambos (L.) Alston showing 100 %
removal efficiency within 60 min (Xiao et al., 2016).

During synthesis of nanoparticles, several conditions have to be
optimized such as temperature, solution pH, ratios of plant material
mass:volume of extracting solvent and volume of plant extra-
ct:precursor solution. Huang et al. (2015) studied the factors that ac-
count for the reactivity of green-synthesized iron nanoparticles for the
degradation of malachite green, a dye. Nanoparticles were synthesized
from green tea leaves with iron (II) sulphate as precursor solution. To
understand the optimum conditions affecting the synthesis of nano-
particles, there was variation in volume of tea extract reacted with iron
(II) solution at different temperatures and pH. Synthesized nano-
particles were applied for degradation of malachite green to observe
their reactivity at varying conditions. The efficiency of nanoparticles in
removing malachite green decreased with increase in leaf extracts, with
corresponding increase in particle size due to agglomeration. Also, in-
crease in pH resulted in reduced degradation of malachite green. This
can be accounted for by ionization and precipitation effects at basic pH.
Furthermore, increase in temperature led to increase in nanoparticle
reactivity, although this could stimulate agglomeration due to reduced
capping ability of bioactive components at high temperatures. Over 90
% degradation of malachite green dye was achieved with ratio of pre-
cursor:tea extracts of 1:1, pH 6 and temperature of 318 K. Bishnoi et al.
(2017) successfully separated green synthesized magnetic iron oxide

Environmental Nanotechnology, Monitoring & Management 13 (2020) 100279

Saponin

nanoparticles via an external magnetic field. Separated nanoparticles
were then washed with water and dried prior to storage (Fig. 5a,b).

According to Prasad (2016), nanocrystalline iron (III) oxide was
synthesized through green reduction of a precursor iron (II) sulphate
heptahydrate using leaf extract of garlic vine (Fig. 6a-c). The structural
and compositional characterization of iron abundance in the extracts
was estimated through Atomic Absorption Spectroscopy, XRD, UV-vis
analysis and FT-IR measurements. On the other hand, Wang et al.
(2014) reported the biosynthesis of spheroid-shaped iron nanoparticles
using dried eucalyptus leaf extracts. Nanoparticles were prepared with
deionized water as solvent and characterized using SEM, EDS and XRD
for morphology and composition studies and FTIR to provide in-
formation on vibrational characteristics of chemical functional groups.
In a study involving over two dozen different tree species, leaf extracts
were utilized for the synthesis of nanoscale zerovalent irons via a green
and cost-effective method. Optimum reaction conditions such as tem-
perature, time and volume:mass ratio were determined during the
synthesis process. Optimum reaction time for most species of tree leaf
extracts was 20 min at 80 °C, the highest temperature studied. The
presence of synthesized nanoparticles was indicated by a dark col-
ouration after reacting plant extract with iron (III) solution, with oak,
pomegranates and green tea leaves producing the best result (Machado
et al., 2013a,b).

Wei et al. (2016b) have reported the synthesis of iron nanoparticles
using citrus maxima peels. This method has proven effective for waste
minimization and efficient resource utilization as citrus maxima peels,
which would otherwise be discarded as the waste/by-product resulting
from production of juice is utilized. Peels were extracted using ultra-
pure water at high temperature for 80 min, centrifuged and filtered
through a membrane. Subsequently, extracts obtained were added to
Iron (III) chloride solution at room temperature to obtain iron nano-
particles. The synthesis of zerovalent iron nanoparticles from three
plant extracts (Rosa damascene (RD), Thymus vulgaris (TV), and Urtica
dioica (UD)) have been carried out by Fazlzadeh et al. (2017). Dried
leaves of the three plants were extracted at 80 °C with deionized water
as the solvent, filtered, and reacted with iron (II) tetrahydrate solution
at a ratio of 2:3. Formation of iron nanoparticles was evidenced by the
black coloured precipitates formed. Nanoparticles obtained were irre-
gular in shape with a diameter of 100 nm. In addition, the synthesis of
iron hexacynanoferrate nanoparticles with size range 10-60 nm using
dried sapindus-mukorossi plant as natural surfactant and water as sol-
vent has been documented (Shanker et al., 2017). In this study,
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Fig. 5. (a) Formation of magnetic iron nanoparticles (MIONPs) using the fruit extract of Cynometra ramiflora. (b) Magnetic behaviour of MIONPs (Bishnoi et al.,

2017).

pulverized plant material was dissolved in double distilled water and
the extract obtained was reacted with potassium ferrocyanide for 2 h.
The nanoparticles obtained were further characterized using TEM and
SEM.

The photo-catalyzed synthesis of magnetic iron oxide nanoparticles
using silky hairs of corn and outer leaves of Chinese cabbage was re-
ported (Patra and Baek, 2017). Both plant materials were chopped and
extracted with distilled water prior to filtration. The extracts were
subsequently applied for synthesis of nanoparticles with iron (II)
chloride and iron (III) chloride as precursor compounds under photo-
catalytic conditions. The extracts served as reducing agents in the re-
action while sodium hydroxide was added to facilitate uniform pre-
cipitation of nanoparticles, evidenced by black colouration. Prasad
et al. (2017a,b,c,d) synthesized well-dispersed magnetic iron oxide
nanoparticles with uniform size of 45-60 nm using pomegranate leaves.
Dried and ground pomegranate leaves were refluxed with distilled
water, filtered and extracts stored at 4 °C. The prepared extracts were
then reacted with iron (III) chloride solution as a precursor in a ratio of
1:2. Appearance of black colouration indicated the formation of nano-
particles.

Tangerine peel extract has been utilized for the synthesis of iron
oxide magnetic nanoparticles and reported (Ehrampoush et al., 2015).
Tangerine peel was collected, dried, milled, boiled with distilled water
and the resulting solution filtered to obtain extracts. Plant extract was
then reacted with iron (II) solution and iron (III) solution to obtain
uniform, spherical-shaped nanoparticles with size ranging from
50—200 nm. 25 % hydroxylamine was added to the mixture to facil-
itate uniform precipitation. Nanoparticles were formed as brown pre-
cipitates.

a

Reduced graphene oxide/iron oxide nanocomposite has been syn-
thesized from the leaves of Murrayakoenigii as reported by Prasad et al.
(2017a,b,c,d). This was achieved by extracting plant leaves using hot
distilled water as solvent, preparing reduced grapheme oxide under
reflux by mixing plant extract with a colloidal suspension of grapheme
oxide for phytochemical reduction, synthesizing iron oxide magnetic
nanoparticles with iron (III) chloride solution as precursor and Mur-
rayakoenigii leaves extract as reducing agent and finally, preparing
grapheme oxide/iron oxide nanocomposite by mixing plant extract
with graphene oxide and iron (III) hexahydrate solution. Iron oxide
nanoparticles of approximately 12 nm size were prepared and the na-
nocomposite showed spherical shape. Characterization was carried out
using spectroscopic and microscopic techniques. Prasad et al.
(2017a,b,c,d) have reported the synthesis of iron oxide nanoparticles
using peels of pisum sativum — the plant extract acting as reducing agent.
Prior to synthesis of iron oxide nanoparticles, plant peels were extracted
with distilled water and filtered. Iron (III) chloride was utilized as the
precursor and mixed with pisum sativum peels extract at 80 °C. Spherical
nanoparticles with average size of 20-30 nm were synthesized and
characterized. Moringa oleifera leaves were utilized in the synthesis of
nickel supported iron oxide magnetic nanoparticles. Powdered plant
leaves were refluxed with deionized water and filtered for synthesis of
nanoparticles. Extract obtained was mixed with iron (III) chloride and
nickel chloride solutions at pH 10. The resultant mixture was cen-
trifuged and nanoparticles formed collected for degradation studies on
organic dye. Spherical shaped ferromagnetic nanoparticles were ob-
tained.

Zerovalent ion nanoparticles with a size range of 2-10 nm have
been synthesized from yeast extracts (Mehrotra et al., 2017). Yeast

vk

b

Fig. 6. (a) Precursor - FeSO4.7H,0, (b) Leaf extracts of Garlic Vine, and (c) Formation of Fe-NP-GV nanoparticles (Prasad, 2016).

10



O.P. Bolade, et al.

solution, prepared by boiling yeast powder in distilled water, was used
as the reducing agent and iron (III) chloride solution as the precursor in
the preparation of the nanoparticles. On centrifugation, the nano-
particles formed were characterized using surface plasma resonance, X-
ray diffraction and transmission electron microscopy. Tetragonal crys-
talline-shaped iron oxide nanoparticles with average size of about 29
nm has been synthesized from the leaves of Sageretia thea (Khalil et al.,
2017). Pulverized plant leaves were extracted with deionized water to
obtain bioactive components, which in turn acted as reducing agent
when reacted with a precursor. Iron sulphate pentahydrate salt acted as
the precursor for the synthesis of these nanoparticles when reacted with
plant extract. As in most processes reported in literature, the formation
of iron oxide nanoparticles is marked by a colour change, mostly from
lighter to deeper colour such as yellow to black or brown to violet
(Ehrampoush et al., 2015; Patra and Baek, 2017; Prasad et al.,
2017a,b,c,d).

Borja et al. (2015) have reported the synthesis of nanoscale zer-
ovalent iron using polyphenols obtained from dried green tea extract.
Polyphenols, which are abundant bioactive compounds especially in
leaves of several plants, were microwave-extracted from green tea
leaves to obtain nanoparticles with particle size ranging from 8 to 23
nm. Powdered green tea leaves were extracted with ethanol, allowed to
cool, and then filtered. Plant extract containing polyphenols was re-
acted with iron (III) chloride solution to synthesize zerovalent iron
nanoparticles. Optimum conditions for maximum nanoparticles yield
depended on three factors: plant material:solvent ratio, precursor:plant
extract ratio and delivery rate of plant extract into precursor solution.
Spherical-shaped amorphous zerovalent iron nanoparticles with
average particle size of 20-80 nm have been synthesized using leaves of
Eichhornia crassipes (a water hyacinth) (Wei et al., 2017). In order to
determine optimum conditions for extraction of bioactive components
from the plants using distilled water as extracting solvent, studies on
extraction optimization were carried out. Parameters considered in-
clude ratio of plant material weight:volume of solvent, pH and tem-
perature. Optimum volume ratio of precursor solution:plant extract was
achieved at 1:1 while plant leaf weight:solvent volume ratio was set at 6
g/100 mL. Similarly, the synthesis of spherical iron nanoparticles with
average particle size of 20 — 60 nm from Eichhornia crassipes leaves (and
two other weeds namely Lantana camara and Mimosa pudica) using
ferric chloride (FeCls) precursor has been reported (Prabhakar et al.,
2017). Morphology of L. Camara and M. pudica synthesized nano-
particles showed irregular and aggregated quasi-spherical nanoparticles
respectively, with larger particles size distribution in comparison to E.
crassipses (Table 3).

Silybum marianum L. seeds have been used to synthesize copper-
supported iron oxide nanoparticles (Sajadi et al., 2016). Spherical na-
noparticles with particle size ranging from 8.5—60 nm was synthe-
sized. Plant seed extract was prepared by boiling powdered seeds in
distilled water, centrifuging extract and then filtering. Thereafter,
synthesis of Cu/Fe3;04 nanoparticles, was carried out by mixing plant
extract with iron (III) chloride and copper (II) chloride solutions as
precursors. The pH of the mixture was adjusted with Na,COs to indicate
colour change on formation of nanoparticles. Sathya et al. (2017a) have
reported the synthesis of iron oxide nanoparticles from the leaves of
Coriandrum sativum using ferric chloride as the precursor. Spherical
nanoparticles with size ranging from 20—90 nm was prepared and
characterized using FTIR, SEM with EDX. Two methods were experi-
mented with during the nanoparticle synthesis namely: continuous
stirring and ultrasonication. However, it is noteworthy that ultra-
sonication has the advantage of shorter reaction time.

Iron oxide nanoparticles with uniform shape and particle size ran-
ging from 7—13 nm have been synthesized from green tea leaves
(Singh et al., 2017). To extract bioactive components — mostly poly-
phenols, from plant material, powdered tea leaves was mixed with
aqueous methanol solution, refluxed and decaffeinated first with me-
thylene chloride, then ethyl acetate via a liquid-liquid extraction
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process. Polyphenols act as reducing agents and antioxidants when
reacted with the precursor in the synthesis of the iron oxide nano-
particles, limiting the oxidation of Fe?* to Fe>*. Mixture of iron (III)
chloride hexahydrate and iron (II) sulphate heptahydrate in distilled
water serves as the precursor. Dendrite-like Iron oxide/palladium na-
nocomposites with average particle size of 50 nm have been synthe-
sized from pepper extract and applied for the photocatalytic degrada-
tion of dye (Khaghani and Ghanbari, 2017). Fe;04-Pd nanocomposites
were prepared by reacting K,PdCl, precursor solution with pepper ex-
tract at 160 °C. Nanoparticle morphology and particle size determina-
tion was carried out using SEM, TEM and FTIR. An important area of
study for researchers is to understand the reduction potential of dif-
ferent plant extracts based on the most bioactive components as this
will inform the choice of plant and plant part most efficient in preparing
nanoparticles and their subsequent application in different fields. Cyclic
voltammetry has been applied to study the redox potential of aqueous
extract of dried Terminalia chebula fruit, a plant rich in polyphenolic
content. A reduction potential of 0.63 V was obtained and this is suf-
ficient for metal reduction while Camellia sinensis (green tea), another
plant which has been reported for synthesis of nanoparticles showed
redox potential of 0.33 V (Mohan Kumar et al., 2013). During the green
synthesis of iron nanoparticles and Iron/Nickel bimetallic nanoparticles
from the methanol extract of eucalyptus leaf, Weng et al. (2017) carried
out GCMS analysis of extracts before and after nanoparticle synthesis to
identify the components present. Identification of compounds was
based on comparison between the fragmentation pattern obtained in
the mass spectra and those of a mass library. Alkanes, phenols, alde-
hydes and amines were the major constituents, and there was a de-
crease in the percentage peak areas of the extracts before and after
nanoparticle synthesis, indicating that these bioactive components
participate in reduction and capping.

Saikia et al. (2017) have reported the synthesis of silica-supported
iron oxide nanocomposite synthesized from powdered fruit extract and
rice paddy husk. Firstly, iron oxide nanoparticles were synthesized from
fruit extract of Zanthoxylum rhetsa, a medicinal plant with iron (III)
solution as precursor. Appearance of brown precipitate indicated for-
mation of nanoparticles, which were then filtered, washed and heated.
Next, silica was prepared from combusted rice straw, which was boiled
with sodium hydroxide solution, cooled, filtered and treated with sul-
phuric acid. The resultant white precipitate formed was dried at 100 °C
to obtain silica. Finally, prepared iron oxide nanoparticles and silica
were refluxed with methanol to obtain nanocomposites which were
then filtered, washed and dried until a brown silica supported iron-
based nanocomposites were formed. This was then characterized using
FTIR, XRD, SEM-EDX, HR-TEM and NMR and applied as a catalyst for
the ipso-hydroxylation of boronic acid in water.

Neem leaf extract has been utilized for synthesis of zinc oxide
supported-iron oxide nanoparticles with equal volume of FeSO4 and
FeNO; solutions as precursors (Madhubala and Kalaivani, 2017)
(Fig. 7). First, brick-like iron oxide nanoparticles with average particle
size of 38 nm were synthesized from dried and pulverized leaf extract.
Subsequently, zinc oxide was mixed with as-synthesized Fe;O4 nano-
particles, ultrasonicated, and autoclaved at 200 °C for 18 h. Samples
obtained were washed with deionized water and dried overnight.
Characterization was carried out using XRD, FTIR, SEM-EDX, TEM and
TGA to obtain ellipsoid-shaped Fe;04@ZnO nanoparticles with average
particle size ranging from 45 to 61 nm.

Manquian-Cerda et al. (2017) have reported the synthesis of oxide,
oxyhydroxides and zerovalent iron particles from blueberries. Non-ag-
glomerated nanoparticles with irregular shape and average particle size
of 52 nm were obtained and characterized with TEM, SEM, BET and
XRD. Prior to synthesis of nanoparticles, reducing capacity of aqueous
extracts of blueberry leaves and shoot was analysed using ferric redu-
cing antioxidant power (FRAP) assay and total phenolic content was
determined using a Folin-Ciocalteu reagent. Absorbance measurement
was then carried out with UV/VIS Spectroscopy.
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Fig. 7. Schematic diagram of Fe30,@ZnO core-shell nanoparticles synthesis (Madhubala & Kalaivani, 2017).

Green synthesized magnetite, hematite and wuestite nanoparticles
immobilized on bariumalginate beads has been synthesized and char-
acterized (Natarajan and Ponnaiah, 2017). Immobilization of iron na-
noparticles on the polymeric support (barium alginate beads) was
carried out to limit agglomeration. Other polymers utilized include
chitosan, agarose, and cellulose. Firstly, iron was extracted from red
mud obtained from aluminium industry waste. Next, Syzygium cumini
leaf extract was utilized for the synthesis of iron nanoparticles with iron
oxalate obtained from red mud serving as precursor. Nanoparticles
were collected as black precipitates over ethanol, dried in hot air oven
and pulverized to remove agglomerates. This differs from chemical
synthesis reported by the same researchers where nanoparticles were
obtained by borohydride reduction. Entrapment of nanoparticles was
carried out by mixing S. cumini based NPs with 2 % w/v alginate-water
mixture, then injecting this into 2 % w/v barium chloride solution
dropwise. This is left to harden before being washed and characterized
by XRD, FTIR and field emission scanning electron microscopy
(FESEM). Green-based ionic liquid iron oxide nanocomposite prepared
from black tea extract have been successfully applied for the degrada-
tion of propranolol (a contaminant drug residue) (Ali et al., 2017).
Firstly, iron oxide nanoparticles were synthesized with 0.1 M ferrous
sulphate solution as precursor. Appearance of black colouration in-
dicated formation of nanoparticles, which were separated by cen-
trifugation and washed. Next, nanocomposite was prepared by sol-gel
method with N-methyl-butyl-imidazolium-bromide ionic liquid and
poly vinyl alcohol surfactant. Finally, nanocomposites were character-
ized and observed to have amorphous shape with average particle size
of 5-50 nm.

5. Capping and biostabilisation in nanoparticles synthesis

5.1. Effects of stabilizing/capping agents

The use of surfactants as stabilizing/capping agents in nanoparticle
synthesis improves dispersion, reduces agglomeration and increases
adsorption  capacity of nanoparticles. For instance, cetyl-
trimethylammonium bromide (CTAB), a cationic surfactant has been
studied for stabilization and capping of green synthesized iron oxide
nanoparticles and its resultant effect on removal of phosphate via an
eco-friendly approach (Gan et al., 2018; Cao et al., 2016). In the case of
Gan et al. (2018), capped and uncapped nanoparticles were prepared

X

+ H"+OH

using Eucalyptus leaf extract as reductant with FeCl36H,0 and sodium
acetate as precursors. With uncapped nanoparticles, 80 % removal of
phosphate with initial concentration of 20 mg/L was achieved within
an hour. However, CTAB-capped nanoparticles — with an optimum
surfactant concentration of 0.4 mM, showed higher removal efficiency
(95 %) within one hour. Cao et al. (2016) studied the effect of tem-
perature, adsorbent dose, initial phosphate concentration and pH on
adsorption of phosphate using CTAB-stabilized irregular, spherical-
shaped iron oxide nanoparticles synthesized from Eucalyptus leaves
extract. Increase in temperature led to increase in adsorption capacity,
which is accounted for by the increase in activation energy, which fa-
vours an endothermic process. As dosage of CTAB-based adsorbent in-
creases, the adsorption efficiency increases, then decreases due to sa-
turation of the active sites. Increasing the initial concentration of
phosphate led to increased absorption until the maximum adsorption
capacity was attained at 60 mg/L. Also, adsorption capacity decreased
at highly basic pH (pH 11-13) due to electrostatic repulsion between
phosphate anions and iron oxide active sites but did not increase sig-
nificantly at lower pH (1-9). Rather than electrostatic interaction, a
major contributor to the adsorption of phosphate over wide ranging pH
values could be accounted for by ligand exchange.

5.2. Potential mechanism of nanoparticles synthesis

The actual reaction pathway of biomimetic nanoparticles synthesis
has not been clearly elucidated. From previous studies, phenolic com-
pounds, alongside other phytochemicals such as alkaloids, tannins and
organic acids have successfully acted as reducing agents when reacted
with metal precursors leading to the formation of nanoparticles (Ali
et al., 2016, 2019; Khatami et al., 2019; Karpagavinayagam and Vedhi,
2019; Lakshmi et al., 2019; Vasantharaj et al., 2019). It is expected that
the biosynthetic fabrication of nanoparticles could be due to contribu-
tions from different biomolecules, and not just a single molecule.
Hence, the reaction pathway may vary depending on different plants, or
different extraction solvents for the same plant. Other factors such as
pH and geographical location where plants were sampled may be im-
portant too. Different stages can be proposed such as bioreduction,
capping/stabilization, condensation and calcination as indicated in the
following schemes:

Scheme 1:

OH

B——

12

OH
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Scheme 2:
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Scheme 4 represents the reaction mechanism for thermal decom-
position of source precursor and iron complex at 600 °C in static air.
This process, known as calcination, results in the formation of iron and
iron oxide nanoparticles.
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Scheme 4:
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Schemes 1-4 provide an insight into the mechanisms involved in
biofabrication of nanoparticles. Bioreduction involves a reduction-oxi-
dation reaction between phytochemicals and metal precursors thereby
converting them into their corresponding metal nanoparticles. Several
researchers such as Nasrollahzadeh et al. (2017) have attempted to
describe the bioreduction mechanism. During this process, green na-
noparticles go through activation, growth and termination phases. At
the activation phase, iron ions are recovered from their salt precursors,
reduced by plant phytochemicals and transferred from their trivalent to
di- and zero-valent states (Fe>* /Fe®* to Fe®). During the growth phase,
metal atoms aggregate to form a diverse range of nanoparticles such as
nanowires, nanotubes and nanospheres. At the termination phase, na-
noparticles are capped by plant phytochemicals, thereby attaining
stable morphology.

Schemes 1 and 2 describe the possible bioreduction mechanism for

formation of iron/iron oxide nanoparticles using leaf extract of
Azadirachta indica. Aqueous extract of A. indica contains phenolic
compounds such as 2-methoxy-4-vinylphenol (as characterized using
GC-MS), which ligates with iron-phenol complex (pH 5-7) thereby
converting trivalent iron ions to their di — and zero — valent states.
Capping and biostabilisation of plant-mediated nanoparticles occurs via
complexation reaction between metal ion and phytochemicals. We
propose that iron-polyphenol complex is formed - depicted by scheme
3, resulting in the stabilization of green nanoparticles, thereby reducing
aggregation/agglomeration. This precludes need of toxic chemicals for
nanoparticles stabilization, in line with the principles of green chem-
istry.

The synthesis of iron (Fe) nanoparticles (NPs) through green
methods and other biological nanotechnologies primarily involves the
use of microorganisms (fungi, bacteria, actinomycetes, and viruses),
algae, plant and their extracts, agricultural wastes, enzymes and
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Fig. 8. Illustration of environmental applications of nanomaterials.

biomolecules. Despite the sterling advantages of these green techni-
ques, there are several limiting factors that have been indicated to
govern the biosynthesis, characterization, amount, quality and appli-
cation of the synthesized nanoparticles. These factors include tem-
perature, pH, light, method employed for synthesis of Fe NPs, pressure,
time, particle size, concentration of the reactants, pore size, and con-
stituents of the bio-derived extracts (Rai et al., 2006; Darroudi et al.,
2011; Kuchibhatla et al., 2012; Tran et al., 2013; Raut et al., 2014;
Patra and Baek, 2014; El-Seedi et al., 2019).

6. Applications of synthesized nanoparticles for environmental
remediation

6.1. Iron nanoparticles (Fe-NPs) & magnetic Iron oxide nanoparticles
(MIONPs)

Iron based nanoparticles are smart nanomaterials with magnetic
properties, high energy and surface area, which in turn influence re-
action rates. The latter property accounts for their susceptibility for
agglomeration thereby reducing particle functionality, hence the need
for stabilization with various organic and inorganic polymers such as
cellulose, chitosan, silica, zeolite and clay, grapheme and metal organic
frameworks (MOFs). Nanoparticle stabilization using novel polymeric
organic and inorganic materials is being studied. The adsorptive and
reductive capabilities of nanoparticles have made them considerable
environmental remediation agents, particularly in situ processes. They
are cheap, non-toxic and effective for degradation of a wide range of
contaminants —organic and inorganic (Fig. 8). Furthermore, they can be
synergistically combined with other techniques such as chemical oxi-
dation and bioremediation, including activation of chemical oxidants
for increased effectiveness i.e. in situ chemical oxidation (ISCO) (Tables
4 and 5).

Saikia et al. (2017) have described an eco-friendly and relatively
cheap method for the ipso-hydroxylation of boronic acids to phenol
using silica-supported iron oxide nanocomposite as catalyst instead of
hydrogen peroxide (Schemes 1). This green approach evades the use of
drastic conditions such as high temperatures and toxic reagents/sol-
vents. From literature, about 4 mg of Fe,O;@SiO, was utilized as a
catalyst to obtain 98 % yield within two hours with water as the solvent

15

and at mild temperature (50°C). No product was formed when the re-
action was carried out under inert conditions or in the absence of the
silica-supported catalyst.

The complete fenton-like catalytic degradation of Rhodamine B, a
carcinogen, using green synthesized iron oxide nanoparticles in the
presence of hydrogen peroxide has been reported (Groiss et al., 2017).
Optimum reaction conditions were achieved with 1.11 mM nano-
particles synthesized from Cynometra ramiflora leaf extract and 2 %
H>0, within 15 min. This process is beneficial for wastewater treatment
and produces minimal sludge, which is a major disadvantage of tradi-
tional fenton-catalyzed mechanisms. Synthesis of reduced graphene
oxide/iron oxide based palladium nanoparticles (Pd/RGO/Fe30,4) from
the leaves of Withania coagulans - a bushy shrub used a ‘magic healer’
and commonly found in south east Asia has been reported (Atarod
et al., 2016). Reduced graphene oxide, prepared biologically by mixing
sonicated suspension of graphene oxide with aqueous extract of With-
ania coagulans leaves was reacted with ferric chloride solution. The
resultant mixture was stirred, refluxed and magnetically separated to
obtain RGO/Fe30, magnetic nanocomposite. Finally, palladium
chloride was gradually introduced into the as-prepared nanocomposite
to obtain Pd/RGO/Fe304 with average particle size of 7—13 nm. The
two-stage process for the synthesis of Pd/RGO/Fe30, (which was sub-
sequently applied as a recoverable and reusable catalyst) involved the
reduction of Fe*>* and Pd®* using the aqueous extract of Withania
coagulans leaves without further surfactants or coagulants. The syn-
thesized nanocomposite was applied for the catalytic reduction of 4-
nitrophenol to 4-aminophenol in the presence of sodium borohydride
and monitored with UV/VIS spectrophotometer. In the absence of the
nanocatalyst, 4-nitrophenol was gradually reduced as indicated by the
fading of the yellow colour to form 4-aminophenol within a minute. In
the absence of the nanocatalyst, there was no reduction and no ap-
preciable colour change was observed. Also, Pd/RGO/Fe;0, nano-
composite reduced 4-nitrophenol faster than RGO/Fe;0, nanocompo-
site, which is a pointer to the enhancing effect of palladium
nanoparticles on the former.

Xiao et al. (2017) have reported the removal of hexavalent chro-
mium from aqueous solution using zerovalent iron nanoparticles syn-
thesized from Syzygium jambos (L.) Alston leaf extract. Complete re-
moval of chromium is dependent on effect of nanoparticles dosage,
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Scheme 1. (a) Ipso-hydroxylation of boronic acid in water. (b) Proposed me-
chanism in ipso-hydroxylation of phenylboronic acid (Saikia et al., 2017).

temperature, pH of solution and initial concentration of chromium. As
dosage of nanoparticles is increased and concentration of chromium
remains unchanged, removal rate of metal ion increases due to in-
creasing availability of active sites. However, removal efficiency de-
creases as initial concentration of chromium is increased. Increasing
temperature from 20°C to 60°C increased removal efficiency by 15 %.
Chromium removal is also favoured at acidic pH due to electrostatic
attraction between the protonated nanoparticles surface and charge on
hexavalent chromium. An optimum condition for complete removal of
chromium was obtained with 0.5 mL of synthesized nanoparticles with
50 mg/L of chromium at room temperature and pH of 5.5. Similarly,
the adsorption of low levels of calcium and cadmium using coconut
husk extract-synthesized magnetite nanoparticles has been reported
(Sebastian et al., 2018). According to this study, more than 40 % of
cadmium and about 55 % of calcium were removed within 120 min
with most of the adsorption taking place within the first 30 min before
achieving equilibrium. Initially, the concentration of metal ions was
fixed at 50 mg/L and effect of nanoparticle dosage on adsorption pro-
cess studied. Increasing adsorbent dosage led to increase in active sites/
surface area and thus the amount of metal ions adsorbed increased until
saturation was attained. Also, as pH was increased from 2 to 6, there
was increased adsorption of the metal ions. At highly acidic pH, the
active sites were highly protonated, leading to electrostatic repulsion
between positive metal ions and the binding site. Also, metal adsorption
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was favoured at low and ambient temperatures compared to higher
temperatures such as 50°C. This is because high temperature distorts
the electrostatic balance between metal ions and binding sites as there
is increased kinetic energy.

The efficiency of iron nanoparticles synthesized from eucalyptus
leaves for in situ removal of total nitrogen, phosphorus and COD from
poultry breeding wastewater achieved 71.7 %, 30.4 % and 84.5 %,
respectively (Wang et al., 2014). Wei et al. (2016b) applied iron na-
noparticles synthesized from citrus maxima peels for the removal of Cr
(VI). Complete removal of Cr (VI) was achieved with Iron (III) solu-
tion:citrus maxima extract ration of 1:3 within 90 min. More so,
Fazlzadeh et al. (2017) has reported on the application of iron nano-
particles synthesized from three plant extracts for the removal of hex-
avalent chromium from aqueous solutions with efficiency greater than
90 % within 10 min. Application of green synthesized iron hex-
acyanoferrate nanoparticles for degradation of eight selected priority
PAHs in soil and water is available in literature (Shanker et al., 2017).
Initial concentration of these high molecular weight PAHs ranged from
50—250 mg L™ '. Almost all the PAHs were degraded at optimum pH of
7.0 to give non-toxic by-products with 80-90 % degradation of an-
thracene and phenanthrene within 48 h. The degradation pattern in soil
was similar to water (Table 6).

Adsorption studies on Congo red (a dye) using green synthesized
iron oxide magnetic nanoparticles from pomegranate leaves has been
reported (Prasad et al., 2017a,b,c,d). A mixture of the dye suspension,
synthesized nanoparticle and NaBH, were centrifuged and analysed,
achieving 93 % dye degradation within one hour. Iron oxide nano-
particles synthesized from tangerine peel extract was applied for ad-
sorption of cadmium, which is usually present as a trace metal in water
bodies (Ehrampoush et al., 2015). Maximum cadmium removal oc-
curred at pH 4 within 90 min. 90 % cadmium removal was obtained
and removal efficiency of the nanoparticle was determined based on the
residual cadmium concentration in the solution. Prasad et al.
(2017a,b,c,d) have utilized graphene oxide/iron oxide nanocomposite
as adsorbents for removal of Pb (II) from water. Removal efficiency of
the nanocomposite peaked at 96 % at pH 5 with rapid removal of lead
ions within half the reaction time of 80 min. Efficiency of the na-
noadsorbents is reported to be pH dependent. Further studies showed
that the adsorbents are reusable on treatment with acid to desorb Lead
(Pb) ions. More so, studies on degradation of methyl orange dye using
iron oxide nanoparticles synthesized from pisum sativum peels have
been reported (Prasad et al., 2017a,b,c,d). 96 % of the dye was suc-
cessfully removed within one hour at optimum pH of 6 and adsorbent
concentration of 0.3 g/L. Malachite green, an organic dye has been
degraded using nickel supported iron oxides nanoparticles synthesized
from Moringa oleifera leaves (Prasad et al., 2017a,b,c,d). UV -VIS
spectrometer analysis of the dye-nanoparticles mixture shows that over
90 % of the organic dye was degraded within 25 min. Complete de-
gradation of Dichlorvos, an organophosphorus insecticide, has been
achieved using protein capped zerovalent ions synthesized from yeast
extract (Mehrotra et al., 2017). Maximum degradation was observed
when 2000 mg/L iron nanoparticles were used in the presence of 1000
ul H,0, within 60 min.

Wei et al. (2017) reported the removal of hexavalent chromium
from solution iron nanoparticles synthesized from the leaves of a water
hyacinth. 90 % of Cr (VI) ions was removed from an initial con-
centration or 100 mg/L within 80 min. The removal efficient of green
synthesized nanomaterial was optimized at ratio of Fe®>*: plant extracts
of 1:1. Sajadi et al. (2016) reported the reduction of nitroarenes using
copper-supported on magnetite nanocatalyst. Sodium borohydride was
employed as reducing agent for the degradation process. Alone, NaBH,
did not degrade nitrobenzene, but with the introduction of the nano-
catalyst, 90 % degradation was achieved within 90 min. Removal of
methylene blue (an organic dye pollutant) from solution using iron
oxide nanoparticles synthesized from green tea polyphenols has
achieved 95 % removal efficiency within 16 min (Singh et al., 2017).
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Change in dye concentration on reacting with nanoparticles is de-
termined by measuring residual methylene blue in solution with UV/
VIS spectrophotometer. Degradation of amoxicillin, a common anti-
biotic has been studied in water and soil using nanoscale zerovalent
irons synthesized from oak leaves (Machado et al., 2017). 100 % and 53
% degradation of the antibiotic was achieved in water and soil re-
spectively after liquid chromatography analysis. Although complete
degradation of amoxicillin occurred within 95 min in aqueous solution
at optimum analyte:nanoparticle ratio of 1:15, it took 1800 h to achieve
53 % degradation in soil under similar conditions. This could be due to
nanoparticle-soil matrix interaction.

Nithya et al. (2017) have reported the removal of nickel from
aqueous solution with iron oxide nanoparticles synthesized from Lan-
tana camara fruit extract using atomic absorption spectrophotometer.
Studies were carried out to establish the effect of pH, varying nickel
concentration, adsorbent dosage, particle size, contact time and tem-
perature on nickel removal. As acidity decreases from pH 1-6, removal
efficiency increases, although at basic pH nickel will likely form metal
hydroxides. Hence, optimum pH observed is 6. At lower pH, there is
high desorption capacity, which is accounted for by the repulsion be-
tween H™ rich adsorbent sites and positively charged nickel cations. On
the other hand, at higher pH, higher adsorption capacity is obtainable
due to attraction between negatively charged groups such as hydroxyl
and carboxyl and positively charged cationic nickel ions. Thus, higher
pH facilitates favourable adsorption. Increasing concentration of nickel
ions increases sorption capacity but decreases adsorption efficiency due
to saturation of the adsorption sites. It was observed that the smaller the
adsorbent particle size, the greater the surface area with corresponding
increases in adsorption efficiency. At the beginning of the adsorption
studies, metal ions were sorbed rapidly but this slowed down as the
reaction progressed and can be attributed to initial availability of larger
nanoparticle surface area and negatively charged adsorbent sites.
Natarajan and Ponnaiah (2017) reported about 99 % removal of Blue
235 dye using iron oxide nanoparticles synthesized from Syzygium cu-
mini leaf extract within 4 h. Al-Ruqeishi et al. (2016) reported the na-
norod-based treatment for heavy oil viscosity. Iron oxide nanorods were
synthesized from mango tree leaves, blended with heavy crude oil and
microwaved for 80 s. Appreciable reduction in viscosity of heavy oil (up
to 50 % with 0.6 g/L nanorods) is achieved on addition of green syn-
thesized nanorods at 30-50°C. Microwave assisted extraction of metals
(Pb2*, cu®*, Cd®* and Hg?") from solution using magnetic iron oxide
nanoparticles coated with nanosilica layer has been reported
(Mahmoud et al.,, 2016a). Solution containing the metal ion was
brought in contact with the nanosorbent and microwaved at 1400 W
within 30 s with temperature ranging from 26 - 65°C. Efficient metal
sorption was achieved within 5 s.

Mahmoud et al. (2016b) described a modified co-precipitation
method for the synthesis of magnetic iron oxide nanoparticles coated
with amino-containing silica support. The synthesized nanosorbent was
applied for the sorption of some heavy metals (Pb®*, Cu*>*, Cd*>* and
Hg?*) from aqueous solution using microwave heating. The dissolved
metal ion, in contact with nanosorbent is microwave-heated for a short
time and sorbed to nanosorbent surface. Pb®>* showed better sorption
capacity than the other metals within 15 s. It was also observed that
sorbed metals were not desorbed with increase in temperature. Silica-
supported magnetic iron oxide nanoparticles coated with ionic liquids
have been applied for the simultaneous extraction and catalytic de-
gradation of contaminants such as organic dyes, proteins, flavonoids
and organophosphorus pesticides (Chen and Zhu, 2016; Chen et al.,
2015; He et al., 2014). The solid phase microextraction of three fla-
vonoids (luteolin, quercetin and kaempferol) using room temperature
ionic liquid (C16mimBr) and surfactant (CTAB) as coating agents on
silica-stabilised MIONPs has also been reported (He et al., 2014).
Maximum absorption of all three flavonoids using CTAB-coated
MIONP/SiO, ranged between 25-72 % while C;¢mimBr-coated
MIONP/SiO, showed better absorption (85-93 %). Polymer-supported
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magnetic ionic liquid nanosorbent has been utilized in the extraction of
organophosphorus pesticides from solution (Zheng et al., 2014). Dis-
persion of nanosorbent in six solvents for removal of OPPs was eval-
uated as well as amount of nanosorbent, reusability and reaction time.
Methanol proved to be an effective elution solvent, in comparison to
hexane and methylene dichloride. Optimum removal of pesticides was
achieved with 60 mg of nanosorbent within 1 min.

Hematite quantum dots and nanorods have been synthesized by
microwave and microwave-hydrothemal techniques respectively, ap-
plied for degradation of an organic dye and compared with commercial
hematite (Ahmed et al., 2014a,b). Microwave-assisted ionic-liquid
synthesized quantum dots, with average particle size of ~10 nm dis-
played better catalytic efficiency for the removal of methylene orange
compared with synthesized nanorods (with average diameter of 60 nm)
and commercial hematite due to its larger surface area. Gas sensing
properties of ionic-liquid synthesized hematite nanospheres have been
reported for detection of air pollutants (P. Wang et al., 2017). Nano-
particles were synthesized and calcined at high temperatures to obtain
better crystallization. Calcined hematite nanoparticles showed high and
improved sensitivity to acetone at 170 °C, likely resulting from the in-
creased pore size on calcination. Iron fluoride nanoparticles (FeF,-NPs)
have been synthesized in fluorine-containing ionic liquids using ami-
dinate precursors (Schiitte et al., 2017). FeF»-NPs have been widely
applied as cathodic materials in lithium ion batteries in most electronic
appliances. Non-agglomerated nanoparticles which were stable for
more than a month without need for extra stabilizers or surfactants
were obtained in ionic liquids. ([BMIm][BF4])-based synthesis yielded
NPs with smaller average sizes compared to the other fluorous ionic
liquids.

7. Fate, transport and toxicology of iron nanoparticles

Rapid advances in the field of nanotechnology have birthed growing
concern in the scientific community on the toxicity of nanoparticles on
humans and the environment. Owing to their unique morphological
features, particle size, surface energy, agglomeration/self-assembly and
synthesis process, nanoparticles interact strongly with enzymes in
living organisms and metals in environmental media. However, the
potential for toxicity is milder with biosynthesized nanoparticles in
comparison with physical and chemical processes. This is because toxic
capping and stabilizing agents such as hydrazine are rarely employed.
In a recent study conducted by Das et al. (2018), strain LS4- a De-
sulfovibrio bacterium was reportedly responsible for the in situ synthesis
of maghemite nanoparticles (Fe,O3) in saltpan sediments obtained from
Goa, India. Maghemite nanoparticles with an average particle size of 18
nm were magnetically separated from the sediments and characterized
using XRD, TEM, FTIR, SEM and EDX. Furthermore, in vitro synthesis of
maghemite nanoparticles was carried out in the laboratory using the
bacteria strain isolated from the saltpan sediment and similarly char-
acterized. Toxicological studies carried out with varying nanoparticles
dosage on Zebra fish embryo from the region showed developmental
impairment and DNA damage. Increasing nanoparticles concentration
correspondingly resulted in slower beat and hatching rate and increased
mortality of Zebra fish eggs. These resulted in larvae malformation and
proved that high concentration of maghemite nanoparticles in the re-
gion will have adverse effects on aquaculture.

8. Challenges and future perspective
However, there are certain drawbacks of nanoparticles biosynthesis.

a) Some researchers have argued on the side of food security, espe-
cially when fruits and vegetables are utilized during synthesis.
Although this is a relatively recent field of study, some studies have
reported the use of agro- and bio-waste as well as seaweeds and
indigenous herbs.
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b) In some case, there is need to separate synthesized nanoparticle
from biological material used.

c) The fate and transport of nanoparticles in the environment have not
been extensively studied and understood.

d) The mechanism of reaction for nanoparticle synthesis is not fully
understood presently. This is due to the diverse reactions between
different biological agents and metal ion precursors leading to for-
mation of nanoparticles with varying morphology. For instance, the
mechanism for microorganism-based formation of nanoparticles is
different with each biological agent (bacteria, fungi or yeast) for
extracellular or intracellular methods. While electrostatic attraction
between enzymes in the cell wall of microorganisms and metal ions
leads to bioreduction during intracellular synthesis, electron
transfer between enzymes and metal ions play a major role during
extracellular synthesis.

e) Generation and treatment of nanowaste: Iron nanoparticles parti-
cularly zerovalent irons are highly reactive and are transferable
from one medium to another. Waste generated from industries, if
not properly disposed/treated can lead to contamination of
groundwater, leading to transformation and interaction with soil
microbes and fauna.

f) Toxicological effects.

g) More research is required to identify locally available eco-friendly
sources of iron nanoparticles, particularly agrowaste.

h) Plant extracts of the same specie collected from different parts of the
world and analyzed in different laboratories can give varying re-
sults. In some cases, different parts of the same plant material such
as stem, leaf, bark and fruit give rise to formation of iron nano-
particles of varying morphology. There is need for more detailed
study on the active biomolecules responsible for capping and sta-
bilizing synthesized iron nanoparticles.
Nanoparticles synthesized by utilizing microorganisms are less
stable, with longer reaction time, less yield and narrower morpho-
logical variation compared with other green-based methods. Further
research in this area is needed by varying type of microorganism
and substrate used to obtain uniform, crystalline and monodisperse
nanoparticles.
j) Currently, there is absence of internationally accepted standardized
methods for the synthesis of nanoparticles and incomprehensive
characterization details, making it difficult to fully understand the
mechanistic pathways for synthesis of these compounds. This has
birthed the development of different methods for the synthesis of
different nanoparticles, depending on the end user/researcher,
without harmonization and global adoption of synthesis techniques.
Consequently, there is inconsistency in research output and diffi-
culty in predicting human health and environmental risk assessment
of nanoparticles.
Life cycle impacts and detailed risk assessment of the production of
iron nanoparticles has not been globally harmonized. This is of great
essence as more engineered nanomaterials become commercially
available by the day. For sustainable development, there is need for
further studies of the net benefits of green-synthesized iron nano-
materials while considering potential human health and environ-
mental impacts — from pre-production to commercialization, in
comparison with conventional alternatives.

i

=

k
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9. Conclusion

In this review, we have elaborated on greener techniques for the
synthesis of iron-based nanomaterials such as the use of green plants,
ionic liquids, microwave heating and microorganisms. In general,
bioactive components of plant materials provide capping and stabi-
lizing effects during synthesis thereby reducing nanoparticles growth
and agglomeration. We have provided an up-to-date appraisal of the
versatile applications of green-synthesized iron nanoparticles for en-
vironmental remediation and catalysis. There is growing research
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interest in the use of these eco-friendly materials for sorption of metal
contaminants such as nickel, cadmium, chromium and lead, degrada-
tion of organic pollutants such as halogenated hydrocarbons, dyes,
pesticides and pharmaceutical waste as well as heterogeneous catalysis.
Surface modification of iron nanoparticles has helped in the synthesis of
easily reusable magnetic nanoparticles, nanosorbents and nanocata-
lysts. Review of recent literature shows that considerably more work
has been carried out using plant materials compared with micro-
organisms. Comparatively, plant-mediated synthesis is less hazardous,
faster and more scalable industrially unlike microbe-mediated pro-
cesses, which require more aseptic conditions and cumbersome process
of maintaining cell cultures. While microwave-assisted plant-mediated
synthesis can be achieved within few minutes, microbe-dependent
processes are much slower, taking up to several hours or even a few
days. Additionally, there is a huge variety of plant species and parts
which can be utilized such as fruits, stem, bark, leaves and whole plant
of fruit trees, herbs, medicinal plants, algae and seaweeds. Microbe-
based synthesis also offers lower yield and limited variation in mor-
phology of synthesized nanoparticles. These factors, coupled with the
ease of accessibility of plant materials most likely accounts for the ex-
ponential research output within the last 5 years in area of plant-
mediated iron nanoparticle synthesis compared with other green-based
methods. Despite these varied applications in wastewater treatment,
catalysis, removal of organic and inorganic contaminants, there is need
for further study to overcome some of the challenges in understanding
subsurface mechanistic pathways, fate and transport of nanoparticles in
the environment and their toxicological implications.
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