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A B S T R A C T

The aim of the current work is the introduction of a quick and simple literature survey about the bio-fabrication of
the Alpha Hematite nanoparticles (α-Fe2O3) using the plant extracts green method. The survey manifested the
utilities of the environmentally friendly biosynthesis methods via extracting different plant species, some of its
important physicochemical properties, various instrumental analysis characterization tools, and potential
applications.
1. Introduction

1.1. Different types of iron oxide nanoparticles

Most of the transition metal ions like Fe, Co, Ni, and their compounds
can be used for the preparation of magnetic nanoparticles (NPs) [1]. Iron
is a particular element that can be occurred in diverse forms ranging from
zero to three-valence. Additionally, each iron compounds have different
characteristics, frommagnetic to ferromagnetic. Iron oxides (IOs) coming
under magnetic NPs are Magnetite (Fe3O4), Maghemite (γ-Fe2O3), He-
matite (α-Fe2O3), and Goethite (FeO(OH)) [1]. Hematite is a thermody-
namically more stable mineral than other IOs in the presence of oxygen
[2] and exhibits strong electron-electron interactions and
electron-photon resonances accompanied by complex electronic struc-
tures with interesting optoelectronic characteristics [3].

Hematite is the second common and major IOs. It is isostructural as
corundum (α-Al2O3) that consists of an intense structure connected to
iron III cation in octahedral coordination with oxygen in the hexagonal
closed-packing system. The crystallographic system of Hematite is hex-
agonal with the Miller parameters of a ¼ 5.0346 Å & c ¼ 13.752 Å. The
structure can be depicted as the stacking of iron III cation layers between
two layers of oxygen in the closed-packed system, connecting together by
a covalent bond. The structure was shown in a three-dimensional
framework developed along with trigonally distorted octahedral FeO6
associated with thirteen neighbors by one face, three edges, and six
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vertices. Because iron is in a trivalent state so, each one of the oxygen is
linked with just two iron III cations, and so, just two of three octahedrons
of oxygen available are used. This distinctive framework clearly makes
the system profitable without any deficit or excess in charge.

Generally, Hematite specific surface area ranges from 10 to 90 m2/g
[4, 5]. According to its particular electrical, optical and magnetic prop-
erties, the synthesis of α-HNPs has continued to develop in recent de-
cades [6].
1.2. Some of the most common and important activities of iron oxide
nanoparticles

1.2.1. The magnetic activity of iron oxide nanoparticles
Iron oxide nanoparticles (IONPs) are categorized according to their

response when there are exposed to an externally applied magnetic field.
Overview of the magnetic moment orientations in the particle helps to
identify the various types of magnetism found in nature. The magnetic
properties of such particles can be specified via dependence on the
magnetic induction B on the applied magnetic field H. Figure 1 and Ta-
bles 1 and 2 summarized the classification of materials according to their
magnetic behavior [7, 8]. Some materials like iron exhibit ferromagne-
tism that can bemagnetized permanently. The relationship betweenmost
materials B and H is linear: B ¼ μH; where μ is the particle magnetic
permeability. IOs show paramagnetism if μ > 1; and diamagnetism if μ <

1. In vacuum, μ ¼ 1. Alternatively, the magnetic susceptibility χ ¼ μ - 1 is
ecember 2020
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:mostafa.f@scinv.au.edu.eg
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2020.e05806&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2020.e05806
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2020.e05806


Figure 1. Permeability and different magnetic materials.

Table 1. Classification of magnetic behavior for different materials.

Material type Example Atomic moment Susceptibility

Diamagnetism Inert gases He, Ne, Ar, Kr, Xe, Rn
Metals as Cu, Ag, Au, Hg
Non-metals as B, P, S
Ions as Naþ, Cl�Molecules as H2, N2, H2O
Organic compounds

No magnetic moment Small and negative
About [-10�6: -10�5]

Paramagnetism Metals as Na, Al, Ca
Ions as transition metals and rare earth metals
Molecules O2

Oxides as rare earth elements

Randomly oriented magnetic moment Small and positive
About [10�5 to 10�3]

Ferromagnetism Transitions metals as Fe, Co, Ni
Some alloys of Mn as MnBi, Cu2MnAl

Parallel aligned magnetic moments Larger

Ferrimagnetism Magnetite (Fe3O4)
Mixed oxides of iron with other elements such as Sr ferrite
(SrFe12O19 (SrO⋅6Fe2O3))

Mixed parallel and antiparallel aligned magnetic moments Large

Anti-ferromagnetism Transition metals as Mn, Cr
Transition metals compound as MnO, CoO,
NiO, Cr2O3, MnS, MnSe

Antiparallel aligned magnetic moments Small and positive
About [10�5 to 10�3]
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used. Hence, paramagnetic NPs have χ > 0; diamagnetic particles χ <

0 and in vacuum χ ¼ 1 [9].
The important distinctive characteristic for the magnetic NPs is

superparamagnetic, which provides high stability and better dispersion
when the magnetic field is eliminated since there is no residual magnetic
force between the particles. When the NPs are so small below around 15
nm that the cooperative ferromagnetism tendency is no longer observed
and no permanent magnetization is available after the particles have
been exposed to an external magnetic field. The particles, however, still
exhibit very high paramagnetic properties with very high susceptibility
[10].

Particles whose unpaired electron spins are randomly coordinated to
enable the substance to manifest magnetism without being under a
magnetic field are termed ferromagnetic particles. Ferromagnetism is
such a collaborative effect because single atoms cannot manifest ferro-
magnetism, but once a sufficient amount of atoms are strongly coupled
together, ferromagnetic properties occur. We can observe permanent
magnetization when the ferromagnetic particles are excluded from the
magnetic field. Ferromagnetic materials, which are near to particle di-
mensions smaller than a specified range, are no longer ferromagnetic but
show super paramagnetism [11].

If a particle includes magnetic moments that can be associated with
an external magnetic field, this amplifies the field. These substances
demonstrate paramagnetism properties. On contrary to ferromagnetic
materials (ferromagnetism), after shielding the materials from the mag-
netic field, no permanent magnetization occurs in paramagnetic
2

material. Paramagnetism can be described by presupposing eternal
atomic magnetic moments that can be reoriented during an external
field. These moments may be either due to electron orbiting, or attrib-
utable to the atomic nucleus. The torque applied to these moments by the
external magnetic field helps to align them parallel to the field, which
then follows reinforces it [9]. Sato et al. proposed that magnetization loss
as particle size decreases is largely dependent on the energy constant of
the crystalline magnetic anisotropy, K. Smaller K constant shows lower
relative values of magnetization [12].

Super paramagnetism analyzes including microscopic, XRD, and
magnetometry studies suggest the decreased magnetization is attributed
to surface characteristics of the NPs. The lack of magnetization may be
directly attributable to the presence of a dead magnetic layer at about a
thickness of 1 nm caused by an asymmetric impact of the surface atoms
[12]. Lastly, investigations using spectroscopic analysis indicated a
spin-canting surface effect and had declared to be improved as the par-
ticle size and temperature decreased [13].

Particles synthesized from IOs tend to behave differently depending
on their size in the magnetic field. It was previously reported by several
researchers [14, 15] the dramatic shift in magnetic properties arises
when the particle size is decreased from micrometer to scale of a nano-
meter. Particles as superparamagnetic materials, when the size is small
enough (i.e. 6-15 nm) and they behave as ferromagnetic when the grain
size is in the micrometer range. Chatterjee et al. [16] reported that the
blocking temperature of the particles depends on magnetic conduct
(Blocking temperature is the transition temperature directly proportional
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to the particle size, between the ferrimagnetic and superparamagnetic
states), that in essence, depends on the size of the particles. Particles of
lower freezing temperature showed superparamagnetic properties, while
the higher blocking temperature of the particles revealed the ferromag-
netic nature. Although increasing in the superparamagnetic attitude of
particles with lower particle size, several authors recorded decreasing in
exacted magnetization values of saturation when the particle size is
lessened to less than 10 nm [17, 18].

Modification of the surface for the IONPs commonly results in the
creation of a non-magnetic surface owing to the deposition of an outer
layer of particles and the thickness of such a layer could be 1–20 nm [19].

The coating of particles with non-magnetic materials will lead to
decreasing in the magnetization values. Gomez-Lopera et al. [20] & Voit
et al. [21] reported that the surface coating of poly (lactide-co-glycolide)
polymer on IONPs was observed to decrease the magnetization of par-
ticles to around half that of pure magnetite and the initial magnet-
ization–magnetic field dependence, in this case, is steeper. Voit et al. [21]
conducted the superparamagnetic IONPs' magnetic activity in ferrofluids
coated with different polymers, such as sodium oleate, polyvinyl alcohol
(PVA) starch. They observed that the IONP's surface coating with either
of these polymers resulted in decreasing in saturation magnetization
values (Ms) of the particles. They also observed that the values of particle
sizes determined from the magnetization data were smaller than those of
the values calculated by XRD and TEM measurements, which may be
assigned to a magnetically ineffective layer on the particle surface [22].
Weak ferromagnetism below the Morin transition at 260 K for α-Fe2O3

NPs with truncated hexagonal bipyramidal morphology is shown due to
the high surface energy of the exposed (101) and (001) facets [23].
Table 2. Atomic/magnetic behavior before and after applying the magnetic field.

Material type Before

Diamagnetism

Paramagnetism

Ferromagnetism

Ferrimagnetism

Anti-ferromagnetism
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1.2.2. Electric activity of IONPs
As the most stable IOs and n-type semiconductors under long term

conditions, α-Fe2O3 are widely used as catalysts, pigments, and gas
sensors due to their low cost and high corrosion resistance. It may also be
used as a starting substrate for magnetite synthesis (Fe3O4) and maghe-
mite (γ-Fe2O3), which intensively sought both for basic scientific in-
terests and for technical uses in the last few years [24]. Hematite is an
n-type semiconductor with an energy band gap in the range 2.1–2.3 eV
[25, 26], where the conduction band is composed of empty d-orbitals of
Fe3þ and the valence band consists of occupied 3d crystal field orbitals of
Fe3þ with some admixture from the O 2p non-bonding orbitals [25].

1.2.3. Biological activity of IONPs
Indeed, the biological properties of NPs are strongly associated with

the physio-chemical nature of NPs as well as the capping molecules
employed in salt precursor reduction and on the surface of NPs immo-
bilize. The most probable explanation is the usage of biological products
in the production of NPs, such as phenols, aldehydes, ketones, reducing
acids, alkaloids, flavonoids, and, or, etc. The free radical scavenging ef-
ficacy has a direct relationship to antioxidant properties as well as
behavior-like phenolic and flavonoid molecules [27, 28, 29].

The bioactive constituents adhered to the surface of the NPs are
responsible for these efficacies. Likewise, these properties are also related
to the biological applications of NPs. The mildly radical scavenging
behavior is effective in the struggle against oxidative stress whereas the
low quantification present of phenolic and flavonoid ingredients during
biological applications does not have any extra cell burden [30].

There are two potential pathways proven against Gram-positive or
Gram-negative bacteria for the α-HNPs as an antibacterial agent. As these
After Curve



Table 3. Adsorption maximum capacity survey of α-HNPs against different adsorbates for water treatment.

Adsorbate Maximum capacity (mg/g) Ref

Cephalexin 70 [68]

Acetylsalicylic acid 60.189 [69]

As (V) 75.3 [70]

7.6 [71]

51 [72]

Congo red dye 160 [70]

53 [73]

66 [74]

Heavy metals pH [75]

4 6 8

Pb 4.69 7.24 120.00

Cd 31.20 37.40 263.00

Cu 46.00 84.80 98.40

Zn 10.30 13.30 131.00

Asphaltene 29.97 [76]

Cr (VI) 200 [77]
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α-HNPs are extremely stable in the atmospheric environment, there is
less contribution to antibacterial activity from the release of the metal
ion. Through comparison, UV promotes the generation of reactive oxy-
gen species that are produced from the defect sites of α-HNPs or visible
light electron-hole pairs. The electron-hole pairs that have been produced
will help generate reactive oxygen species such as superoxide radical
anions (O2

�-), hydroxyl radicals (�OH), etc. [31]. Besides, various in-
teractions such as electrostatic, dipole-dipolar, hydrogen bond, hydro-
phobic, and Van der wall interactions are responsible for disrupting the
cellular structure and disrupting and disorganizing membranes [32].

Reduction potential determination of the plant extract considers a
convenient tool to confirm the reduction role of the polyphenols and
flavonoids present in the plant extract. Where it determines the ability to
reduce the metal ions precursor as in our case study of iron, where the
standard reduction potential is 0.44 V [33]. This reduction process is
spontaneous and conceivable if the reduction potential of the used plant
extract is located at the standard reduction potential of the polyphenols
in the leaf extract 0.534–0.540 V [34]. The capping organic constituents
especially polyphenols and flavonoids cause an increase in the surface
charge of the formed NPs and thus stability enhancement was achieved
by aggregation inhabitation [35].

1.2.4. Antimicrobial activity of IONPs
Over the last three decades, where traditional pharmaceutical

methods have been widely used for antibacterial and antifungal thera-
pies. This allowed these microorganisms to mutate and reproduce the
newmedium to continue with its adaptability and life. But, to combat the
current conventional therapies, these microorganisms are in continuous
production on their own. Scientists researching solutions thus have to
actively study for best and safer ways to suppress and remove these mi-
croorganisms in their new type. Many recent aspects of studies have
included the use of gold, silver, and iron NPs/NMs to be used by Gram-
positive and Gram-negative bacteria as a wide spectrum antibiotic.
Studies have also been developed and applied to include the use of such
α-Fe2O3 NPs as an antifungal for different organisms [32, 34, 36, 37, 38,
39, 40, 41].

1.2.5. Anticancer activity of IONPs
Studies for some elements began involving almost all of the nano-

particles (NPs). The study launched with Au NPs in-vitro experiments to
be used as an aid in the treatment of some forms of tumors and cancers
[42]. The studies manifested predictions that were very promising in
these fields. Continuous progress has not yet stopped concurrently
seeking healthy, sustainable, and economical approaches, beginning
4

with the synthesis of these particles in an environmentally-friendly route.
Therefore, observations in the use of these NPs have been replicated as
shown by laboratory work attributable to their lethal properties for some
of those diseases. IONPs have not frequently been the center of concern
relative to Au NPs and Ag NPs, but they are now the field of interest for
most researchers and scientists due to the characteristics that allow them
to succeed in this region. Many trials of α-Fe2O3 NPs have been
encouraging for use as an option in the treatment of some tumors and
specific cancers [2, 30, 43, 44, 45, 46].

1.2.6. Purification and aquatic environment treatment
Several types of fabricated nanomaterials (NMs) have been developed

and are encountering applications in diverse areas, from personal care
products to large-scale composites of structures. The unique, special
physicochemical and surface properties of the ultra-scale NMs were used
to create groundbreaking approaches to many daunting environmental
issues. Significant efforts are ongoing to improve and investigate the uses
of NMs in applications such as membrane isolation, catalysis, adsorption,
sensing, and processing with a view to improved environmental safety
[47, 48]. NPs of many metals and metal oxides give some good kinetics
and improved sorption or catalytic ability for many
environmental-significant reactions because of their incredibly high
surface area to volume ratio. Metal oxide NPs such as Al (III), Ti (IV), Fe
(III), and Zr (IV) oxides are biologically friendly and have amphoteric
sorption behaviors. They can serve as Lewis acids (electron acceptors) or
bases (electron donors), depending on the pH. Consequently, they can
bind transition metal cations including Cu2þ, Pb2þ, Zn2þ, and Ni2þ; and
anionic ligands, including phosphate and arsenate. Since the sorption
sites primarily occur on the surface, due to their high area-to-volume
ratio, the metal oxides give very high particular sorption potential at
nanoscale sizes [49].
1.3. Some of the applications for the magnetic NPs

Noble NPs could be used as catalysts for organic degradations and or
transformations but it is difficult to separate these NPs from the mixture
of reactions and remains a significant task. A lot of researches has been
conducted on the processing of magnetic NPs to solve the above major
problems. Recently, magnetic NPs have emerged as sustainable, effec-
tive, and readily accessible alternatives to traditional materials and are
used for various organic degradation/transformation as heterogeneous
catalysts [50].

IONPs are of relevance to the researchers because of their unique
electromagnetic property, optical property, etc. In addition to these



Figure 2. Simple green biosynthesis scheme of nanomaterial formation.
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properties due to the other considerations such as low cost, adequate
availability makes it more useful for different applications.

Generally, α-HNPs can be used in photocatalytic, gas sensors, lithium-
ion batteries, photoelectrochemical cells, and humidity sensors due to
properties such as high corrosion resistance and semiconductor [43].
Several application included using of magnetic NPs as, cellular label-
ling/cell separation [51, 52, 53, 54], detoxification of biological fluids
[55, 56], tissue repair [57], drug delivery [16, 58, 59, 60], magnetic
resonance imaging [61], hyperthermia (heat) in the treatment of ma-
lignant tumors [62], magnetofection [63], cytotoxicity [64], antibacte-
rial and UV protection effect [65], wet-type solar cell [66].

Also, α-Fe2O3 has been considered for a wide variety of uses, as it is
readily available, non-toxic, and environmentally safe, hardly influenced
by oxidation changes [26].

Over the last decade, increased studies have been carried out of many
forms of IOs in the magnetic field NPs (including the Fe3O4 magnetite,
iron II&III oxides mixture, ferrimagnetic, superparamagnetic when its
particle size is less than 15 nm), γ-Fe2O3 (Maghemite, ferrimagnetic),
α-Fe2O3 (Hematite, weakly ferromagnetic or antiferromagnetic), FeO
(Wüstite, antiferromagnetic), (ε-Fe2O3 and β-Fe2O3) [67].

The green methods alternative in NPs preparation are fairly simple,
effective, and environmentally sustainable, as it minimizes the environ-
mental hazards by using non-toxic, recycledmaterials due to their greater
surface-volume ratio.

The synthesized α-HNPs have been directed to use as a catalyst or
adsorbent agent to minimize or eliminate the high toxicity materials like
dyes, pharmaceuticals, heavy metals, and industrial wastes as shown in
Table 3.

1.4. Different preparation methods of α-HNPs

α-HNPs may be synthesized from physical, chemical, or biological
routes using many methods. Sol-gel [78, 79], emulsion
precipitation-calcination route [80, 81], bacterial growth [82, 83],
thermal decomposition [23, 84], laser ablation [85, 86], vapor-solid
5

growth techniques [87, 88], self-assembly method [65, 89], hydrother-
mal method [90, 91], biosynthesis “protein capping” [92, 93].

These processes, nevertheless, typically require special equipment,
extreme pressure, and temperatures, templates, or substrates, which
experience difficulties with prefabrication and post-removal of the tem-
plates or substrates and generally lead to impurities that are worse, toxic
byproducts.

1.5. Importance of the green chemistry in IONPs preparation

Green chemistry can be defined as “A set of principles which de-
creases or eliminates using or formation of hazardous substances in the
manufacturing design, and chemical products application [94, 95].

The principles of green chemistry can be summarized as mentioned in
1998 by Anastas and Warner at 12 points as the following [94]:

▸ Minimization of waste generation.
▸ Increasing the amount of desired production yield against the amount

of production waste.
▸ Employing less hazardous synthetic methods.
▸ Designing the chemical products that keep their function without

toxic effects.
▸ Implementation of solvents that minimize overall toxicity effects

within chemical reactions.
▸ Enhancing energy use as processing at ambient conditions if possible

for example low temperature.
▸ Synthesis significant source of chemicals and fuels that reduce the risk

of loss.
▸ Usage reduction from derivatives such as blocking groups.
▸ Accuracy selection in catalytic reagents to use.
▸ A toxic-free, degradable chemical design.
▸ Using the real-time analysis to monitor the hazardous material for-

mation manufactured.
▸ Reduce potential accidents by using more saver chemical reagents.
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1.6. Advantages of the use of plants over other green methods as bacteria
and fungi

Utilization of plants has many advantages such as no need for prep-
aration of culture media and isolation maintenance, economic, envi-
ronmentally friendly, safe, stable and non-toxic, short production times
for synthesis, and easily scaled up for large-scale production of nano-
materials. Moreover, the most important effective role as a reducing-
coating-stabilizing agent in the ambient conditions, and also there is no
need for high temperature as in hydrothermal methods [96].

The stability of the synthesized nanoparticles is a vitally important
demand in the processing and storage of ferrofluids. Organic compounds
are also used to passivate the surface of the IONPs to prevent agglom-
eration before or during the preparation process. Hydrophobic surfaces
with a high surface-area-to-volume ratio are the key causes for magnetic
IONPs because there is no sufficient surface coating, and the hydrophobic
interactions between the NPs can allow them to accumulate and form
large clusters, contributing to increased particle size. Also, some bioac-
tive molecules are often used to improve their biocompatibility. The
bioactive molecules may be hydroxylic groups, aldehydic groups, car-
boxylic groups, amino groups, etc. The source of these organic constit-
uents may be such as polymers, vitamins, proteins, amino acids, liquid
plant extracts, sugars, etc. Similar to other biological routes such as yeast,
bacteria, algae, and fungi, plant extract has many economic advantages
including reduced period and removal of the tedious cycle such as cell
culture maintenance. The plant extract approach has gained growing
attention in nanotechnology due to its low-cost, high-efficiency, non-
toxicity, and eco-friendly characteristics. Green chemistry conducting in
nanotechnology including uses of plant spices and herbs has elevated
levels of the active antioxidant, terpenoids, alkaloids, flavonoids com-
pounds including the reduction of metal ions precursor as carbohydrates,
polyphenols, nitrogen bases, and amino acids, surges. Synthetic methods
for plant extract can be sufficiently scaled up for large-scale
manufacturing; the process can also be commercially feasible.

The biosynthesis of NPs has been regarded in recent years as a more
biologically friendly, sustainable, greener, and cost-effective alternative
to chemical and physical processing methods. To extend the researches
and applications of the IONPs for biological activity [67].

Considerable efforts have been dedicated in the last decades to the
design and regulated processing of nanostructured materials with new
complex functional properties. Bioactive molecules especially present in
the different plant extracts were being treated for IONPs made to provide
high potential use in many fields, especially for good bio-compatibility
applications. Figure 2 can summarize the biosynthesis method of a
nanomaterial as a general green route for the synthesis of the
nanomaterial.

1.7. Biosynthesis mechanism of nanomaterial

Generally, the basic mechanism of formation for the NPs, which
include nucleation and particle formation via plant extracts, is not
recognizable till now. But there are a few appreciate suggestions that
were being introduced for the formation mechanism interpretation that
depending on complex formation after reduction/oxidation reaction for
the iron ions at the first [97, 98, 99]. However, studies indicate that the
phytoconstituents (primary and secondary metabolites) in the plant
extract play a significant role in the biosynthesis of NPs. In particular,
these compounds, as (polyphenols, proteins, flavonoids, tannic acids,
terpenoids, alkaloids, sugars, amino acids) especially contain carbonyl,
hydroxyl, and amino groups or rich via electron cloud groups that act as
natural antioxidants to reduce carcinogenic metal ions to NPs [35, 47, 96,
99, 100, 101, 102, 103, 104, 105, 106, 107, 108].

FTIR spectroscopy technique was mostly conducted to investigate the
responsible bioactive constituent molecules for the formation of the
nanomaterial. All the obvious results confirming that the effective role of
the phytoconstituents in the formation of the nanomaterials. This can be
6

realized by comparison the sharing of the similar function groups that
present in the plant extract and that were be found in the formed
nanomaterials. These organic bioactive constituents have a great impact
on the reduction, stabilization, and capping processes on the surface of
the as-biofabricated nanomaterials and improve the physicochemical
properties of the later [41, 43, 96, 109, 110, 111, 112, 113].

According to a lot of the diversity of the contents of the bioactive
constituent molecules that present in deferent plant extracts; the mor-
phologies and size of nanoparticles were varied [96].

2. Characterization and instrumental and method analysis

Recently, the scientific research has been primarily directed to ensure
the precision and accuracy of the results and their validity in terms of
repeatability, robustness, and rigidity for the need to keep track and to
carry out periodic maintenance requirements for the analysis instruments
through calibration and the validation implementation for using of the
analysis methods, according to specific rules, conditions and regulations
and standard operating procedures [114, 115, 116, 117, 118].

Many techniques of instrumental analysis maybe use under the
characterization section as the following:

2.1. Formation of NPs

UV-Visible spectroscopy can be helpful in the measurement of the
characteristic surface plasmon resonance in the range of 200–800 nm
[107].

2.2. Extraction of NPs

Different separation methods maybe use as direct precipitation,
Buchner filiation, and centrifugation [119].

2.3. Surface morphology structure and particle size analysis

Particle size in nanoscale and morphology are parameters of critical
importance for NP formation and applications. This can be achieved
using many techniques as scanning electron microscopy (SEM) [120] and
Atomic force microscopy (AFM) [121] for size and morphology studying,
Dynamic light scattering (DLS) [122] for the geometry of NPs study, and
size distribution determination and quantify the surface charge of NPs
suspended in a liquid, Transmission electron microscopy (TEM) [123]
also used for shape and particle size determination.

2.4. Optical and electrical properties of nanoparticles

As mentioned previously; Uv-vis used in optical propertied determi-
nation as band gap, transition type determination (direct or indirect;
allowed or not allowed) [107, 124], Fourier transform infrared (FTIR)
[47, 125] used for identification and functional groups determination
that associated with NPs as –OH; –NH; –C¼O; –CO; –C¼C; -CH groups,
etc…, Photoluminescence (PL) is an important method for estimating
semiconductor purity and crystallinity performance and disorder amount
estimation present in the lattice structure. Photoluminescence has a wide
variety of uses including energy band gap estimation, level of impurities,
and identification of defects, understanding of the mechanism of
recombination, quality monitoring of materials, molecular structure, and
modeling of the crystallinity [96].

2.5. Surface charge determination

Stability of the formed NPs which indicates the potential application
that may be used. It can be easily determined using Zeta potential that
measures the NPs colloidal stability, surface charge, and surface hydro-
phobicity [120].



Figure 3. Different and common instrumental analysis tools used in NMs
characterization.
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2.6. Thermal properties

Thermal analysis (TA) is used with time and temperature to deter-
mine the chemical and physical properties of any sample as a mass loss
against temperature increasing as Thermal Gravimetric Analysis (TGA).
Differential Scanning Calorimetry (DSC) used for measuring the heat
released (endo or exothermic reactions) can be realized thoroughly heat
changed transformations [124].
2.7. Chemical composition analysis

Energy dispersive spectroscopy (EDS) mapping that determines the
elemental composition of NPs [126] and inductively coupled plasma
mass spectrometry (ICP–MS) for determination of elemental analysis
[116].
2.8. Structure analysis

Powder X-ray diffraction (XRD) used for purity; crystallinity, crys-
tallographic system, and particle size determination from Bragg's law
[47, 96, 107].
2.9. Magnetic properties

Vibrating Sample Magnetometry (VSM) can be used for the magnetic
behavior of NPs to determine the property of paramagnetism or
diamagnetism. It gives more data about the material type if it is strongly
attracted by the magnet or magnetic field classified as a (Ferromagnetic
materials) if the material is not strongly attracted to the magnet is known
as (paramagnetic material) but if it has been found in a strong magnetic
field and magnetized if the material repelled against the magnet; it
considers as a (Diamagnetic material) [127].

Figure 3 is a simple diagram that shows the most common and
important instrumental analysis tools for nanomaterial characterization.

3. Biosynthesis of α-HNPs using different plant extracts and their
applications

According to our investigated literary survey that we have, Bashir and
his co-workers are considered to have the forefront in the field of green
preparation for α-HNPs in 2013 using plant extract. The studies and
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researches have been begun and carried out to develop scientific re-
searches production in this exploration area.

Bashir et al. [66] issued their paper entitled “Green synthesis of
mesoporous hematite (α-Fe2O3) NPs and their photocatalytic activity”
using the extract of green Tea (Camellia sinensis) leaves. SEM analysis
demonstrated that the product consists of NPs with sizes ranging from
40-80 nm, also some aggregated particles of size around 100 nm were
observed; while TEM revealed that the particles were found to be
spherical in shape and pores. The resultant data of XRD were found to be
identical with the α-HNPs rhombohedral pattern with high crystallinity
when the bio-synthesized NPs were be annealed at high temperatures up
to 180 �C. The average crystal size for the as-prepared α-HNPs was
calculated and found to be about 33 nm using Debye-Scherrer's equation.
Thermal profile and stability were evaluated using TGAmanifesting mass
constant beyond 400 �C to 700 �C. Four absorption peaks were appeared
in UV-Vis-NIR spectrum 290–310 nm, 485–550 nm, 640 nm, and 900 nm,
moreover, the absorption intensity of the first two absorption peaks
which assigned to the formation of α-HNPs. The surface area of
as-prepared α-HNPs was found to be 22.5 m2/g which found that higher
than commercial hematite 6 m2/g with Four times. The photocatalytic
activity was conducted under visible light irradiation for terephthalic
acid indication the ability of the as-biosynthesized α-HNPs as a superior
catalyst. Also, the as-prepared α-HNPs were successfully applied in the
wet-type solar cell.

The research paper survey was conducted within the period
2014–2020, which was interested in the use of different plant extracts for
various parts of the plant for synthesis of α-HNPs. The dependence for the
iron metal ion precursors reduction processes was in whole or in part of
the organic components present in plant extracts like polyphenols, fla-
vonoids, and other bioactive constituents as well as the primary role of
using them as capping or stabilizing for the obtained NPs.

In 2014, in two separate experiments; Curcuma and Tea leaf extract
were used by Alagiri and Hamid [128] as a reductant and stabilizer agent
to synthesize α-HNPs. Based on XRD resultant data for each sample, the
as-synthesized material confirmed to pure crystalline α-HNPs rhombo-
hedral phase, the crystallite size was evaluated by Debye-Scherrer
equation and it was found to be 4 and 5 nm as Curcuma and Tea leaves
extract α-HNPs respectively. The morphology was investigated using
SEM analysis revealing similarity in spherical-like shape with uniform
size distribution for each sample. For α-HNPs prepared using Curcuma;
the UV-Vis absorption spectrum was checked and manifested three ab-
sorption peaks at 561, 442, and 272 nm whereas the α-HNPs prepared
using Tea leaves extract revealed absorption peaks at 551, 430, and 272
nm. The direct optical band gaps were calculated and found to be 2.2 and
2.25 eV for the prepared α-HNPs using Curcuma and Tea leaves extract
respectively. According to FT-IR results, the possible mediation of poly-
phenols, flavonoids, and other expected biomolecules in the synthesized
NPs have been understood. Photocatalytic activity of the visible light
irradiation using α-HNPs as a catalyst for methyl orange pollutant
aqueous solution degradation was conducted giving a very satisfying
performance for getting rid of the organic contaminant.

Debasis Nanda in 2015 [129] introduced his master thesis entitled
“Green Synthesis of IONPs” where he reported that the ability to prepare
α-HNPs using green Tea leaf extract. FT-IR analysis of the green Tea
extract and the as-prepared NMs was be conducted to ascertain the
capping function of the organic constituents present in the extract to be
adsorbed on the NMs. The nature of the as-prepared NMs morphology
also has been studied using TEM & FESEM which assure the rod-shaped
merit, diameters of the formed rods were determined and found to be in
the range 130–150 nm for length and 20nm for width. XRD character-
ization was investigated for the as-prepared NMs, α-HNPs in the crys-
talline phase with an average crystal size of 28.9 nm using the Scherrer
equation was to be realized.

Also in the same year, Atta et al. [44] used the thermal decomposition
(calcinated at 600 �C) of the ferric green synthesized complexes of hip-
puric acid, itaconic acid, and tyrosine amino acid to synthesize α-HNPs.
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The XRD data indicated that a single-phase α-HNPs formation particle
size ranging from 20 to 60 nm. They reported that the SEM images of the
synthesized α-HNPs are dependent on thermal decompositions which
appeared as uniform spherical and hexagonal shapes with particles size
5–50 nm. TEM morphologies of synthesized NPs using thermal decom-
position also were conducted which revealed as spherical NPs in the
range 5–50 nm in harmonization with the resultant SEM data. The
cytotoxic activity against the breast carcinoma cells (MCF-7 cell line) was
studied and IC50 was found to be within the 3.10–3.81 μg/mL. The
characteristic spectrum for the synthesized NPs was investigated using
FT-IR which revealed about at range below 750 cm�1.

Muthukumar et al. [35] studied the biogenic synthesis of α-HNPs
using Amaranthus dubius leaf extract as a reducing agent in 2015. Results
showed that Amaranthus dubius extract mediated NPs are spherical with a
cubic phase structure and a diameter range from 43 to 220 nm with less
aggregation. XRD analysis indicated that synthesized NPs were rhom-
bohedral crystalline in structure. An absorption peak at 214 nm was
investigated at acidic extract pH 4 where the absorption peak was shifted
to 300 nm due to agglomeration of NPs at basic extract pH 9. SEM image
showed a sphere-like morphology with less aggregation and sizes that
approximately range 60–300 nm. Amaranthus dubius mediated α-HNPs
for decoloration efficiency against methylene orange and antioxidant
against 1, 1-diphenyl-2-picrylhydrazyl (DPPH) were studied. The
Zeta-potential value of α-HNPs was conducted showing an increase from
-44 to -66 mV, it assessed the good stability of the synthesized NPs. The
high negative values of zeta-potential may be attributed to the poly-
phenolic constituents capping present in the extract which confirming
their stabilization role for the synthesized NPs. Muthukumar and his
co-authors recommended that the green α-HNPs could be used effectively
in environmental applications and also to address future biomedical
concerns.

Jitendra and his co-authors [130] also in 2015 published their paper
entitled “α-Fe2O3 hexagonal cones synthesized from the leaf extract of
Azadirachta indica and its thermal catalytic activity”. At room tempera-
ture, α-HNPs were bio-synthesized in a short reaction time of about two
minutes, and the reaction solution was changed instantly to assure that
NPs formation. UV-Vis spectrum showed an absorption peak around 565
nm, indicating the formation of α-HNPs, and the energy band gap was
calculated and found to be 2.19 eV which found quite high when
compared to the bulk α-Fe2O3 indication that NPs formation according to
decreasing in the particles size. Thermal stability also was be evaluated
using TGA-DSC analysis manifesting on the stability up to 600 �C with
residual content of about 79 % of pure α-HNPs. The average crystallite
size from the XRD data was found to be around 38.2 nm and the crystal
system found to be matched the corresponding rhombohedral phase of
α-HNPs with crystalline nature. Hexagonal cone-like morphology was
revealed using FESEM analysis with an average diameter of 400–500 nm.
HRTEM revealed that the lattice spacing equals 0.525 nm which was in
excellent agreement with the lattice spacing of rhombohedral Hematite.
Jitendra et al. reported that the green synthesized α-HNPs can be used as
an efficient catalyst for enhancing the thermal decomposition of
ammonium perchlorate and the combustion of composite solid
propellants.

In 2016, a biogenic synthesis of α-HNPs was conducted by Alex et al.
[32] using the extract of Guava (Psidium guajava) leaves. They reported
that the as-phyto-synthesized α-HNPs was in crystalline in nature, high
purity with a rhombohedral crystallographic systemwhich demonstrated
using XRD with average crystallite size 34.1 nm. UV-Vis-NIR absorption
spectrometric analysis revealed four absorption peaks at wavelengths
347 nm, 543 nm, 652 nm, and 849 nm. The Pl spectrum showed an
emission peak at 688 nm when the α-HNPs was excited at 460 nm. The
direct & indirect band gaps were be estimated and found to be 1.71 eV
and 1.56 eV respectively. The VSM study was conducted and revealed
that the observed Ms of the synthesized sample was 0.3152 emu/g. A
quasi-spherical shape morphology was illustrated using SEM analysis.
The antibacterial efficacy against E. coli and S. aureus pathogens were
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conducted and revealed a high antibacterial activity for the as- Phyto
synthesized α-HNPs.

In 2016 also, a greener and eco-friendly one-pot method for synthe-
sizing α-HNPs using ultrasonic irradiation of iron (III) oxide solution
containing the aqueous root extract of Arisaema amurense was reported
by Kannan and Sung [2]. They used many and different techniques for
the characterization of the as-fabricated NPs. UV-Vis absorption spec-
trum manifested a peak at 570 nm indicating the formation of α-HNPs.
FT-IR results indicated the presence of stabilizing groups on the surfaces
of the formed NPs. The purity of α-HNPs was assured using XRD analysis
showing an average crystallite size of about 23.98 nm using the Scherer
equation. TEM outcomes revealed that the formed α-HNPs near-spherical
with an average size of 24.55 � 6.9 nm. SEM showed slightly agglom-
erated NPs sized about 100 nm. The thermal analysis also has been
checked using TGA showing thermal stability of 30 % from the initial
mass up to 990 �C approximately. At room temperature, VSM analysis
confirmed the ferromagnetic nature of the α-HNPs with Ms at 1.25
emu/g. Cyclic voltammetry study results explored the electrochemical
behavior of the as-fabricated NPs. Zeta potential results manifested
moderate stability at -23.3 � 6.83 mV value. Cytotoxicity to human
keratinocytes CRL-2310 was conducted indicating that IC50 for the syn-
thesized α-HNPs equal 800 μg/mL.

Hager and her co-workers [98] in 2017 issued their paper entitled
“Green synthesis of α-Fe2O3 using Citrus reticulum peels extract and water
decontamination from different organic pollutants”, Mandarin peels
“Citrus reticulum” consider as a way for the recycling of domestic waste
into a valuable product. The as-formation of α-HNPs was depicted using a
UV-Vis spectrophotometer where an appearance of the broad peak in the
range 318–608 nm with maximum absorbance at 384 nm; the energy
band gap was calculated and found to be 2.38 eV. Thermal profile and
stability were conducted using TGA revealed mass constant beyond
650�-800 �C. FT-IR analysis assured capping process with organic con-
stituents that appeared in the α-HNPs spectrum. The resultant data of
XRD were found to be identical with the pure crystalline α-HNPs rhom-
bohedral pattern after annealing up to 800 �C. The average crystalline
size for the as-prepared α-HNPs was calculated and found to be about
57.59 nm using Debye-Scherrer's equation. SEM analysis of the calcined
α-HNPs demonstrated that porous sphere-shaped particles with rough
surfaces; where TEM revealed the aggregates of porous, irregular, rough,
and quasi-spherical shaped particles with particles size between 20 and
63 nm which approximately agreed with that calculated of XRD. VSM
analysis recorded that Ms ¼ 2.4168 emu/g which revealed weak ferro-
magnetic behavior. The photocatalytic activity was explored under
visible light irradiation against different organic pollutants indicating
that the conclusive ability of the phyto fabricated α-HNPs as a superior
catalyst.

In 2017 Silvia et al. [34] conducted the synthesis of α-HNPs using
Cynometra ramiflora extract. SEM images showed discrete spherical sha-
ped particles. The XRD results depicted the crystalline structure of
α-HNPs. FT-IR spectra portrayed the existence of functional groups of
phytochemicals which are probably involved in the formation and sta-
bilization of NPs, the synthesis of α-HNPs was confirmed where the bands
less than 800 cm�1 corresponds to the vibration of Fe–O bonds. The
α-HNPs exhibited effective inhibition against E. coli and S. epidermidis
assuring its antibacterial role in drug development. Furthermore, the
catalytic activity of the α-HNPs as a Fenton-like catalyst was successfully
investigated for the degradation of Rhodamine-B dye; so, this outcome
could play a prominent role in the wastewater treatment.

As well in 2017 Rajiv et al. [36] selected the green route for the
synthesis of the α-HNPs using Lantana camara leaf extract. In this study,
the UV-Vis absorption spectrum revealed a wide absorption peak at 370
nm. In their investigation, FT-IR was conducted to confirm that the
biomolecules that present on the shell of bio-synthesized α-HNPs corre-
sponding to that present in the plant extract to prove the capping process.
XRD analysis also was performed, the obtained peaks were broad with
particle size between 10-20 nm. They evaluated the biological activities
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for the as-prepared α-HNPs P. aeruginosa at a concentration of 100
μg/mL. Assessing the effect of the as-prepared α-HNPs on seed germi-
nation, shoot and root development in Vigna mungo was conducted; the
highest percentage of seeds was germinated (87 %) at 200 ppm con-
centration of synthesized α-HNPs.

α-HNPs were successfully synthesized using Cyperus rotundus L. by
Nagaraj et al. [50] in 2017. They reported that the phyto-synthesized
α-HNPs were highly crystalline with a face-centered cubic system
without the presence of any impurities which was illustrated using XRD
analysis. FT-IR analysis also was conducted to assure that the obtained
α-HNPs were stabilized by bioactive constituents in Cyperus rotundus L.,
TGA outcome revealed that the biosynthesized α-HNPs were thermally
stable up to 700 �C. Themorphology of the surface was examined by SEM
analysis showing slightly irregular in shape and size, the porous structure
formed by the network of spherical NPs interlinked over a rhombohedral
material. The TEM images of the α-HNPs showed that the particles were
monodispersed with few agglomerates in both spherical and rhombo-
hedral nature; also, the mean grain size was found to be approximately
60–80 nm. VSM test at room temperature was implemented to under-
stand the magnetic behavior of the biosynthesized α-HNPs; Ms ¼ 10.01
emu/g in a linear relationship between the applied magnetic field and
magnetization measurements up to 5000 Oe revealing the ferromagnetic
for the formed NPs. The as-synthesized α-HNPs exhibited strong catalytic
activity for the reduction of 4-nitro-o-phenylenediamine to 1,2,4-benze-
netriamine in the presence of NaBH4 and the degradation of Congo red
dye by the photocatalytic method. The biosynthesized α-HNPs revealed a
high ability to be recovery and reusability in the same reduction reaction
under identical conditions up to three times without any significant loss.

In 2018, in another similar experiment using a different part of the
Cynometra ramiflora plant; the fruit extract waste was introduced by
Shahana et al. [131] to synthesize a mixture of α-HNPs & β-HNPs. By
performing the FT-IR identification test and comparting the phyto-
chemicals present in the Cynometra ramiflora fruit and those observed in
the NPs chart, the reduction process, and capping role were be ascer-
tained. Based on the XRD data, the as-synthesized material displayed a
high purity, the crystalline, rhombohedral structure of the α-HNPs phase.
Also, a much smaller peak was be observed corresponds to β-Fe2O3. The
crystallite size was evaluated by the Debye-Scherrer equation and it was
found to be 68.17 nm. According to the BET analysis; the surface area of
the prepared NPs was determined and found to be 107.97 m2/g while the
surface area of the commercial Hematite is just 7.7 m2/g; on the other
hand, the surface area of α-HNPs which chemically prepared was found
to be 18.8 m2/g. Also, the zero-point charge was estimated for the
as-prepared α-HNPs and found to be 8.1 consistent was consistent with
the previously reported value. Photocatalytic activity under sunlight
irradiation was explored using the as-synthesized α-HNPs as a catalyst
against methylene blue dye pollutant aqueous solution degradation and
high performance was achieved to get rid of the organic contaminant.

In another study in the same 2018, Low-cost α-HNPs were success-
fully synthesized usingAilanthus excelsa leaves by Hassan et al. [109]. The
formation of α-HNPs was confirmed using XRD; it was revealed in crystal
phase pure crystalline monoclinic structure with average crystallite size
40 nm. The potential engagement of polyphenols, flavonoids, and other
predicted biomolecules in the synthesized NPs was recognized under the
FT-IR test. Stability and formation of the as-prepared α-HNPs in sterile
distilled water were conducted using UV-Vis spectroscopy; the spectrum
showed an absorption peak at 450 nm dedicated to α-HNPs. Morphology
nature characterized using SEM analysis; where a spherical within di-
ameters range 5–200 nm. The as-biosynthesized α-HNPs were conducted
as an insecticidal agent and it manifested an admirable efficacy on the
mortality of green peach aphid at LC50 ¼ 1125 ppm. Also, the Phyto-
toxicity effect on the treated pepper leaves was observed at high
concentrations.

Moringa oleifera leaf extract was explored in 2018 as a greener
method for the phytofabrication of α-HNPs by Silveira et al. [132]. Dif-
fractograms obtained by XRD assured the amorphous nature of the
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synthesized α-HNPs in a rhombohedral crystallographic system with a 7
nm average diameter estimated by the Scherrer equation. SEM
morphology was illustrated as an agglomerated spherical particle of
α-HNPs. The particles with an average diameter of less than 100 nm of
α-HNPs forming darker coloration agglomerates were be shown using
TEM analysis. The biosynthesized α-HNPs revealed favorable adsorption
of fluoride ions in 40min with maximum adsorption capacity 1.4 mg/g at
pH 7; the isothermmodel was found to be fit for the Langmuir model; the
best described kinetic data was found to be pseudo-first-order. Addi-
tionally, the thermodynamic parameters indicated spontaneous and
endothermic adsorption reaction; the regeneration process showed that
is possible to reuse α-HNPs three times in the fluoride ions adsorption
process.

2019 is the most prolific and densities year in the scientific outcome,
with nearly eight studies submitted and completed compared to an
average of two or three published studies in each year over the past five
years in α-HNPs biosynthesis. Also, new types of applications and activ-
ities that witnessed a wide variety of different purposes were exposed by
using as-biosynthesized α-HNPs using the plant extracts by green
chemistry. The unique properties of the bio-fabricated NPs by this
pathway technology "biosynthesis using plant extracts" were favored
used for being easy, simple, cost-effective, non-toxic, and eco-friendly.

Recently in 2019, Ismat [133] and his co-workers introduced a green
synthesis of α-HNPs using pomegranate ((Punica granatum)) seeds extract
for the first time. The LCMS/MS was performed to identification of
biomolecule present in the extract of pomegranate seeds, p-hydrox-
ybenzoic acid, gallic acid, methyl gallate, catechin, kaempfer-
ol-3-O-sophoroside, 3-deoxyflavonoids, magnolol, ferulic acid, vanillic
acid, and pinocembrin along with other minor constituents were detected
in the extracts using for the synthesis of IONPs. The average grain size
was 48 nm using XRD analysis. The adopted green route furnished
semi-spherical uniformly distributed of the particles. SEM analysis and
the particle size were found in the range of 25–55 nm. The absorption
spectrum of the as-prepared α-HNPs was revealed an absorption peak at
371.71 nm. The photocatalytic activity was conducted for blue 4 dye
using HPLC for the following up the degradation profile of the dye under
UV light irradiation. 95.08 % of dye degradation was achieved within 56
min.

A facile biosynthesis of α-HNPs was reported in 2019 by Jegadeesan
et al. [37] using aqueous extracts of three plant sources: Terminalia bel-
lirica;Moringa oleifera fruit andMoringa oleifera leaves. The total phenolic
content was performed and found to be the highest in Terminalia bellirica
extract as gallic acid. α-HNPs showed absorption peaks at around 300 nm
and 400 nm. FT-IR identification was conducted for assurance of the
capping process of the as-synthesized NPs. SEM analysis was used for
surface and shape description of the NPs which was found to be spherical
in the case of Terminalia bellirica while irregularly shaped for the others.
XRD analysis confirmed the formation of α-HNPs. The antioxidant ac-
tivity of the aqueous extracts was achieved and it was found to be higher
than that of the biogenic α-HNPs. The antimicrobial activity for S. aureus,
B. subtilis, P. aeruginosa. also conducted against synthesized NPs. The
antimicrobial activity for α-HNPs was higher than the extract alone.

Also, in 2019 the biogenic synthesis of α-HNPs via Skimmia Laureola
leaf extract was conducted by Tariq et al. [38]. They reported that the
synthesized α-HNPs were crystalline with cubic morphology which was
illustrated using SEM analysis within the diameter range 56–350 nm.
UV-Vis absorption spectrometric analysis revealed absorption spectra at a
wavelength of 318 nm. FT-IR analysis also was conducted to assure that
the obtained α-HNPs were capped by biomolecules in Skimmidiol, and
these metabolites may be responsible for the biogenic synthesis of
α-HNPs. XRD data resulted that the average particle size of biogenic
α-HNPs 34� 0.37 nm. The antibacterial efficacy against bacterial tomato
wilt pathogen R. solanacearum in vitro and planta was conducted and
revealed a strong antibacterial activity for the synthesized NPs.

In the same year 2019. Shraddha et al. [40], Henna (Lawsonia inermis)
leaf extract “L-tyrosine -functionalized α-HNPs synthesis” has been
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reported. L-tyrosine was used for capping and stabilizing the bio-
synthesized IONPs. SEM analysis results demonstrated that the produced
particles are spherical in the range of 150–200 nm. FT-IR results indi-
cated the presence of the OH group in the produced α-HNPs. The char-
acteristic peak was found to be around 220–224 nm using UV-Vis
spectroscopy. The prepared α-HNPs in solution were kept at ambient
conditions of light and periodically the absorption spectra of the NPs
were conducted up to 30 days showing high stability. Antimicrobial ac-
tivity was performed by L-tyrosine-functionalized α-HNPs against both
S. aureus and S. typhimurium revealing great potential as an antimicrobial
agent.

Green biosynthesis of α-HNPs was reported by Abusalem et al. in 2019
[41] using aqueous extracts of Pistachio leaf (Pistacia vera L) extract at
ambient temperature. UV-Vis absorption spectrometric analysis revealed
the surface plasmon resonance peak at a wavelength of 480 nm; this
demonstrates the spherical shape of the α-HNPs which was confirmed
after that by TEM images with a narrow-size distribution showing par-
ticle size 40 nm. FT-IR identification was conducted for assurance of the
capping and stabilization process of the as-synthesized NPs. XRD analysis
confirmed the formation of hexagonal crystalline α-HNPs with particle
size 40 nm. Conduction of 10 ppm concentration of α-HNPs was found to
be adequate to promote the seed vigor index of tomato seeds so, the
α-HNPs biosynthesized NPs using this pathway in the fabrication can be
utilized as a priming technique in agricultural production.

In 2019 also, a successfully greener and eco-friendly method for
synthesizing α-HNPs entitled “Green synthesis of hematite (α-Fe2O3) NPs
using Rhus punjabensis extract and their biomedical prospect in patho-
genic diseases and cancer” was issued by Sania et al. [30]. They reported
that the Rhus Punjabensis extract potential as both reducing and capping
agents for phyto-mediated synthesis of NPs. The structure, morphology
were be carried out with different investigation tools. UV-Vis absorption
spectrum manifested a peak at 283 nm indicating the formation of
α-HNPs. Also, the energy band gap was calculated and found to be in a
range of 1.85–1.90 eV. The crystallinity of as-prepared α-HNPs was
assured using XRD analysis revealing a rhombohedral crystal systemwith
an average crystallite size of about 35 nm using the Scherer equation. For
identification, the role of bioactive molecules in the reduction and sta-
bilizing of the NPs; FT-IR analysis was conducted. The thermal behavior
profile of the as-prepared α-HNPs also has been studied using TGA where
it was shown high thermal stability without any changewith temperature
increase up to 850 �C. SEM outcomes revealed that the formed α-HNPs
near to spherical with narrow size distribution at low magnification,
while it has appeared as polyhedral faceted in shape at high magnifica-
tion. TEM showed an agreement with SEM results in average particle size
which was found to be a rounded 48 nm and it was near the size calcu-
lated by the Scherer equation. The α-HNPs exhibited significant cytotoxic
potential against the leishmanial parasite (amastigotes) with IC50 101
μg/mL. The prepared α-HNPs also revealed a high antibacterial efficacy
against each of Gram-positive bacteria “S. aureus” and Gram-negative
bacteria “P. aeruginosa, B. bronchiseptica & E. coli”. Additionally, the
as-prepared α-HNPs was found to be active against various cancer cell
lines like (PC-3&DU-145) for prostate cancer at IC50 equal 45.2 μg/mL&
12.79 μg/mL respectively, (HL-60) human promyelocytic leukemia cells
at IC50 ¼ 11.96 μg/mL and (HT-29) at IC50 ¼ 5.82 μg/mL.

As well in 2019, Sida cordifolia plant extract was used as an eco-
friendly method aiming to synthesized α-HNPs in a successful trial by
Panduranga et al. [97]. Methanolic extract of Sida cordifolia plant was
used in HPTLC engaged with LC-MS/TOF analysis to investigate the
actual composition which assured the presence of various phytocon-
stituents including, glycosides, carbohydrates, proteins, tannins, flavo-
noids, alkaloids, and terpenoids. Based on XRD data; a high purity of the
rhombohedral α-HNPs was fabricated within about 18 nm crystallite size
calculated via Debye-Scherrer. FT-IR analysis was performed to identify
and confirm the adsorption and contribution of the organic bioactive
molecules on the surface of the as-prepared NPs. According to the
examined surface morphology using SEM analysis; an aggregation of the
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as-prepared α-HNPs in a spherical nanocluster was manifested. TEM
analysis has been implemented showing an asymmetric morphology with
a uniform distribution for the as-synthesized α-HNPs with an average
particle size of 16 nm which identical to the predicted result from XRD
analysis with Debye-Scherrer. The thermogram profile revealed high
stability of the formed α-HNPs up to 800 �C. The as-green synthesized
α-HNPs showed an admirable efficacy in antibacterial activity especially
as implemented against the microbial species in the current study either
Gram-positive “B. subtilis & S. aureus” or Gram-negative “E. coli &
K. pneumonia”.

Kalyaniet and Shampa as well in 2019 [45] explored the
size-controlled superparamagnetic α-HNPs using the green route for
synthesis using Garlic extract. In this study, the UV-Vis absorption spec-
trum revealed a wide absorption peak at 450 nm. In their investigation,
FT-IR was conducted to confirm that the biomolecules that present on the
shell of bio-synthesized α-HNPs corresponding to that present in the plant
extract to prove the capping process. Additionally, the characteristic
band of Fe–O at 587 cm�1 was revealed. XRD analysis also was per-
formed, the obtained particle size was calculated using the Scherer
equation and found to be 8 nm corresponding hexagonal crystal system.
Zeta potential value was recorded and found to be in -36.8 mV assuring
the good stability of bio-synthesized NPs when zeta potential value lied
above the critical value � 25 mV. SEM analysis also was conducted and
revealed that the as-prepared α-HNPs were spherical with uniform dis-
tribution. Additionally, TEM analysis showed that the average particle
size in the range of 20–30 nm. VSM was implemented to determine the
magnetic properties of the α-HNPs at room temperature, the Ms was
found 15.677 emu/g which indicating that superparamagnetic material
was identified. TGA also was conducted exploring the high stability for
the as-prepared α-HNPs up to 800 �C. The cytotoxic property for α-HNPs
was analyzed against for cell lines of colorectal cancer (HCT 116), breast
cancer (MCF-7), and cervical cancer (HeLa), and their IC50 found to be
230 μg/mL, 346 μg/mL, and 285 μg/mL respectively.

In the current year 2020, the biosynthesis of α-HNPs using Rheum
emodi root with the green route was reported by Deepika et al. [46].
α-HNPs was were synthesized in a cost-effective and eco-friendly
method. The spherical shape and the average particle diameter of
about 12 nm were conducted through TEM analysis. The morphology
illustrated the homogeneity in grains with uniform distribution and
revealed that α-HNPs dispersed completely without any traces of
agglomeration in a smooth and spherical shape. FT-IR analysis revealed
the presence of anthraquinone in Rheum emodi roots extract which plays
the central role in the stabilization of the α-HNPs. The surface plasmon
resonance peaks at 270 nm and 320 nm specified the synthesis of α-HNPs
capped with hydroxy-anthraquinones was revealed using UV-Vis spec-
troscopy. XRD experiment assured the crystallinity nature of the syn-
thesized NPs in the rhombohedral crystallographic system. The thermal
property of R. emodi mediated α-HNPs was tested and elucidated the
thermal stability up to 600 �C annealing. VSM exhibited a ferromagnetic
behavior for the as-prepared NPs at room temperature at 4.07 emu/g.
The α-HNPs showed good antibacterial activity against Gram-negative
“E. coli” and Gram-positive “S. aureus” species additionally, it's a high
ability for cervical cancer cell inhibition at 41.90 μg/mL for IC50.

Another paper issued by Abdolhossein et al. [43] in 2020 to bio-
synthesize the α-HNPs using the Salvadora persica aqueous extract. The
results showed that the produced NPs are spherical in shape and uniform
with particle size about 15–20 nm using SEM analysis. FT-IR technique
was conducted for the confirmation capping process of the bio-
synthesized NPs and the results indicated the presence of polyphenol
groups in plants of aqueous extract which contributed to the reduction
and stabilizing of the fabricated α-HNPs. The saturated magnetism Ms of
the synthesized α-HNPs determined and found to be 1.8 emu/g which is
higher than the commercial α-HNPs Ms ¼ 0.6 emu/g. This result showed
the superparamagnetic properties of the synthesized NPs. Cytotoxic ac-
tivity of the biosynthesized α-HNPs was checked against colon (HT-29)
cancer cell lines and the IC50 was estimated and found to be 125 μg/mL.



Table 4. Structural and morphological investigation of the biosynthesized α-HNPs.

Plant name/part XRD
Crystal system & particle size (nm)

SEM
Shape & particle size (nm)

TEM
Shape & particle size (nm)

Ref

Arisaema amurense root Pure
23.98

Agglomerated NPs
~100

Spherical
24.55 � 6.9

[2]

Rhus punjabensis Crystalline & rhombohedral
35

Spherical/polyhedral faceted
–

Spherical/polyhedral faceted
48

[30]

Guava (Psidium guajava) leaves Pure, crystalline & rhombohedral
34.1

Quasi-spherical
–

–

–

[32]

Cynometra ramiflora Crystalline
–

Spherical
–

–

–

[34]

Amaranthus dubius leaf Crystalline & rhombohedral
–

Spherical
60–300

Spherical/cubic
43–220

[35]

Lantana camara leaf –

10–20
–

–

–

–

[36]

Terminalia bellirica; Moringa oleifera
fruit & Moringa oleifera leaves

–

–

Spherical for Terminalia bellirica &
irregularly shaped for the others
–

–

–

[37]

Skimmia Laureola leaf –

34 � 0.37
Cubic
56–350

–

–

[38]

Henna (Lawsonia inermis) leaf –

–

Spherical
150–200

–

–

[40]

Pistachio leaf (Pistacia vera L) Crystalline & hexagonal
40

–

–

–

40
[41]

Salvadora persica –

–

Spherical
15–20

–

–

[43]

Hippuric acid, Itaconic acid, Tyrosine
amino acid

–

20–60
Spherical & hexagonal
5–50

Spherical
5–50

[44]

Garlic extract Hexagonal
8

Spherical
–

–

20–30
[45]

Rheum emodi root Crystalline & rhombohedral
–

Spherical
––

Spherical
12

[46]

Cyperus rotundus L. Pure, crystalline & face-center-cubic
–

Irregular/porous/
spherical/rhombohedral

Spherical/rhombohedral
60–80

[50]

Green Tea (Camellia sinensis) leaves Pure, crystalline & rhombohedral
33

–

40–80
Spherical & porous
–

[66]

Sida cordifolia Pure & rhombohedral
18

Spherical
–

Asymmetric
10–22

[97]

Mandarin peels “Citrus reticulum” Pure, crystalline & rhombohedral
57.59

Porous/spherical/rough surfaces
–

Aggregates porous/irregular/
rough & quasi-spherical
20–63

[98]

Ailanthus excelsa leaves Pure, crystalline & monoclinic
40

Spherical
5–200

–

–

[109]

Curcuma Pure, crystalline & rhombohedral
4

–

–

Spherical
–

[128]

Tea leaves Pure, crystalline & rhombohedral
5

–

–

Spherical
–

[128]

Green Tea leaf Crystalline
28.9

Rods
–

Rods
Length ¼ 130–150 & Width ¼ 20

[129]

Azadirachta indica leaf Crystalline & rhombohedral
38.2

Hexagonal cone
400–500

–

–

[130]

Cynometra ramiflora fruit Pure, crystalline & rhombohedral
68.17

–

–

–

–

[131]

Moringa oleifera leaf Amorphous & rhombohedral
7

Spherical
–

Darker coloration agglomerates
<100

[132]

Pomegranate (Punica granatum) seeds –

48
Semi-spherical
25–55

–

–

[133]

Laurus nobilis L. Pure, crystalline & rhombohedral
21.5

Semi-spherical
22.11–39.51

Spherical like/partly hexagonal
8.03 � 8.99

[134]

Cornus mas L. Pure, crystalline & rhombohedral
20

Spherical and spongy
–

Very fine spherical
20–40

[135]
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As well in 2020, the Laurus nobilis L. leaves aqueous extractwas used as
an eco-friendly method aiming to synthesized α-HNPs in a successful trial
by Jamzad and Kamari [134]. The surface plasmon resonance peak at
285 nm was detected as biosynthesized of α-HNPs using UV-Vis spec-
troscopy. Based on XRD data; a high purity crystalline of a hexagonal
rhombohedral α-HNPs was fabricated within about 21.5 nm crystallite
11
size calculated via Debye-Scherrer. FT-IR analysis was performed to
identify and confirm the capping and contribution of the organic bioac-
tive molecules on the surface of the as-prepared NPs. According to the
examined surface morphology using SEM analysis; an aggregation of the
as-prepared α-HNPs in a semi-spherical NPs was manifested in the ranges
22.11–39.51 nm. TEM analysis has been implemented showing a



Table 5. The Uv-vis absorption spectroscopic analysis and calculated/expected of the energy band gap for the biosynthesized α-HNPs.

Plant name/part Uv-vis (nm) Calculated Eg (eV) Expected Eg (eV) Ref

Arisaema amurense root 570 – 2.18 [2]

Rhus punjabensis 283 1.85–1.90 4.38 [30]

Guava (Psidium guajava) leaves 347, 543, 652 & 849 1.56–1.71 1.46–3.57 [32]

Amaranthus dubius leaf 214 at pH 4
300 at pH 9

–

–

5.79 at pH 4
4.13 at pH 4

[35]

Lantana camara leaf 370 – 3.35 [36]

Terminalia bellirica; Moringa oleifera fruit & Moringa oleifera leaves 300 & 400 – 3.10–4.13 [37]

Skimmia Laureola leaf 318 – 3.90 [38]

Henna (Lawsonia inermis) leaf 220–224 – 5.54–5.64 [40]

Pistachio leaf (Pistacia vera L) 480 – 2.58 [41]

Garlic extract 450 – 2.76 [45]

Rheum emodi root 270 & 320 – 3.88–4.59 [46]

Green Tea (Camellia sinensis) leaves 290-310 & 485-550 – 2.25–4.28 [66]

Mandarin peels “Citrus reticulum” 384 2.38 3.23 [98]

Ailanthus excelsa leaves 450 – 2.76 [109]

Curcuma 561, 442 & 272 2.2 2.21–4.56 [128]

Tea leaves 551, 430 & 272 2.25 2.25–4.56 [128]

Azadirachta indica leaf 565 2.19 2.19 [130]

Pomegranate (Punica granatum) seeds 371.71 – 3.34 [133]

Laurus nobilis L. 285 – 4.35 [134]

Table 6. The thermal stability and magnetic property of the biosynthesized α-HNPs.

Plant name/part TGA (�C) Ms (emu/g) Ref

Arisaema amurense root 990 1.25 [2]

Rhus punjabensis 850 – [30]

Guava (Psidium guajava) leaves – 0.3152 [32]

Salvadora persica – 1.8 [43]

Garlic extract 800 15.677 [45]

Rheum emodi root 600 4.07 [46]

Cyperus rotundus L. 700 10.01 [50]

Green Tea (Camellia sinensis) leaves 700 – [66]

Sida cordifolia 800 – [97]

Mandarin peels “Citrus reticulum” 800 2.4168 [98]

Azadirachta indica leaf 600 – [130]
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spherical-like and hexagonal shape in a uniform distribution for the
as-synthesized α-HNPs with an average particle size of 8.03 � 8.99 nm
which shows a difference about the resultant from XRD analysis with
Debye-Scherrer which may be attributed to the wide range size distri-
bution of the NPs. The as-green synthesized α-HNPs showed moderate
efficacy in antimicrobial activity as implemented against the microbial
species in the current study either Gram-positive bacterium of Listeria
monocytogenes or two fungi; Penicillium spinulosum and Aspergillus flavus.

Also, in 2020 the biogenic synthesis of α-HNPs via fruit extract of
Cornus mas L.was conducted by Rostamizadeh et al. [135]. They reported
that the biosynthesized α-HNPs were pure crystalline in nature with
rhombohedral morphology at an average particle size of 20 nm based on
XRD data analysis. SEM analysis illustrated shapes as spherical and
spongy particles. FT-IR analysis also was conducted to assure that the
obtained α-HNPs were capped by biomolecules in Cornus mas L. extract,
Table 7. The surface zeta potential property of the biosynthesized α-HNPs.

Plant name/part Zeta potential (mV) Ref

Arisaema amurense root -23.3 � 6.83 [2]

Amaranthus dubius leaf -44 to -66 [35]

Garlic extract -36.8 [45]

12
and these metabolites may be responsible for the biogenic synthesis of
α-HNPs. The TEM result showed very fine spherical NPs in the range
20–40 nm which are very close to XRD calculations. The biosynthesized
NPs showed improved growth of barley seedlings relative to the corre-
sponding levels of bulk counterparts.

Tables 4, 5, 6, 7, and 8 summarized the different plant extracts used
for α-HNPs biosynthesis, characterization, physicochemical properties,
and potential applications.

4. Limitations of the green approach via plant extracts for the
biosynthesis of nanomaterials

The limitations of this method located where; in some cases, we have
to use a high concentration of the plant extract that contains a low
concentration of the bioactive molecules; in another word the selected
plant does not have enough content of the bioconstituents that work as a
reducing, capping and stabilizing agent at the same time. So, we have to
modify the reaction conditions like pH, temperature, time, and some-
times the reaction should be conducted under nitrogen gas to prevent the
formation of the undesirable oxides nanomaterials. Besides, we can't
predict the type of resultant nanomaterial at first till we make a suitable
and convenient characterization technique for investigation and
identification.



Table 8. The different applications of the biosynthesized α-HNPs.

Plant name/part Application Ref

Arisaema amurense root Cytotoxicity “Human keratinocytes CRL-2310 at IC50 ¼ 800 μg/mL” [2]

Rhus punjabensis Cytotoxic “Leishmanial parasite (amastigotes) with IC50 101 μg/mL”
Antibacterial activity “S. aureus, P. aeruginosa, B. bronchiseptica & E. coli”
Anticancer activity “Cell lines (PC-3 & DU-145) for prostate cancer at
IC50 ¼ 45.2 μg/mL & 12.79 μg/mL respectively, (HL-60) human promyelocytic leukemia cells at
IC50 ¼ 11.96 μg/mL & (HT-29) at IC50 ¼ 5.82 μg/mL”

[30]

Guava (Psidium guajava) leaves Antibacterial activity “E. coli & S. aureus” [32]

Cynometra ramiflora Antibacterial activity “E. coli & S. epidermidis”
Photocatalytic activity “Rhodamine-B dye degradation”

[34]

Amaranthus dubius leaf Photocatalytic degradation “Methylene orange dye”
Antioxidant “1, 1-diphenyl-2-picrylhydrazyl (DPPH)”

[35]

Lantana camara leaf Antibacterial activity “P. aeruginosa”
Agriculture “Seed germination, shoot and root in Vigna mungo at 200 ppm”

[36]

Terminalia bellirica; Moringa oleifera fruit & Moringa oleifera leaves Antibacterial activity “S. aureus, B. subtilis & P. aeruginosa” [37]

Skimmia Laureola leaf Antibacterial activity “R. solanacearum” [38]

Henna (Lawsonia inermis) leaf Antibacterial activity “S. aureus & S. typhimurium” [40]

Pistachio leaf (Pistacia vera L) Agricultural production “It promotes the seed vigor index of tomato seeds” [41]

Salvadora persica Anticancer activity “Colon (HT-29) cancer cell lines at IC50 ¼ 125 μg/mL” [43]

Hippuric acid, Itaconic acid, Tyrosine amino acid Anticancer “Breast carcinoma cells (MCF-7 cell line) IC50 at 3.10–3.81 μg/mL” [44]

Garlic extract Anticancer activity “Colorectal cancer (HCT 116), breast cancer (MCF-7) & cervical cancer (HeLa) at
IC50 found to be 230 μg/mL, 346 μg/mL and 285 μg/mL respectively”

[45]

Rheum emodi root Antibacterial activity “E. coli and S. aureus”
Anticancer activity “Cervical cell at IC50 ¼ 41.90 μg/mL”

[46]

Cyperus rotundus L. Catalytic activity “Reduction of 4-nitro-o-phenylenediamine”
Photocatalytic activity “Congo red dye”

[50]

Green Tea (Camellia sinensis) leaves Solar cells [66]

Sida cordifolia Antibacterial activity “B. subtilis & S. aureus, E. coli & K. pneumonia” [97]

Mandarin peels “Citrus reticulum” Photocatalytic activity [98]

Ailanthus excelsa leaves Insecticidal agent “Green peach aphid at LC50 ¼ 1125 ppm” [109]

Curcuma Photocatalytic activity “Methyl orange dye” [128]

Tea leaves Photocatalytic activity “Methyl orange dye” [128]

Azadirachta indica leaf Thermal decomposition “Ammonium perchlorate enhancement” [130]

Cynometra ramiflora fruit Photocatalytic activity “Methylene blue dye” [131]

Moringa oleifera leaf Adsorption “Fluoride ions at maximum adsorption capacity 1.4 mg/g” [132]

Pomegranate (Punica granatum) seeds Photocatalytic activity “Blue 4 dye” [133]

Laurus nobilis L. Antibacterial activity as Gram-positive “L. monocytogenes”
Antifungal activity as “P. spinulosum and A. flavus”

[134]

Cornus mas L. Growth-promoting role in Barley [135]
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5. Conclusion

Since the dissemination and implementation of these concepts,
α-HNPs green synthetic approaches have gained significant attention
as they have offered revolutionary alternatives to physical and
chemical synthetic routes by employing cost-effective, environmen-
tally sustainable, and scalable techniques in the absence of either
high-energy or hazardous chemical by-products. The variety of
bioactive components of the different plant extracts encapsulating
the NPs that have formed has contributed to the emergence of
various properties, especially in the stability of these particles that
have manifested in biological applications and as detection sensors.
This review of the green biosynthesis of α-HNPs can provide a set of
information on the phyto-fabrication with different characterization
techniques of these NPs for their elevated potential use. In future
prospects in this area, the various use of the plants can contribute
in discover new physicochemical properties for the same nano-
material that biosynthesized using different plant extracts. This
progress enables us to discover many new applications to keep pace
with the rapid development that we are living in especially in the
next years.
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