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Preface

Iron oxide has numerous applications in food science, sensors, adsorbents, catalysis, data
storage, electronic devices, the environment, engineering, drug-delivery technology,
biomedical research, magnetic recording devices, and more. Throughout the last few
decades, extraction of iron oxide from mines using various techniques has been inves-
tigated by many researchers. Nanoscience and nanotechnology will continue to grow
due to the numerous benefits they confer in our daily lives, including in human health,
environmental safety, and device engineering. This will continue to encourage scien-
tists to develop iron or iron oxide nanoparticles whose nanocomposites have revealed
many exciting and promising applications in environmental science, engineering,
nanomedicine, catalysis, sensing, therapeutic agents, food science, and beyond.

This book discusses the extraction, synthesis, characterization, and applications of
iron, iron oxide, and their nanoparticles/nanocomposites. It examines existing meth-
ods as well as novel green synthetic methods that have been developed to circumvent
some of the problems of the traditional synthesis of iron oxide nanoparticles. It also
highlights characterization methods, including current trends in spectroscopic,
microscopic, and diffraction methods.

Written by experts, chapters address fundamental assumptions involved in describ-
ing the reactions, structure, application, and toxicity of iron ores and iron oxide
derivatives.

In Chapter 1, Shaista Ali et al. focus on the engineering of iron nanoparticles using
several environmentally friendly techniques and their potential to remove contami-
nants from the environment. They emphasize the use of environmentally friendly
agents such as polymers, amino acids, bacteria, fungi, plant extracts, and so on for the
production of iron nanoparticles and correlate their particle size, morphology, and
other aspects with their various applications.

In Chapter 2, K. Lakshmanan Palanisamy et al. highlight the application of nano-
dimensional iron oxide nanoparticles with nanotoxicology. Iron oxide nanoparticles
such as hematite (a-Fe,0;) and maghemite (y-Fe;O;) have been widely applied in
various applications due to their particle size and surface area.

In Chapter 3, Nancy Jaswal et al. discuss biomedical applications of superpara-
magnetic iron oxide nanoparticles (SPIONS), including their use as theranostic
agents. Magnetic nanoparticles like SPION are considered to be the most viable and
frequently used in biomedical applications due to their low cost and lack of toxicity.
Within the developing field of nanomedicine, SPIONSs are basic technological classes
that have been widely studied for cancer imaging and treatment.

Among the three iron oxides of hematite, magnetite, and wiistite, the latter is the
most difficult to reduce. Pure wiistite is not found in nature because it is not stable in
thermodynamics.



In Chapter 4, Zuoliang Zhang examines the reduction thermodynamics and kinetics
of wiistite by C, CO, and H, in a blast furnace. When the temperature is lower than
810°C (1083 K), the reduction ability of CO is stronger than that of H,. If it is higher
than 810°C (1083 K), the opposite is true. The use of pure hydrogen in iron making in
the future is desirable.

In Chapter 5, Dayanand Paswan and Malathi Madhurai investigate the feasibility of
the process for reducing ilmenite ore pellets using lean-grade non-coking coal and

the separation of TiO, from iron via melting at the laboratory scale. Conventionally,
TiO, is produced from ilmenite ore by carbothermic reduction followed by leaching of
iron to produce high-purity TiO,, which leads to loss of metallic iron and disposal of
effluents.

Finally, in Chapter 6, Joseph Ekhebume Ogbezode et al. provide a systematic overview
of the different iron-making routes, their operational limitations, and future perspec-
tives to mitigate the challenges of iron production demands in modern-day metallur-
gical processes. Thus, in today’s iron and steel-making processes, non-contact direct
reduction and reduction-smelting processes remain viable alternative routes to iron
production.

Finally, I am grateful to my beloved wife Kumari Smita for her helpful comments on
several chapters and excellent support in conceptualizing the book’ content.

Dr. Brajesh Kumar
Department of Chemistry,
TATA College,

Kolhan University,
Chaibasa, Jharkhand, India
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Chapter 1

Green Engineering of Iron and Iron
Oxides by Different Plant Extract

Shaista Ali, Aliya Zahid and Syeda Taskeen Shahid

Abstract

Green synthesis has emerged as a promising and eco-friendly approach for the
synthesis of nanoparticles, including iron and iron oxide nanoparticles. This method
utilizes plant extracts, microorganisms, or other natural resources as reducing and
stabilizing agents instead of toxic chemicals to produce nanoparticles with desired
properties. One advantage of green synthesis is the ability to control the size, shape,
and crystalline structure of the nanoparticles, which can be analyzed using techniques
such as powder X-ray diffraction (XRD). The two variable oxidation states (+2 and
+ 3) provide an opportunity for multiple products with different designing and crys-
tallite structures. Iron and Iron oxide nanoparticles are both important for biological
and photochemical activities. The method for green synthesis decides what kind of
particles will one get and for what activity it is suitable. Iron nanoparticles are more
suitable for biological activities like antibacterial, antimicrobial, anti-cancerous, and
iron oxide for photoelectrical like band gap studies, conduction and photo-catalysis.

Keywords: sustainable green nanotechnology, zerovalentiron-nanoparticles, plant
extract, pXRD, zeta potential

1. Introduction

Nanochemistry is a branch of chemistry that focuses on the synthesis, characteri-
zation, and manipulation of nanoparticles and nanomaterials. Over the past few years,
the field of nanoscience and technology has gained increasing importance in research
and development areas. Nanoparticles and nanomaterials have diverse properties that
can be tuned to meet specific requirements, making them useful in various applica-
tions, such as electronics, energy storage devices, and drug delivery systems.
Nanoparticles can also be used for environmental remediation, water treatment, and
catalysis, among others [1].

Iron is hard and brittle metal, as the fourth most abundant element in the earth’s
crust; it makes up the majority of the planet’s core by weight. Researchers believe that
iron has been used by humanity for about 5000 years. The most commonly found
sources of iron are the minerals magnetite and hematite. However, smaller quantities
of iron can also be derived from the minerals siderite, taconite, and limonite. It
contains four fundamental structures, alpha, beta, gamma, and delta, where particles
join under various circumstances [2].

1 IntechOpen
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Figure 1.
Graphical abstract of green synthesis.

Ferrites are categorized into four groups: alpha (attractive), beta, gamma, and
omega. The symbol for iron in the periodic table is Fe, which has a nuclear weight of
55.845 and a nuclear number of 26 with a thickness of 7.874 g/cm®. Iron has high
melting and boiling point of 1538 and 2862°C, respectively, making it a useful material
for applications where high temperatures are involved, such as in the manufacturing
of steel or in metallurgical processes. There are 33 different isotopes in existence, but
only four of them are stable. The most well-known is iron-56, which has a usual
overflow of 91.75% [2].

Iron has been the subject of several recent scientific efforts due to its lithophilicity
and chalcophilicity, which result in the production of minerals such as pyrite (FeS,),
magnetite (Fe30,4), hematite (Fe,03), siderite (FeCO3), and others. Ferritin, a type of
protein that stores iron in the body, also contains iron oxide (Fe30,4). Magnetite, in
particular, has garnered significant attention in recent years. It is not uncommon to
find magnetite in the Magnesian area of Asia Minor, where it occurs in two forms:
reduced ferrous iron species and oxidized ferric iron. This intriguing chemical has the
potential to be employed in a range of applications and exhibits a variety of unique
properties. The features of magnetite vary according to the mix methods, and the size
of the material (from bulk to nanoscale), the structure of magnetite was originally
determined in 1995 using X-ray diffraction (Figure 1). When magnetite was initially
identified in the region, its structure was first discovered using X-ray diffraction.
Magnetite is naturally ferromagnetic and has an inverted spinal structure as a result of
the alternating lattices of iron (II) and iron (III). The fact that it includes both divalent
and trivalent iron sets it apart from other iron oxide [2].

2. Classification of iron and iron oxide nanoparticles

Fe,03 is primarily used in the fields of sensors, coatings, UV radiation blocking,
and coloring. Fe,O; nanoparticles are also ideal for exploring nanoparticle polymor-
phism, magnetic transition, and structural phase transition.

* Alpha Fe,05 is an antiferromagnetic material with hexagonal structure
corundum, its magnetic momentum is extremely low, and at 1 emu/cc, the
transition is seen in alpha Fe,05. The alpha structure exhibits mild
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ferromagnetism in the transition above 260 K, whereas it exhibits anti-
ferromagnetism below 960 K. This is a low-temperature transition, and it is
dependent on the size of the particles.

* The beta Fe,05 is a material that is paramagnetic and has a cubic structure.

* The gamma polymer is a ferromagnetic molecule with a cubic spinal structure. At
room temperature, it has a magnetic moment of 430 emu/cc.

* The orthorhombic structure of the epsilon exhibits ferromagnetic molecules
(Figure 2) [2].

2.1 Benefits of green synthesis

The following advantages of green/biological synthesis (Figure 3) methods are
comparable to those of frequently used physical and chemical synthesis protocols:

a. A method that is safe for the environment and uses no toxic substances.

b. By acting as a capping and reducing agent, the active biological component, which
may include an enzyme, lowers the total cost of the manufacturing process.
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Figure 2.
Formation and transformation of iron and iron oxides nanoparticles [3].
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c. Even during mass manufacturing and external experimental circumstances like
high energy, small nanoparticles can be created [4].

3. Synthesis methodology of nanoparticles
Mostly two synthesis methods are used in the procedures, which are following
* Wet chemistry method
* Nonwet chemistry methods.

Precipitation, co-precipitation, hydrothermal, reduction, solvothermal,
cryochemical synthesis, and spray/laser paralysis are an example of wet chemistry
methods. The last three processes exhibit variation from the surrounding temperature.
Cryochemical synthesis takes place below room temperature, and solvothermal synthe-
sis and spray pyrolysis take place above it. Nonwet chemical synthesis includes inert gas
condensation, laser ablation, laser-assisted synthesis, and plasma-assisted synthesis [5].

4. Mechanism of nanoparticles synthesis

At present, there is no consensus on the mechanism underlying the synthesis of
metallic nanoparticles mediated by plant extracts. However, it is widely recognized
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that secondary metabolites found in various plant components play a critical role in
the process. These secondary metabolites include polyphenols, flavonoids, tannic
acids, terpenoids, ascorbic acids, carboxylic acids, aldehydes, and amides. Many
investigations have employed the IR spectroscopic technique to confirm the existence
of numerous reducing sugars, which are often present in plants. Plant extracts
containing phytochemicals with appropriate redox characteristics can effectively
reduce metal precursors and convert them into matching metallic nanoparticles.
According to one hypothesis, radical tannins “R” reduce metal under the influence

of pH.

4.1 Method

The following methods can be used to initiate the bio-reduction process:

FeCl; + H,0 — [Fe(H,0),] " + H,0 (1)
R + [Fe(H,0),] " + H,0 — [Fe(H,0),]" + H* + R — OH )
[Fe(H,0),]"?2R™ + H" + OH" — Fe?’0 24+ 02+ R-H+R—-0OH (3)

The iron-polyphenol complex nanoparticles (Fe-P NPs) structure was produced by
eucalyptus leaves, in a different research. The polyphenols found in eucalyptus extract
possess the ability to convert Fe** into Fe’* and at its reduction potential. However,
the extract does not entirely convert the Fe?* to zero-valent iron [6]. Due to the
presence of polyphenol ligands, Fe** is firmly stabilized; yet, Fe**polyphenol com-
plexes are quickly formed when Fe”*oxidizes in the presence of oxygen, which is
known as autoxidation. As a result, a black nano-iron colloid is produced when an iron
metal solution reacts with a plant extract. An experiment using the X-ray absorption
(XAS) spectroscopy technique indicated that plant polyphenols were located in a
globular position and chelated with ferric ion (Fe®*). A similar response mechanism
was hypothesized for Sage (Salvia). Plant polyphenols can be cross-linked via poly-
phenol condensation following a reaction with iron chloride (FeCl;) (Eq. (1)) [4, 5, 7].

5. Green synthesis of nanoparticles

Compared to microorganisms, plants generate more stable metal nanoparticles and
are considered the best candidates for large-scale and quick synthesis. Plants naturally
contain a wide range of organic reducing chemicals that are well-suited to the synthe-
sis of nanoparticles. Higher levels of antioxidants found in seeds, fruits, leaves, and
stems are masked by the diversity of herbs and plant sources. Therefore, the use of
plant-based phytochemicals in the entire synthesis and construction of nanoparticles
creates an essential synergy between natural/plant sciences and nanotechnology. This
affiliation offers nanotechnology a distinctly “green” perspective, known as green
nanotechnology, which can be used without causing significant environmental con-
tamination, setting new benchmarks for highly viable clean and green technology
[4, 7]. In contrast to microbe-based synthesis, the creation of nanomaterials from
plants is more uniform and faster. Various plant components, including the leaf, stem,
seed, and root, are commonly used in the easiest, most affordable, and reproducible
method of creating metallic nanoparticles (Table 1 and Figure 4) [27].

5
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Plant Material Parameters Temp (°C) / Size of iron and
stirring (rpm) /time (min™1) / iron oxide NPs
pH (nm)

Camellia sinensis Fe (NO3)3.9H,0 75/5000/04 nZVI (10-20) [8, 9]
(Leaf)
Azadirarachta FeCl;.6H,0 triple distilled 70/5000/4-5 9-12 [10]
indica (Leaf) water
Punica granatum NH,4Fe(S0,4), 6H,0 30/6000/15 46.1 [11]
(Leaf) NH,Fe(S0,),12H ,0

NaOH
Punica granatum  FeCl3.6H,0 (99.9%) Distilled 70/15000 /10 40-50 [11]
(Seed) water
Platanus orientalis Fe(NO3)3.9H,0 (98%) 25/ 6000/20 38 [12, 13]
(Leaf) Dabouraud dextrose agar and

potatoes agar
Hexahit

Double distilled H,O

Daphne mezereum FeCl3.6H,0Conc.HCl 50/6000/25 9-10 [14]
(Leaf) Deionized water(DI)
Lagenaria FeCl3.6H,0 (98%) Distilled 40/4000/60 30-100 [15]
Siceraria (Leaf) water
Spinancia oleracea FeCl3.6H,0 Deionized water 60/5000/30 10-100 [6, 16, 17]
(Leaf) (DI)
Avicennia marina Ferric chloride (FeCls) 125/10,000/30 30-100 [18]
(Flower) Triple distilled de-ionized
H,0
Cupressus FeCl;.6H,0 50/5000/10 9-31 [19]
sempervirens The HCl solution, Ultrapure
(Leaf) water, Al-foil
Vaccinium sect. FeCl;.6H,0 —18/9000 / 30 52.4 [20]
Syanococcus Distilled water
(Leaf) CH,COCH;
Glycosmis FeCl,.4H,0 FeCl3.6H,0 80/2000/120 100 [21]
mauritiana DI water NaOH
(Leaf) Whatman’s filter paper
Syzygium Distilled water, Whatman’s 25/13,000/20 /pH 6 216-268 [22]
aromaticum filter paper NaOH
(Bud) Fe(NO3);
Camellia sinensis FeCl3.6H,0 65/10000/20 /pH 7 40-50 [23]
assamica (Leaf) Distilled water
Filter paper
Mortar and pestle Ethanol
Rosa indica (Leaf) FeCl;.6H,0 50-60 /5000/5 51 [24]
Deionized water
Filter paper
Terminalia FeSO, 7H,0 — Less than 80 [25]
Chebula (Fruit) Distilled water
Ethanol
Rumex acetosa FeCl3.6H,0 (99.9%) Distilled 500/4000/15 10-40 [23]
(Leaf) water FeSO, 7H,0 NaOH
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Plant Material Parameters Temp (°C) / Size of iron and
stirring (rpm) /time (min™1) / iron oxide NPs
pH (nm)
Bellissima (Fruit) Ethanol — 22.3 [26]

Distilled water, FeCls

Table 1.
Different plant extracts for the green synthesis of iron and iron oxides.

ﬁ By Leaf extract :> By Seed extract
ﬁ By Fruit extract a

By Peel extract

Figure 4.
Flow sheet of green synthesis.
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Figure 5.
The UV-visible spectrum of FeNPs [28].

6. Characterization of iron and iron oxides nanoparticles
6.1 UV: Visible spectroscopy

The UV-Visible spectroscopy of iron nano.
Particles is in the absorption peak of 216-265 nm (Figure 5).

6.2 Fourier transform infrared (FTIR) spectroscopy

Peaks at 991,1070, 1631, 2800, and 3467 cm ' in the Fourier transform infrared
(FTIR) spectrum of green-synthesized iron nanoparticles (INPs) were caused by the
bonds C—O0O, C=0, C—H, and OH, respectively (Figure 6).
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Figure 6.
FTIR spectrum of FeNPs [29].

6.3 X-ray diffraction spectroscopy

The characteristics peak of iron nanoparticles were observed in the XRD pattern at
20-values 18.97, 29.81, 35.24, 39.53, and 48.30°. The iron nanoparticles were crystal-
line in nature. The reduction of metal ions by the extract is clearly showing the iron
nanoparticles by X-ray diffraction. By using the Scherer formula we can find out the
average particle size of iron oxide nanoparticles [30]. The average size of iron oxide
nanoparticles is 45.09 nm (Figure 7).
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Figure 7.
XRD analysis of FeNPs [31].
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Figure 8.
SEM spectrum of FeNPs [32].

6.4 Scanning electron microscopes

This scanning electron microscope (SEM) is mostly used to identify the structure
of the nanomaterial; it can tell us the morphology of the nanoparticles, and the image
of iron nanoparticles obtained by the scanning electron microscope looks like a hon-
eycomb. The image of iron nanoparticles in a scanning electron microscope is seen as
nonuniform, and its size ranges from 10 to 40 nm with a smooth surface, but they are
not uniform (Figure 8).

6.5 Field emission-scanning electron microscopy and zeta potential

Although there is much disagreement on the size threshold to separate NPs from
bulk materials, size is a crucial factor in defining NPs [33-35]. The particles were
suspended in water that had a viscosity of 0.887, a refractive index of 1.33, and a
dielectric constant of 78.5. The zeta potential reflects the potential difference between
the electrophoretically mobile particles EDL (electric double layer) and the layer of
dispersant surrounding them at the sliding plane. The potential at the slipping/shear
plane of a colloid particle moving through an electric field is also known as electroki-
netic potential. The particle size distribution is a result (Tables 2-4 and Figure 9).

Plants FTIR (cm™1)

Azadirachta indica (leaf extract) O—H at 3268.9 (stretching) and COOH at 1636.3 (stretching) [10]

P.granatum (seed extract) C=C at 1500 C=N at 1640 C=0 at 1720 N—H (amine salt) at
3000 N—H at 3400 [11]

P.orientalis C—H at 3196(stretching) H—C—H at 1315(bending) C—O at 1410
C—C at 1000-1450 Fe—O—TFe at 663,462,426 [12, 13]

D.mezereum Fe—O at 516
O—H of carboxylic acid at 3448
C=C at 1635 (ring stretching) [14]
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Plants FTIR (cm™?)
L.siceraria O—H bond at 3354
C=0at 1701

Inorganic compound at 624 [15]

Spinancia oleracea (leaf extract) OH at 3500-3200
C—H at 2800
C=0 at 1658
C=C at 1540,1402
Fe NPs at 670, 612.63 [6, 16, 17]

A. marina M—O bond at 400-450
Fe—O at 618 and 467
Aromatic comp. at 2923,2853
C—H bonds at 3422
O—H group at 1630 [18]

G. mauritiana OH at 3334.7 (stretching) C=N at 2115.9 (stretching)
(—C=0) at 1632 [21]

Camellia sinensis assamica C—O0—C at 1064
C=C at 1616 (stretching)
O—H at 3355

C=C at 1608 (ring stretching) [23]

Muvraya koenigii OH at 3454 (stretching)
C—H at 2427 (stretching)
C=0 at 1767 ester group (stretching)
The amino acid at 1637
Germinal CH; group at 1384
Fe—O at 831, 537, and 459 (stretching) [36, 37]

Urtica dioica C—0 at 1070
C=0 at 1636
C—H at 2800
OH at 3467 [23, 37]

Pinus eldarica O—H at 3420.97
C=0 at 1616.05
C—O at 1069.05
C-H at 2918
Fe—O at 640 and 450 [7, 36]

Table 2.
FTIR analysis of different plant extract.

6.6 Application of nanoparticles

Magnetic nanoparticles have a variety of uses, including in biomedicine,
healthcare, agriculture, food production, environmental management systems,
energy, textiles, electronics, building materials, machines, etc. (Figure 10).

7. Conclusion

This study focuses on the engineering of iron nanoparticles using several environ-
mentally friendly techniques and their potential to remove contaminants from the
environment (Table 5). To some extent, efforts are made to emphasize the many
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Plants Extracts SEM (nm) TEM (nm)
Camellia sinensis 16 14 (8, 9]
Punica granatum seed 10-40 38 [11]
P.orientalis — 9.2 [12, 13]
D.megzerium — 20-50 [14]
S. oleracea 30-100 Below 100 [6, 16, 17]
A. marina Average 80.2 Average ~ 52.4 [18]
Vaccinium sect. Syanococcus 58-79 20 [20]
G. mauritiana 50-80 10-20 [21]
C.sinensisassamica 15-45 Size depends on the Polyphone concentration ranges
from 40 to 200 [23]
Rosa indica 61 51 [24]
Murrayakoenigii 500 7-15 [37]
M. indica 0.075-6.5 pm 11.5 [15]
Laurus nobilis 200 60 [8]

Table 3.
TEM and SEM value of Fe and Fe—O nanoparticles of different plants.

Plants

XRD Pattern result

Punica granatum (Pomegranate seed
extract) [8]

Kingdom: Plantae

Family: Punica

The sharp peaks at 18.38°, 30.18°, 35.55°, 43.25°, 53.60°,
57.11°, 62.76°, 71.30°, and 74.50° 141 corresponded to the
crystal planes of 142 (111), (220), (311), (400), (422),
(511), (440), (620), and (533). This demonstrated that the
majority of the 143 IONPs synthesized were Fe30,.

P.orientalis [JCPDS 00-003-0863]
Family: Platanaceae

kingdom: Plantae

Order: Proteales

Rank: Species

The XRD pattern of Fe—O revealed the presence of three
peak of aFe;03,yFe,03 whoes hkI value is (012),(410) and
(221) respectively.

A. marina [PDF No.: 46-1312 JCPDS]
Kingdom: Plantae

Family: Acanthaceae

Genus: Avicennia

Species: A. marina Order: Lamiales

The XRD pattern of FeO-NPs revealed the presence of FeO
at five peaks:

36.42°,42.24°,61.29°,73.24°, and 77.07°, which correspond
to the (111), (200), (220), (311), and (222) planes of FeO,
respectively.

L.siceraria [JCPDS card No. 39-1346]
Kingdom: Plantae

Order: Cucurbitales

Family: Cucurbitaceae

Genus: Lagenaria

Species: Lagenaria siceraria

It is discovered that the exits strong diffraction peaks with 2
values of 28.26° and 32.28°, which correlate to the hkl value
of (220),(222), denoting the crystalline phase of Fe;0,4-NPs.

A.indica

[JCPDS file No.19-0629]
Kingdom: Plantae
Order: Sapindales
Family: Meliaceae

The Fe30,4 XRD pattern revealed six typical diffraction
peaks at planes 20 = (220) at 30.3° (311) at 35.6°, (400) at
43.3°, (422) at 53.2°, (511) at 57.1°, and (440) at 62.8°.

11



Iron Ores and Iron Oxides — New Perspectives

Plants XRD Pattern result

G. mauritiana [JCPDS NO. 89-8104] The significant strong characteristic peaks of iron oxide
Kingdom: Plantae particles are found at 26 = 24.14°, 33.14°, 35.61°, 40.84°,
Class: Rosidaceae 49.45°, 54.06°, 62.42°, and 64.00°, which correspond to
Order: Sapindales iron oxide amorphous structures (220), (311), (400),
Family: Rutaceae (442), (511), and (440).

Genus: Glycosmis
Species: mauritiana

M.indica [(a-Fe,O3) JCPDS 87-1164] Hematite (-Fe,O3) JCPDS 87-1164, and maghemite (-
[(y-Fe,03) JCPDS 39-1346] Fe,03) JCPDS 39-1346 in gamma phase. —-Fe,03 appears (in
Common name: mango black) in diffracted planes (311) and (220), where -Fe,03
Family name: Anacardiaceae appears (in blue) at (012), (104), (110), (113), (024), and
(116).

S.aromaticum The Fe,05 characteristic XRD peaks suggest a hematite
[JCPDF card #39-1346] structure and are indexed as (012), (110), (222), (421),
Common name: clove (422), and Fe;0, is characterized as (111), (311), (222),
Plant part is taken: buds (400), (422) and (440), indicating the co-existence of iron
Family name: Myrtaceae oxide phases.

Table 4.

XRD pattern result of the iron and iron oxides from different plants.
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Figure 9.
Zeta potential spectrum of FeNPs [38].

environmentally friendly agents for the production of iron nanoparticles, including
polymers, amino acids, bacteria, fungi, plant extracts, etc. This review also covers the
relationship between particle size, morphology, and other aspects and the character-
istics of materials, processes, and protocols. According to the literature, several plants
and components linked to plants have been used to easily synthesize iron
nanoparticles, which have proven to be effective catalysts for a variety of environ-
mental applications. As a result, plant materials appear increasingly viable as pro-
ducers of iron nanoparticles because of their environmental benefits and high
economic worth. To better understand the phytochemistry involved in the creation of
iron nanoparticles, which has not yet been thoroughly defined. Additional study is
required to examine more nearby and easily accessible resources for the production of
iron nanoparticles in order to accomplish the sustainability of nanomaterial synthesis.
Any novel methodology must first comprehend the biochemical processes involved in
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Figure 10.

Application of iron and irvon oxides nanoparticles.

Field

Application of iron Nanoparticles

Biomedical

Cellular therapies (cell labeling/tissue repair/cell separation and handling/purifying
cell populations/magneto-reception, diseases of the musculoskeletal system/severe
inflammation, disability, and pain are all possible uses for magnetic nanoparticles
(especially those coated with liposomes) for drug delivery [39].

Health care

Nanophotothermolysis with pulsed lasers for the treatment of cancer, hepatitis B
virus, respiratory syncytial virus, influenza virus, antiviral agents against HIV-1,
Monkeypox virus, herpes simplex virus type 1, and Tacaribe virus; delivering
antigens for a vaccine; nanoscale biosensors and imaging; nanocoatings on surfaces;
implants; nanocarrier for vaccination; antimicrobial activities; SLN in drug delivery
and research; delivering antigens for a particular disease into the bloodstream;
preventing aging of the skin [39]

Agriculture and
food

Crop yields are increased by nano-based products (nano-fertilizers, nano-
fungicides, and nano-pesticides), designed NPs, and CNTs; pyrite NPs are
employed as a seed treatment for different plants before the seeds are sown, and
more leaf quantity, greater leaf size, and higher biomass. Improved starch
breakdown after storage. This suggests that iron pyrite nanoparticles might be
created as a commercial seed treatment product (pro-fertilizer). As no NPs are
introduced into the soil throughout the procedure, the method is secure. Fewer
doses are needed than with chemical fertilizers. There are no negative impacts on
plant development. Nanoporous membranes, gene transfer (crop enhancement),
nano-composites, nanosensors, nanofood, encapsulation, food packaging,
nanocoatings, and precision farming [39].

13
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Field Application of iron Nanoparticles
Environmental Detection, monitoring, and treatment of pollution. Treatment of wastewater
Remediation (adsorption, membrane filtration, and permeable reactive barriers). Palladium

(Pd), climate change (carbon capture), synthetic leaves for CO, sequestration,
mineral carbonation, biomimetic carbonation, N,O breakdown, and methane
combustion are some examples of catalyst coatings. Enhances manufacturing
processes (efficiency, waste reduction), dematerialization (reduction in material
quantity), sensing (pollutant sensors, nanoporous membranes, chemical and
bionanosensors, nanowire sensor for explosives), and energy (heat distribution, for
example, ceramic-like materials that sufficiently provide the structure’s
dependability and durability) [39].

Energy The conversion of waste heat from computers, cars, homes, power plants, etc. into
usable electrical power using photovoltaic film coatings, more efficient fuel
production and consumption, fuel cells, prototype batteries, aerogels, and
thermoelectric materials [39].

Military and Smart materials, nano-composites, nanocoatings, sensors, electronics, fuel
aerospace additives, and energy devices [39].
Construction Smart materials, concrete additives, nanoscale sensors, nano-composites, and

nanocoatings. In order to color concrete, brick, tile, and other building materials,
iron oxide pigments are utilized [39].

Electronics Printed electronics, carbon nanotubes, nanowires, NEMS, spintronics, and
quantum dots [39] are examples of emerging technologies.

Table 5.
Application of nanoparticles in different fields.

nanoparticle creation, and any solution must be cost-effective relative to traditional
approaches. Utilizing local resources can help keep costs down in the long run as their
development. A clearer explanation of biomolecules and their function in modulating
the creation of nanoparticles will be provided in future studies with a more in-depth
investigation. The objective is to alter the rate of synthesis and boost the stability of
nanoparticles. Additionally, research should be done to boost the reactivity of iron
nanoparticles during manufacture in order to accelerate the breakdown of environ-
mental pollutants with the fewest possible eco-toxicological effects. Few investiga-
tions have confirmed that biosynthesized nanoparticles are less hazardous than
manufactured nanoparticles. Additionally, a thorough risk evaluation of green-
fabricated Fe NPs should be carried out, taking into account the nanoparticles
kinetics, fate, transport, aggregation, and dissolution during processing. A variety of
biochemical or functionalized nanoparticles can be produced using the green
nanotechnology processes described in this paper as a solid foundation. These new
products could be used in the environmental restoration sectors.
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Abstract

Iron oxide nanoparticles have been intensively studied in the last decade for their
unusual physical and chemical properties owing to their extremely small size, large
specific surface area and number of promising applications. In Medical applications
including magnetic resonance imaging, cell separation and detection, tissue repair,
magnetic hyperthermia and drug delivery, iron oxide nanoparticles (IONPs) have
been extensively used due to their remarkable properties, such as superparamag-
netism, size and possibility of receiving a biocompatible coating. The development of
magnetic iron oxide nanoparticles with improved biocompatible surface engineering
to achieve minimal toxicity, for various applications in biomedicine is much more
inevitable. In this article Iron oxide and its applications were discussed when it is nano
dimension with its nanotoxicology.

Keywords: metal oxide, iron oxide, nanoparticles, super paramagnetic, nanotoxicology

1. Introduction

The most important metal oxides are presently Titanium oxide (TiO,), Zinc
oxide (ZnO), Magnesium oxide (MgO), Copper oxide (CuO), Aluminium oxide
(ALO5), Manganese oxide (MnO,) and Iron oxide (Fe;04 and Fe,0;). Iron oxide is
arange of chemical compounds made up of iron and oxygen. These are naturally
occurring; some form in the soil or in chemical deposits in rocks or mountains.
Not all oxides are functional to humans, but numerous metal oxide play prominent
roles in industry, cosmetics, etc. Iron and its compounds are abundantly available in
nature and readily synthesised in the laboratory. The two most commonly studied
iron oxides have been magnetite (Fe;0,) and maghemite (y-Fe;03).

Magnetite (Fe;0,) is a black colour mineral, containing both Fe (II) and Fe (III)
and exhibiting ferromagnetic behaviour. It develops in a variety of species and aids
with orienting. Alternative names for magnetite include ferrous ferrite, iron (II, III)
oxide, magnetic iron ore, black iron oxide, and iron oxide.

Maghemite (-Fe,0;) is an structural reddish-brown ferromagnetic mineral that is
similar to magnetite but has a cation deficient site. It happens in soils as a weathering
byproduct of magnetite or as a byproduct of heating other Fe oxides, typically in the
presence of organic materials.
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IONPs are naturally occurring particles in the environment that are produced
during volcanic eruptions and air pollution. Particles of either Fe;O, (magnetite)
or -Fe,0; (maghemite), can be formed as emissions from vehicles, manufacturing,
and energy plants, but they can also be specially chemically synthesised for a num-
ber of uses. Various methods can be employed in their fabrication such as synthesis
by water in oil microemulsion system, co-precipitation reactions in constrained
environments, polyol method, flow injection synthesis and sonolysis [1-3].

As high magnetization values are needed for applications like as imaging and
therapy, magnetic behaviour is a crucial factor in the design and synthesis of
superparamagnetic iron oxide NPs (SPIONs). Although this may be achieved by
applying the highest magnetic field permitted in clinical settings, it is also possible
to manipulate the reaction conditions during the synthesis processes to produce
particles with a large surface area and high magnetic susceptibility. Iron oxides
are chemical compounds composed of iron and oxygen. Altogether, there are 16
recognised iron oxides and oxyhydroxides as shown in Table 1. The uses of these
various oxides and hydroxides are tremendously diverse ranging from pigments in
ceramic glaze, to use in thermite.

Oxides:

¢ Iron (II) oxide, wustite (FeO)

e Iron (II, III) oxide, magnetite (Fe;0,)

Type of iron oxide Colour Chemical formula Mag. behaviour at room temp.
Goethite Yellow brown a-FeOOH Antiferromagnetic
Lepidocrocite Orange B-FeOOH Paramagnetic
Akaganeite Brown to bright y-FeOOH Paramagnetic
yellow
Feroxyhyte Red brown 8-FeOOH Ferrimagnetic
Red brown &'-FeOOH Superparamagnetic
High pressure
FeOOH
Ferrihydrate Reddish brown FesHOg-4H,0 Superparamagnetic
Bernalite Greenish white Fe(OH); Weakly ferromagnetic
Fe(OH),
Schwertmannite Yellow Fei6016 Paramagnetic
(OH),(SO4)nH,0
Haematite Red a-Fe,0; Weakly ferromagnetic
Magnetite Black Fes0, Ferromagnetic
Maghemite Dark brown y-Fe,03 Ferrimagnetic
p-Fex0s
e-Fe,0;
Woaustite Black FeO Paramagnetic
Table 1.

Recognised iron oxides in 16 forms.
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¢ Iron (III) oxide (Fe,03)

* Alpha phase, haematite (a-Fe,0;)

* Beta phase, (p-Fe,0;)

* Gamma phase, maghemite (y-Fe,O3)

* Epsilon phase, (e-Fe,03)
Hydroxides:

* Iron (II) hydroxide (Fe(OH),)

¢ Iron (III) hydroxide (Fe(OH)3), (bernalite)
Oxide/hydroxide:

¢ Goethite (a-FeOOH)

* Aakaganeite (p-FeOOH)

* Lepidocrocite (y-FeOOH)

* Feroxyhyte (e-FeOOH)

* Ferrihydrite (FesHOg-4H,0 or 5Fe;05-9H,0)
* High-pressure FeOOH

* Schwertmannite (ideally FesOg(OH)4(SO)-nH,0

With the formula Fe,0;, iron oxide, often known as ferric oxide, is an inorganic
substance. It is one of the three primary forms of iron oxide; the other two are the
uncommon iron (II) oxide (FeO) and the naturally occurring iron (II, IIT) oxide
(Fe304) found in the mineral magnetite. Fe,Os is the primary source of iron for the
steel industry as the mineral haematite. Acids easily destroy the reddish-brown,
paramagnetic Fe,0O;. As rust and iron (III) oxide have similar compositions and
share a number of features, it might be helpful to refer to rust by this name in some
situations. Rust, also known as hydrated ferric oxide, is thought of as an ill-defined
substance. Magnetite and maghemite are preferred in biomedicine because they are
biocompatible and potentially non-toxic to humans. Iron oxide is easily degradable
and therefore useful for in-vivo applications.

Generally, magnetite (Fe;0,) and maghemite (y-Fe,0;) are the two main forms
which have attracted widespread interest in biomedical applications due to their
super paramagnetic properties. Fe;0, exhibits the larger magnetism than y-Fe,0;
because it is in a more stable form. It is also known as black oxide and contains both
divalent and trivalent Fe ions. Maghemite (-Fe;0;) is a reddish-brown weathering by
product of magnetite that is found in soil. The oldest iron oxide known is haematite
(Fe,05), which is also known as ferric oxide. These iron oxides are incredibly stable at
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Property Magnetite Maghemite
Formula Fe;0, v-Fe,O3

Lattice parameter (nm) a =0.8396 a = 0.8347
Crystallographic system Cubic Cubic or tetrahedral
Structural type Inverse spinel Defect spinel

Type of magnetism

Ferromagnetic or

Ferromagnetic or

superparamagnetic superparamagnetic
Density (g/cm3) 518 4.87
Melting point (°C) 1583-1597 —
Hardness 5.5 5
Type of magnetism Ferrimagnetic Ferrimagnetic
Curie temperature (K) 850 820-986
M; at 300 K (A-m’/kg) 92-100 60-80
Standard free energy of formation (kJ/ -1012.6 -7111
mol)
Table 2.

Physical and magnetic properties of ivon oxide nanoparticles.

ambient temperatures and frequently appear as the byproducts of the transformation
of other iron oxides. Some of the physical and magnetic properties are presented in

Table 2 [4, 5].

2. Magnetic properties of IONPs

The physical property of magnetic materials known as magnetism results from
the mobility of electron orbitals or intrinsic spin caused by the existence of unpaired
electrons (Figure 1). Unpaired electrons are required for iron and some materials
containing iron to exhibit magnetic behaviour. Magnetic solids are better understood
as a collection of magnetic dipole moments because of the abundance of electrons in

materials.

If a magnetic material is positioned in a magnetic field H, the individual atomic
moments in the material contribute to induce the magnetic flux inside the materials

can be written as

B=u,(H+M)

1)

where 1, is the vacuum permeability (12.566 x 10”7 VsA™ m™") and the magneti-
zation M = m/V is the magnetic moment per unit volume, where m is the magnetic
moment on a volume V of the material. In the regime, where the magnetization scales
linearly with H, it is useful to define the magnetic susceptibility (y) as,
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Figure 1.
Magnetic moment of an electron. Source: https://www.embibe.com.

Fundamentally, there are two types of magnetic measurements for magnetic
particles:

1.Magnetization as a function of applied field with temperature (M-H loop).
2.Magnetization as a function of temperature at a given magnetic field.

Figure 2 shows hysteresis loop of magnetic material at constant temperature.
Magnetic hysteresis refers to the irreversibility of the magnetization and demagneti-
zation process. The saturated magnetization (M) is the magnetic moment per unit
volume of the material obtained when a sufficiently large magnetic field is applied to
remove all domain walls and aligns the magnetization of the sample with the field.
Remanent magnetization (M,) is the magnetization that remains after an applied field
has been removed. Coercivity (H,) is the applied magnetic field required for reduc-
tion of a saturated magnetic material to zero magnetization.

The ZFC-FC curve is obtained by measuring the magnetization, when cooling the
sample to the low temperature in the same field as shown in Figure 3. In the ZFC and FC
measurements, the field must be weak enough in comparison with the anisotropy field
to guarantee that the ZFC-FC curve reflects the intrinsic energy barrier distribution.

For the ZFC (Zero Field Cooled) curve, the sample is first cooled in a zero field
from a high temperature well above blocking temperature (T), down to a low tem-
perature much below T, where nanoparticles are in a ferromagnetic state, where they
are in a superparamagnetic state. After that, a magnetic field is provided, and as the
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Figure 2.
Hysteresis curve of a ferromagnetic matevial at constant temperature. Source: http://electrons.wikidot.com.
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Figure 3.
Typical ZFC-FC magnetization measurement of magnetic material. Source: Materia (Rio J.).

material is heated to a temperature well over the blocking temperature, the magneti-
zation as a function of temperature is monitored.

3. Superparamagnetism

The magnetic behaviour of materials depends on the structure of the material
and particularly on its electron configuration. There are several types of magnetism
in materials identified as paramagnetism, ferromagnetism, superparamagnetism,
antiferromagnetism and ferrimagnetism.
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Figure 4.
Hysteresis loop of superparamagnetic material. Source: https://doi.org/10.1063/1.4820992.

Superparamagnetic materials exhibit non-magnetic moment in the absence of
an external magnetic field but can respond to the alignment of the magnetic dipoles
along with the external magnetic field. On the other hand, in the presence external
magnetic field, they can develop a net magnetic moment. Superparamganetism has
a zero intrinsic coercivity, high saturation magnetization, no hysteresis nature like
ferromagnetic and no remanence magnetism as presented in Figure 4. Generally,
superparamagnetism takes place when the material is composed of very small crystal-
lites, i.e. less than 30 nm. Since the particles are very small, no permanent magnetiza-
tion experiences after the magnetic particles are isolated from the applied magnetic
field.

In a superparamagnetic material, Even though magnetic moments are forcing
themselves to line up along the field direction, the thermal vibration energy of each
particle has a magnitude similar to the magnetic energy, thus the magnetic moments
shift their direction arbitrarily as a result. As a result, there is no net magnetic reac-
tion, and the substance acts like a paramagnetic substance. The superparamagnetic
materials may still react to an external magnetic field and yet have significant mag-
netic characteristics with a very high susceptibility. Because of the thinness of the
hysteresis loop and lack of remanence or coercively in superparamagnetic materials.
The facile resuspension, high surface area, slow sedimentation, stability and disper-
sion of magnetic force, and lack of magnetic remanence are some benefits of the
superparamagnetic particles [6-10]. Subsequently, these advantages make iron oxide
crystallites with smaller grain sizes to employ in many applications such as separation,
purification, drug delivery device, cancer treatments through hyperthermia and as a
contrast agent in Magnetic Resonance Imaging (MRI).

4. Applications of IONPs

Iron oxide nanoparticles (IONPs) are fairly a fascinating material have already
found in many applications mainly due to large surface to volume ratio and extraordi-
nary magnetic properties. IONPs exhibit sorbent properties, which were successfully
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tested on removal organic dyes and toxic inorganic metal pollutants from industrial
waste water. Moreover, their magnetic properties and ability of the modified surface
to selectively bind chemicals show promise of the future industrial interest in mag-
netically separable sorbents and filtration media.

Maghemite and magnetite NPs have been used in magnetic recording media such
as tapes and HDDs. However, current industrial demand for higher recording density
have reduced the size of used NPs. High susceptibility and low coercivity of super-
paramagnetic iron oxide NPs (SPIONs) and their biocompatibility and biodegrad-
ability show great potential for applications in biomedicine. In this thesis, some of the
applications of IONPs have been discussed briefly which are relevant to our studies.

4.1 Biomedical applications of IONPs

Magnetically responsive nano and micro particles have been employed in various
areas of biosciences, biotechnology and environmental technology. Biomedicine
related applications are mainly based on the utilisation of selected properties, namely
magnetic separation, magnetic targeting, hyperthermia, drug delivery, MRI contrast
and antibacterial.

Target molecules, cell organelles, and cells can be quickly isolated using magnetic
separation from complex biological mixtures and raw samples like blood, bone
marrow, tissue homogenates, urine, stools, and other biological materials. Magnetic
separation is a very straightforward, quick, efficient, and gentle technique. The
chemicals and cells that magnetic separation isolates are often unmodified, pure, and
viable. When there is a requirement for large yields of pure and physiologically active
chemicals and biological structures on a small scale, gentle test tube magnetic separa-
tion is the method of choice.

Hyperthermia treatment is a gifted therapy for cancer where the temperature
of the tumour tissue is raised slightly above physiological temperature, i.e. about
42-46°C by artificially. This is based on the fact that when magnetic materials are
exposed to an AC magnetic field it generates heat. The heating occurs due to magnetic
losses in the form of hysteresis loss. Both bulk magnetic materials and tiny magnetic
particles can be employed. Yet due to their advantageous magnetic characteristics
in connection to hyperthermia therapy and simplicity of delivery in the target tis-
sues, tiny magnetic particles, especially nanomagnetic materials, have replaced bulk
magnetic materials.

Iron oxide particles (IONPs) are routinely used in clinics as a contrast agent for
magnetic resonance imaging (MRI). Tracking and monitoring of stem cells in-vivo
after transplantation can supply important information for determining the efficacy
of stem cell therapy. The most reliable and secure non-invasive method for tracking
stem cells in living organisms is thought to be magnetic resonance imaging (MRI) in
combination with contrast chemicals. Commercially available superparamagnetic
iron oxide nanoparticles (SPIONs) have been used to identify stem cells with the use
of transfection agents (TAs).

Magnetic iron oxide nanoparticles attached with drugs has been found that a
perspective field of targeted drug delivery where distribution of drug attached with
magnetic nanoparticles within the body is manipulated by external magnetic field.

A more successful treatment outcome is anticipated if magnetic particles associated
with medications can be condensed into the appropriate location by an external

magnetic field and then subjected to an AC magnetic field. For the aim of delivering
medications, liposomes have been widely used. Liposomes have also been utilised to
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distribute magnetic particles effectively (known as magnetoliposomes). Targeting of
therapeutic agents is necessary for maximum utilisation thereby reducing dose and
avoid unwanted adverse effects due to higher doses. Targeting through monoclonal
antibody is also used for targeting different drugs/biological molecules to their
desired site.

Antibacterial agents are crucial for the food packaging sector, the textile industry,
and water purification. The toxicity of organic chemicals used for disinfection is one
of its drawbacks. As a result, inorganic disinfectants like metal oxide nanoparticles
(NPs) are becoming more popular. The inorganic nanostructured materials with
effective surface modification show good antimicrobial inhibition activity. Such
improved antibacterial agents locally destroy bacteria, without being toxic to the sur-
rounding tissue. The iron oxide nanoparticles have been widely favoured as antibacte-
rial agents because of low cytotoxicity, biodegradable and reactive surface that can be
modified with biocompatible coatings. The mechanism of antimicrobial property of
nanoparticle lies with the fact that the large surface area relative to the volume, which
effectively covers the microorganisms and reduce oxygen supply for respiration.

4.2 Heavy metals and dye removal from water

Water resources become critical important to living things, but there is a major
environmental concern due to an increasing pollution from industrial wastewater.
Several sectors, including pulp, paper, textile, and plastics, use chemicals and dyes to
produce their goods and need a lot of water as well. As a result, harmful substances
including heavy metals and chemical compounds infiltrate water. The toxins have
negative effects on both the terrestrial and aquatic environments. The use of magnetic
IONPs coated with appropriate surfactants to remove pollutants from wastewater
shows promise. Magnetic loaded adsorbent materials have gained special attention
in water purification due to various advantages such as high separation efficiency,
simple manipulation process, fast processing speed, economic and environmental
friendly, able to handle concentrated feed, selectivity to particular guest molecules
and easy specifically functional modifications.

Municipal wastewater frequently contains copper, which may be harmful to living
beings. Techniques including ion extraction, coagulation, or adsorption have been
used to remove it, however they have limitations because to their limited sensitiv-
ity and cross reactivity. Currently, surface modified IONPs afford an alternative in
bioremediation processes for the removal of Cu (II), Cr (VI), Ni etc., from water by
adsorption.

The most polluted industry in the world is textiles industry, since it requires a huge
amount of two major components, chemicals and water. More than 1000 different
chemicals have been used in textiles industry, mostly they are dyes and transfer
agents. Natural and synthetic dyes are used in textiles industry for economical and
efficiency reasons. It creates problems to the environment, due to the fact that many
synthetic dyes are made to be very stable compounds that are resistant to degrada-
tion by light, chemicals, and biological processes. Certain synthetic colours used in
commerce frequently contain unreportedly huge, complicated structures. Since dye
wastewater contains several contaminants, including acid or caustic, dissolved solids,
hazardous compounds including heavy metals, and colour, it can be one of industry’s
biggest problems to discharge. Colour is one of them and is readily identifiable in
wastewater since it is very apparent. Moreover, these coloured effluents pose seri-
ous environmental risks. Synthetic dyes are present in little amounts, but they are
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extremely visible and unwanted. The majority of synthetic dyes are also recalcitrant/
stable, poisonous, non-degradable, extremely soluble in water, and even carcinogenic.

4.3 Corrosion inhibition on mild steel

Corrosion is the destructive attack to metal by chemical or electrochemical reac-
tion problem in mild steel, since which is easily corroded in acidic medium. To guard
against corrosive environments, mild steel was coated with a corrosion inhibitor. A
corrosion inhibitor is a substance that prevents corrosion by creating a barrier coat-
ing of protection, which in turn halts the corrosive reaction. Paint is a substance that
stops corrosive media like air and water from coming into direct contact with the
metal surface. After curing, it produces a thin, homogenous coating that shields the
base metal from corrosion caused by its surroundings. Various metal oxide materi-
als have been used in the formulation of paints. Mixed metal oxides are synthesised
from corresponding oxides and are used as pigments in paints which constitute the
nanoformulated paints. Nanoformulated paint coatings are being carried out on mild
steel plate and the coatings were tested in corrosion atmosphere. The most common
corrosion inhibitors are costly, environmentally hazardous organic or inorganic com-
pounds. Mechanistic knowledge of the mechanisms involved in corrosion and inhibi-
tion is required for optimal inhibitor selection. As a result, researchers are creating
brand-new eco-friendly inhibitors based on natural ingredients and environmentally
friendly biopolymers. The organic derivatives found in natural goods with plant
origins, such as alkaloids, polysaccharides, pigments, organic acids, and amino acids,
can be employed as corrosion inhibitors. Gums and other polysaccharides have been
utilised as corrosion inhibitors for metals in salty, acidic, and alkaline conditions.

5. Nanotoxicology

Nanotoxicology is the study of the potentially detrimental effects of nanomateri-
als, in particular nanoparticles, on living creatures. Toxicology is the study of poten-
tially hazardous effects of chemicals on living organisms. Understanding the link
between the toxicity of NPs and their physical-chemical characteristics, such as size,
shape, reactivity, and material composition, is the main goal of nanotoxicology. There
are hundreds of commercially available products using nanotechnology currently on
the market including cosmetics, sunscreens, textiles, sport items, veterinary medi-
cines and so on.

The changes in nanoparticle size and structure play an important function on cell
toxicity, with rod-shaped or nano-sized IONPs being more toxic than sphere-shaped
and microsized particles, respectively. The surface charge of Iron Oxide Nanoparticles
could affect cell cytotoxicity and genotoxicity. Absolutely charged IONPs were shown
to be more toxic, since they suffer nonspecific interactions and adsorptive endocyto-
sis with the negatively charged cell membrane, thereby increasing their intracellular
accumulation and affecting cell membrane integrity.

Nanoparticles are emitted into the environment by primary sources such as natu-
ral phenomena, combustion processes or industrial activities during generation and
handling of engineered NPs. As NPs are transported through the environment, they
can be physically and chemically modified due to interactions with sunlight, water
and other environmental substances. The rapid growth of nanotechnology industry
and its ever increasing applications will inevitably increase the concentration of
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nanomaterials in the environment with potential human and environmental exposure
as a consequence. The human body is exposed to NPs through four possible routes:
inhalation of airborne NPs, ingestion of drinking water or food additives, dermal
penetration by skin contact and injection of engineered nanomaterials.

5.1 Prevention of toxicity of IONPs

Studies have shown that iron oxide nanoparticles require a biocompatible coating
to prevent agglomeration that may lead to toxicity in biological media. The clearance
rate, cell toxicity, and cellular response to superparamagnetic iron oxide nanoparticles
are significantly influenced by their dimension and surface properties. In general,
macrophages are more likely to take up nanoparticles with sizes greater than 200 nm.
On the other hand, extravasations and renal clearance both work quickly to eliminate
tiny particles with sizes less than 10 nm. This suggests that the best likelihood for a
particle to remain in circulation for a longer period of time is between 10 and 200 nm.
Amphiphilic coatings are used to increase the circulation duration of superpara-
magnetic iron oxide nanoparticles from minutes to hours. This increases the target-
ing potential of a surface-modified contrast agent and prevents a harmful contact
between the particles.

Several studies have revealed that the polymer coated nanoparticles barely affect
the viability and functionality of cells. A biodegradable polymer coating was used to
stabilise the magnetic nanoparticles that Gomez-Lopera et al. created. In their work
they were synthesised colloidal nanoparticles that were highly responsive to magnetic
field for drug delivery systems. Another study shows that dextran coated superpara-
magnetic nanoparticles labelled with a cationic peptide had no significant effect on
cell viability or the biodistribution of human haematopoietic cells.

In summary, all studies have shown that iron oxide nanoparticles with biologi-
cal coating very prominent and inevitable in reducing the toxicity to the cells which
uptake them. Recently the nanotechnology has been moving towards to develop a new
kind of materials without any harmfulness to the society by adopting green synthesis
procedures [11-14].

6. Conclusion

This article briefly presents the characteristics of nanosized metallic iron oxides,
as well as their applications and toxicology. Metal oxides at nanoscale as iron oxides,
haematite (a-Fe,O3;) and maghemite (y-Fe,0;) have been widely applied in various
mankind applications since they are strongly dependent on the size of their particles
and surface area. As a result of the reduction of particle size, there is an increase in
atoms located on the surface and consequently an increase in the catalytic activity of
nanoparticles iron oxidehematite and maghemite.
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Abstract

Nowadays, nanoparticles are used in a variety of biological applications where
they enhance treatments and laboratory tests. Due to their distinctive proper-
ties and minor adverse effects, nanoparticles are being used more specifically
for medication delivery, not only in the treatment of cancer but also for other
diseases. Magnetic nanoparticles like SPION (superparamagnetic Iron Oxide
nanoparticles) are regarded to be the most viable in the midst of these materials.
SPION are frequently used in biomedical applications due to their low cost and
lack of toxicity. Within the developing field of nanomedicine, superparamagnetic
iron oxide nanoparticles (SPION) are basic technological classes that have been
widely studied for cancer imaging and treatment. Additionally, SPION employ
super paramagnets, which seem to be beneficial for focusing on particular tumor
areas within a body. For instance, the superparamagnetic abilities of magnetite
(Fe304), which are frequently utilized in delivery of drug, diagnosis and therapy.
SPION was envisioned as a tool for the “golden therapeutic era” since it mini-
mized cellular absorption by macrophages, targeted cancer cells preferentially
while sparing healthy cells, monitored cancer cells before and after therapy, and
controlled drug release. In order to give a concise overview of SPION, there will
be focus on their biomedical applications includes hyperthermia (HT), magnetic
resonance imaging (MRI), magnetic drug targeting (MDT), gene delivery as well
as nanomedicine.

Keywords: SPIONs, magnetite, biomedical application, therapeutic, theranostic agent

1. Introduction
SPION (Super magnetic iron oxide nanoparticles) are the nanoparticles with a

functionalized shell surrounding an iron oxide core. These are iron oxide crystals
{magnetite (Fe30,) or maghemite (y-Fe,03)} with a shell that can be altered to
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Showing physiochemical properties of SPIONs [4].

improve stability in aqueous conditions and to alter the biochemical properties for a
wide range of applications in biomedical sectors [1, 2]. The scientific community has
recently become very interested in SPION due to their intriguing potential diagnostic
and therapeutic applications. They have wide range of biomedical applications such
as MRI, dual modality MRI/computed tomography (CT), magnetic fluid hyperther-
mia (MFH), biosensors, drug delivery as well as bio- separation [3]. SPION are a
unique contrast agent for magnetic resonance imaging and a fascinating family of
tracers for nuclear medicine due to their modifiable surface and core properties. A
contrast agent can accelerate the relaxation rate of water, which is known as relax-
ation rates, since MRI evaluates the change in magnetic moment of water protons
after applying radiofrequency (RF) pulses. In essence, after being excited by RF
pulses, protons return to their equilibrium state, which is longitudinal T, relaxation.
Transfer (T,) relaxation is the exchange of the spin angular momentum between the
protons (Figure1).

SPION exhibit contrast enhancing behavior, engage with nearby water molecules
and speed up the rate at which water protons relax. The T; relaxation times are sped
up by the contrast agents. The regions where SPION are taken up typically have a
lower MR a signal intensity, which causes those regions to appear darker in MRI.
Transfer (T,) relaxation is the exchange of protons’ spin angular momentum. SPION
act as a contrast agent, interact with nearby water molecules, and speed up the rate at
which water protons relax. The T relaxation and/or T, relaxation times are sped up
by the contrast agents. The areas where SPION are taken up typically have a lower MR
signal intensity, which causes those areas to appear darker in MRI [5-8]. The current
chapter comprehensively reviews the biomedical applications of SPION in theranostic
area (Figure 2).
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2. Synthesis and biomedical applications of SPIONS
2.1 Synthesis methods

The morphology as well as composition both affects the magnetic properties of the
Iron oxide nanoparticles. In order to ensure control over the particle’s size, shape, size
distribution as well as crystallinity, the method of synthesis must be carefully chosen.
SPION can be created by using as variety of techniques, including chemical, physical
and biosynthetic ones [10-13].

2.1.1 Co-precipitation

The co-precipitation technique, one of the most straightforward and effective
synthesis methods, relies on the addition of a weak or strong base to precipitate Fe**
and Fe** aqueous salt solutions simultaneously. This process is primarily used to
synthesize SPION commercially. Several artificial parameters affect the size, shape
and the composition of iron oxide nanoparticles, such as Fe*"/Fe’ ratio, temperature,
pH, and salt type (chloride, nitrate, sulphate, perchlorate), as well as the kind of base
employed (NaOH, NH,OH, Na,COs). This technique is one of the most economical
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ways to make SPION with the right magnetic properties in high degree of polydisper-
sity and little crystallinity. A number of modified versions of this technique have been
developed to address these drawbacks [14-16]. These for example, include in vivo
co-precipitation in a carboxyl-functionalized polymer matrix, assistance from ultra-
sound, the use of alkanolamines as base, the preparation of Fe;0, nanoparticles under
a static magnetic field and at the end co-precipitation of FeCl;.6H,0, FeSO,.7H,0, and
Gd(NOs); aqueous solutions is done by addition of NaOH [17-20].

2.1.2 Micvoemulsion

Microemulsion systems are the isotropic dispersion of two immiscible liquids
that are thermodynamically stable. Essentially, there are two types of microemul-
sions: oil-in-water (o/w; normal micelles) and water-in-oil (w/o; reversed micelles).
Usually, the dispersed phase acts as a nano/micro-reactor, offering a constrained
setting for the initiation and controlled development of nano- and microparticles.
Micellar microemulsion systems are created using a variety of amphiphilic surfac-
tants, such as dioctyl sodium dodecyl sulphate (DSS), cetyltrimethylammonium
bromide (CTAB), sodium dodecyl sulphate (SDS), and polyethoxylates (such as
Tween-20 and -80) [14]. The main benefit of using microemulsion methodology to
prepare SPION is the ability to control the nanoparticle size by varying the size of the
micelles. Furthermore, a rise in the particle’s polydispersity is seen, which is likely
caused by the relatively homogenous size of micelles. The typical low and constrained
reaction temperature, which leads to SPION with poor crystallinity and low yields, is
a drawback of microemulsion synthesis. The crystallinity of the particles produced
by this method can be increased by thermal annealing the synthesized iron oxide or
maintaining the micelle structure at high reaction temperatures [12, 21, 22].

2.1.3 Thermal decomposition

By thermally decomposing organoiron precursors in high-boiling-point organic
solvents with stabilizing surfactants, SPION with excellent size and shape control,
narrow size distribution, and good crystallinity can be produced [23, 24]. Oleic acid,
oleylamine, fatty acids, and hexadecylamine are examples of amphiphilic surfactants
that enable fine-tuning of the nucleation and growth kinetics of the nanoparticles. The
presence of the surfactant in the reaction mixture and the high reaction temperatures
produce samples with excellent size dispersion and crystallinity. However, because this
method involves the synthesis of toxic chemicals like iron pentacarbonyl, chloroform,
and hexane, it is not particularly eco-friendly. Furthermore, a further surface modifica-
tion step is required to produce water-dispersible and biocompatible nanoparticles that
are helpful for biomedical applications because the surface of the magnetic nanopar-
ticles has a hydrophobic coating. Control over morphology and nanoparticle size when
using the thermal decomposition method to create SPION is highly dependent on
reaction time, reaction temperature, and the ratio of precursor to surfactant [25].

2.1.4 Sol: gel

The sol-gel method, which is frequently used for the production of silica-coated
SPION, is based on the condensation and hydrolysis of tetraethyl orthosilicate
(TEOS) in ethanol and 30% aqueous H,O, with Fe** solutions to create colloidal
sols. A 3D iron oxide network is then created by gelling the sol through a chemical
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reaction or solvent removal. After drying and solvent removal, the formed gel needs
to be crushed in order to obtain iron oxide nanoparticles. When surfactant is added
before gelation, the system’s free energy is reduced, which causes the formation of
nanoscale iron oxides without the development of a 3D network. A simple method for
producing high yields of relatively large and monodisperse nanoparticles in ambient
conditions is the sol-gel synthesis technique. But because the sol-gel method is used
at room temperature, additional heating is required to produce the desired crystalline
structures. The technique also produces contaminated by-products, necessitating
post-treatment purification. The parameters that affect the SPION gel’s structure and
properties are temperature, pH, the solvent being used, and the concentration of salt
precursors. TEOS and ammonia concentrations are typically used to adjust the silica
shell’s thickness (Table 1) [26, 27, 43].

3. Biomedical applications of SPION

As SPION are mainly used due to their main features such as their size, surface
charge, shape, surface stability and biocompatibility. There are many uses of SPION
in biomedicine, which are listed below: MRI, drug delivery, hyperthermia, cell label-
ing and separation, aptamers, biosensors etc. (Figure 3) [30].

3.1 Drug delivery

The Transmission of a remedial agent to a recommended site in the body is
known as drug delivery. Drug delivery to directed disease is a critical step in the
treatment of a variety of conditions, including cardiac disease, microbial attack
and cancer. For targeted drug delivery of many diseases different kinds of magnetic

¢ (Cancer diagnosis, inflammation, stem cell
tracking, angiogenesis etc.)

¢ TARGETED DRUG DELIVERY
* (antiarthritic, photodynamic, radioactive,
chemotherapeutic, hyperthermia etc.)

» CELL/MOLECULE MAGNETIC LABELLING

¢ (magnetic carriers, separators, isolations,
magnetic gene transfection)

N\

Figure 3.
Showing SPIONs application in biomedicine [30].
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Functional Structure of DDS Application Results References
molecules
Methotrexate via a self-assembled Through MRI High absorption [46]
monolayer PEG it follow-up drug of targeted
immobilized on the administration nanoparticles,
surface of the iron oxide to brain tumors non-toxic
nanoparticles methotrexate
in vitro,
significantly
improved
contrast
Methotrexate Iron oxide NPs converted For therapeutic In cells there [47]
targeting with APTES and linked treatment and is greater
folate by covalence with imaging of absorption of
receptor Methotrexate cervical tumors nanoparticles
and breast targeted with
the folate
receptor
Folate Nuclei of SPIONs For the The Targeting [48]
covered with a mixture treatment of strategy
of the triblock copolymer cancer of cervix improved
methoxy PEG-b-poly absorption of
(methacrylic acid -co-n- nanoparticles
butyl methacrylate)- and cytotoxicity
b-poly (glycerol
monomethacrylate) and
the folate-conjugated
block copolymer folate-
PEG-b-poly (glycerol
monomethacrylate)
loaded with doxorubicin
Folate Incorporated inside Magnetic Absorption in [49]
Pluronic F127 micelles is resonance the KB unit
folate iron oxide imaging and
medication
administration
Murine Murine melanoma Administration Effective [50]
melanoma antigens is brought by of amurine adoption of
antigens, SPIONS,hgp10025-33 melanoma nanoparticles by
hgp10025-33 antigens engineers
Anti- A nanocomposite with Prostate cancer Considerable [51]
Prostate- quantum dots conjugated imaging and targeting
specific to the surface and an targeting,
membrane internally embedded PS medicine
antigen matrix that is spherical, storage
high fraction of
SPIONs+PLGA +paclitaxel
load
LHRH PEG and LHRG- Drug delivery Improve the [52]
(Luteinizing coated SPIONs internalization
hormone poly(propyleneimine) of cancer cells
releasing generation 5 dendrimer and increase the
hormone) siRNA complex effectiveness of

in vitro genetic
suppression
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Functional Structure of DDS Application Results References
molecules
LHRH Conjugated SPIONs with Treatment for The targeted [53]
LHRH human breast nanoparticles
cancer tumors had an
and metastases accumulation
a12-multiplied
by the
accumulation
of breast and
lung metastases
in vivo
Table 2.

Showing use of SPION in drug carrier and preclinical studies.

nanoparticles are used. For example, in detection lesions in the liver tumor at

a23 mm level. SPION have been used by clinical imaging. For the treatment of
MCEF-5 breast cancer, drug administration and MRI monitoring have also been
studied [39, 44, 45]. In the whole body, chemotherapy causes serious damage, so

it is important to focus selectively on cancer cells to create targeted therapies. For
higher doses of drugs, the targeting strategy should also increase the effectiveness
of drugs without being limited by the harm to healthy tissue. For the SPION-based
drug delivery system to be effective, many important criteria must be considered.in
order to link targeting units, the carrier should provide a functional group and also
provide the delivery system with suitable hydrophily, so that it can easily disperse
into aqueous environment (Table 2) [8].

3.2 Bioimaging

In bioimaging and clinical purpose magnetic nanoparticles show great scientific
interest because of their unique properties. At molecular and cellular level magnetic
resonance imaging (MRI) is one of the strongest techniques used in biomedical imag-
ing. In magnetic resonance imaging (MRI), many magnetic nanoparticles are used
as a contrast medium, such as SPION, the core, magnetic gel nanoparticles and iron
oxide. In these SPION demonstrate an important role in differentiating pathogenic
and healthy cells. Because of the high resolution and capability of 3D imaging MRI
provides information about soft tissue as well as for the detection of intra-tumor
cancerous tissue. SPION and magnetic nanoparticles of iron oxide have aroused major
interest in the administration of cancer drugs over the last decades [39].

3.3 Cell labeling and separation

There is numerous SPION cell labelling techniques that can be applied, each with a
different goal in mind. There are three main categories that they fall under:

i. In-vitro methods (such as endocytosis, transfection agents, magnetofection,
and electroporation);

ii. In-vivo cell labelling by reticuloendothelial system (RES) through systemic
application; and
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receptor-mediated binding and internalization of SPION by targeted cells
(e.g., targeted labelling and imaging). Stem cell tracking and monitoring for cell
transplantation therapy reasons is one of the uses for cell labelling [52]. Living
organisms, such as peptides, proteins, large molecules (such as cell receptors)
or structural components of cell membranes (such as glycoproteins or choles-
terol)—should make it possible to recognize activated cells, organs, or patho-
genetic states for exact cell and tissue instruction to achieve therapeutic success

(Table 3) [4].
3.4 Tissue engineering

The creation of functional replacement tissues or organs using patient cells has
been proposed as a therapeutic strategy. These tissues or organs can develop ex vivo
(in a bioreactor) for later implantation or in the patient’s body at the site of the defect.
It was suggested that nanomagnetic actuation be used as a mechanical simulator in TE
and regenerative medicine. Bone TE bioreactors are created employing mechanical
actuators made of magnetic nanoparticles. The applications of MNPs in bone tissue
engineering can be expanded by the use of an external magnetic field to regulate their
movement and operation. An oscillating external field in conjunction with MNPs
inside a defect may increase cell induction and remotely send biomechanical cues to
the cells to promote osteogenesis (Figure 4) [56-58].

Generalname  Shortname Coating Applications Relaxivity Dcc Dhb Clinically
approved
Ferumoxide AMI-25 Dextran Cell labeling, liver ~ r1=10.1 5 120-180 e
imaging, CNS r2 =120
imaging
Feruglose NC100150  PEGylated starch ~ Blood pool agent n.a. n.a. 20
Ferumoxsil AMI-121 Siloxane Oral Gl imaging rl=2 8.4 300 e
12 =47
Ferumoxtran AMI-227 Dextran CNS imaging, r1=99 59 15-30
blood pool 12 = 65
imaging,
cell labeling,
macrophage

imaging, lymph
node imaging

Ferumoxytol Code7228  Carboxymethyl-  Blood pool agent, r1=15 Na. 17-31 f
dextran cellular labeling, 12 =89
iron replacement
therapy in patients
with chronic
kidney failure,
lymph node
imaging

Ferucarbotran SHU-555A  Carboxydextran Liver imaging, r1=97 4 62 d
CNS imaging, cell 12 =189
labeling

Table 3.
Showing the clinically approved iron oxide nanoparticles examples [42, 53-55].
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Receptor Clathrin Caveoline
Passive Mediated Mediated Mediated Other
Diffusion Endocytosis  Endocytosis internalization mechanism

Figure 4.
Showing mechanism involving cell damage persuade by SPION [56].

Figure 5.
Showing combination of diagnosis and therapy effect of SPION [52].

3.5 Magnetic particle imaging

SPION mainly used as to detect substance in the magnetic particle imaging (MPI).
MPI was announce in 2005, novel pictorial representation method [59]. Generally,
the SPION are superparamagnetic. After the action of the magnetic field is turned
off, superparamagnetic particle will not remain magnetized. Due to Brownian and
Neel relaxation, the magnetization direction can change even at ambient temperature
when thermal stimulation occurs. High spatial sensitivity and sensitivity, along
with the potential for high-quality real-time imaging, are the benefits of MPI above
existing imaging approaches. The spatial bioavailability of the particles affects the
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MPI approach’s ability to produce high-quality images. Producing tracers with the
best magnetically particle spectroscopy (MPS) efficiency is the difficulty of SPION
synthesis (Figure 5) [60].

4. SPIONS: a better alternative for theranostic agent

The fusion of diagnostics and therapy is known as theranostics or theragnostics,
and it can be divided into three types: the simultaneous use of therapeutics and
diagnostics, identification followed by therapy, and therapy followed by diagnosis.
Theranostics agents are created with the intent of detecting and treating disease at an
early stage, monitoring the effectiveness of the therapeutic process, and minimizing
time wasted during diagnosis and treatment. Theranostics nanomedicine, also known
as nano-theranostics, is based on the aggregation of diagnostic and therapeutic sub-
stances into nanocarriers for use in medicine, including liposomes, micelles, carbon
nanotubes, nanoparticles, and polymer-based nanomaterials. The imaging compo-
nent of nanotheranostics relies on the use of fluorescent dyes like quantum dots (for
optical imaging), magnetic nanoparticles, such as SPION (for MRI), radionuclides
and heavy metals, such as iodine [52]. For the treatment of the diseases, theranostic
medicines are used. Theranostic nanomedicine aims to reduce systemic toxicity
related to cancer treatment while also improving cancer detection and treatment
effectiveness (Figure 6) [52].

_ Ws.__ TARGETING
-®: v LIGAND

POLYMERIC
LAYER

i\\—(—~ IMAGING

LAYER

SPIONs

Figure 6.
Shows the representation of theranostic system [61].

5. Toxicity of SPION

Studies on the effects of SPION on human and animal cells at the cellular level
revealed that SPION can enter cells through passive diffusion as well as endocytosis
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Membrane
leakage of
lactate
dehydrogenase

Apoptotic bodies | DNA damage

TOXICEFFECTS
OF SPIONs

. z Impaired
GeneRrEa)ti;on of P 7 mitrochondrial
= y function

Chromosome
condensation

Figure7.
Shows toxic effects of SPION [70].

and have a number of harmful effects by changing gene expression and producing
oxidative radicals [62]. Toxic or cytotoxic effects from SPION with altered physico-
chemical properties are possible. High levels of free ferric ions in that tissue could
consequently cause an imbalance in homeostasis and abnormal cellular responses like
osmotic damage, cytotoxicity, epigenetic events, DNA damage, and inflammatory
disorders, which could result in cancer development or significantly affect subsequent
generations [63-69]. In conclusion, toxicity of SPION, despite being suspected to be
low, has not yet been adequately established because human epidemiological studies
are almost nonexistent, in vivo studies are scarce, and results from in vitro studies are
frequently incongruent. In the field of biomedical applications, a lot of future work
has still to be done. For this, the requirement is to understood the interactions and the
harmful health consequences of these nanoparticles on cellular system (Figure 7) [71].

6. Biosynthesis: an approach to overcome toxicity

One-pot biosynthetic pathway of y-Fe,O; NPs using natural plant extracts as
reducing and capping agents has been promoted in recent years as an easy, afford-
able, and environmentally friendly substitute for chemical and physical methods
of producing nanoparticles. The world economic scientific community is in urgent
need of simple, affordable methods to produce ultrasmall (2-20 nm) maghemite
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nanoparticles using naturally existing plant materials. Single phase y-Fe;O; NPs can
be synthesized by using Ficus carica, Wedelia urticifolia, Plantago majov, Pisum sati-
vum, Citrus pavadisi, Hibiscus sabdariffa, Ruellia tubercosa as plant extract that shows
antioxidant as well as catalytic activity [72, 73]. Magnetite nanoparticles has also
been developed using Andean blackberry leaf extract via green synthesis approach.
Environmentally friendly and appealing, this straightforward, safe, and inexpensive
phytosynthesis of Fe;0, NPs can generate substantial quantities for a variety of
nanotechnology applications [74].

7. Conclusion

At the molecular and cellular level, SPION are an alluring platform for cell track-
ing, tumor diagnosis, and drug delivery owing to their unique magnetic properties
and capacity to act as theranostic agents. We have described significant innovations
in superparamagnetic Iron Oxide nanoparticles for biomedical applications in this
book chapter. Superparamagnetic nanoparticles have been created and synthesized
using a variety of chemistry principles. These distinctive structured nanoparticles,
such as magneto-core-shell nanoparticles, magneto-micelles, and magnetosomes,
promise applications in biomedicine for the detection of bacteria, proteins, and cells
as well as benefits for contrast agents and drug delivery. Recent developments in
nanotechnology and nanomaterials have led to the development of superparamag-
netic nanoparticles with tunable size, morphology, and relaxivity. High r, relaxivity,
appropriate particle diameters for long circulation, permeation, and immobilization
of biomolecules, a narrow size distribution for a uniform response to an external
magnetic field, biodegradability and stimuli responsiveness for controlled loading,
and r, relaxivity are key characteristics that need to be better controlled in future
design and development of effective superparamagnetic nanoparticles for biomedical
applications. Additionally, establishing a strong structure-pharmacokinetics relation-
ship is likely a crucial aspect of superparamagnetic research and requires additional
research evidence. Superparamagnetic nanoparticles may soon be used for disease
theranostics in translational medicine once these problems are resolved.
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Dc core size diameter (nm) determined by laser light scattering.

Dh hydrodynamic diameter (nm) determined by laser light scattering.
d only limited countries available.

e withdrawn from the market.

f withdrawn from EU market.

RM regenerative medicine.

TE tissue engineering.

ROS reactive oxygen species.

Author details

Nancy Jaswal’, Purnima Justa', Hemant Kumar?, Deepshikhal, Krishna!,
Balaram Pani’® and Pramod Kumar™

1 Department of Chemistry and Chemical Science, School of Physical and Material
Sciences, Central University of Himachal Pradesh, Dharamshala, India

2 Department of Chemistry, Ramjas College, University of Delhi, Delhi, India

3 Department of Chemistry, Bhaskaracharya College of Applied Sciences, University
of Delhi, Delhi, India

*Address all correspondence to: pramodgang03@gmail.com; pramodgang03@hpcu.ac.in

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

48



Biomedical Applications of Superparamagnetic Iron Oxide Nanoparticles (SPIONS)...

DOI: http://dx.doi.org/10.5772/intechopen.1001133

References

[1] Lassenberger A, Scheberl A,
Stadlbauer A, Stiglbauer A, Helbich T,
Reimhult E. Individually stabilized,
superparamagnetic nanoparticles with
controlled shell and size leading to
exceptional stealth properties and high
relaxivities. ACS Applied Materials &
Interfaces. 2017;9(4):3343-3353.

DOI: 10.1021/acsami.6b12932

[2] Uthaman S, Lee SJ, Cherukula K,
Cho CS, Park IK. Polysaccharide-coated
magnetic nanoparticles for imaging
and gene therapy. BioMed Research
International. 2015;2015:1-14.

DOI: 10.1155/2015/959175

[3] Sabale S, Kandesar P, Jadhav V,
Komorek R, Motkuri RK, Yu XY. Recent
developments in the synthesis,
properties, and biomedical applications
of core/shell superparamagnetic

iron oxide nanoparticles with gold.
Biomaterials Science. 2017;5(11):2212-
2225. DOI: 10.1039/C7BMO00723]

[4] Almeida AF, Vinhas A,

Gongalves Al, Miranda MS,
Rodrigues MT, Gomes ME. Magnetic
triggers in biomedical applications—
prospects for contact free cell sensing
and guidance. Journal of Materials
Chemistry B. 2021;9(5):1259-1271.
DOI: 10.1039/d0tb02474k

[5] Yoffe S, Leshuk T, Everett P,

Gu F. Superparamagnetic iron oxide
nanoparticles (SPIONs): Synthesis and
surface modification techniques for
use with MRI and other biomedical
applications. Current Pharmaceutical
Design. 2013;19(3):493-509.

DOI: 10.2174/138161213804143707

[6] Amiri H, Saeidi K, Borhani P,
Manafirad A, Ghavami M, Zerbi V.

Alzheimer’s disease: Pathophysiology and

49

applications of magnetic nanoparticles as
MRI theranostic agents. ACS Chemical
Neuroscience. 2013;4(11):1417-1429.
DOI: 10.1021/cn4001582

[71 Wang Y, Ye F, Jeong EK,

SunY, Parker DL, Lu ZR. Noninvasive
visualization of pharmacokinetics,
biodistribution and tumor targeting

of poly [N-(2-hydroxypropyl)
methacrylamide] in mice using contrast
enhanced MRI. Pharmaceutical Research.
2007;24(6):1208-1216. DOI: 10.1007/
s11095-007-9252-1

[8] Duliniska-Litewka ], Eazarczyk A,
Hatubiec P, Szafranski O, Karnas K,
Karewicz A. Superparamagnetic iron
oxide nanoparticles—Current and
prospective medical applications.
Materials. 2019;12(4):617. DOI: 10.3390/
mal2040617

[9] Friedrich RP, Janko C, Unterweger H,
Lyer S, Alexiou C. SPIONs and magnetic
hybrid materials: Synthesis, toxicology
and biomedical applications.

Physical Sciences Reviews. 2021:1-30.
DOI: 10.1515/psr-2019-0093

[10] WuW, Wu Z, YuT, Jiang C,

Kim WS. Recent progress on magnetic
iron oxide nanoparticles: Synthesis,
surface functional strategies and
biomedical applications. Science

and Technology of Advanced
Materials. 2015;16(2):023501. DOI:
10.1088/1468-6996/16/2/023501

[11] Laurent S, Forge D, Port M,

Roch A, Robic C, Vander Elst L, et al.
Magnetic iron oxide nanoparticles:
Synthesis, stabilization, vectorization,
physicochemical characterizations,
and biological applications. Chemical
Reviews. 2008;108(6):2064-2110.
DOI: 10.1021/cr068445¢



Iron Ores and Iron Oxides — New Perspectives

[12] Hasany SF, Ahmed I, Rajan ],
Rehman A. Systematic review of the
preparation techniques of iron oxide
magnetic nanoparticles. Nanoscience
and Nanotechnology. 2012;2(6):148-158.
DOI: 10.5923/j.nn.20120206.01

[13] Sodipo BK, Aziz AA. Recent
advances in synthesis and surface
modification of superparamagnetic iron
oxide nanoparticles with silica. Journal
of Magnetism and Magnetic Materials.
2016;416:275-291. DOI: 10.1016/j.
jmmm.2016.05.019

[14] Remya NS, Syama S,

Sabareeswaran A, Mohanan PV. Toxicity,
toxicokinetics and biodistribution

of dextran stabilized iron oxide
nanoparticles for biomedical
applications. International Journal of
Pharmaceutics. 2016;511(1):586-598.
DOI: 10.1016/j.ijpharm.2016.06.119

[15] Petcharoen K, Sirivat AJ. Synthesis
and characterization of magnetite
nanoparticles via the chemical
co-precipitation method. Materials
Science and Engineering: B.
2012;177(5):421-427. DOI: 10.1016/j.
mseb.2012.01.003

[16] LiuY, Jia S, Wu Q, Ran]J,

Zhang W, Wu S. Studies of Fe304-
chitosan nanoparticles prepared by
co-precipitation under the magnetic
field for lipase immobilization. Catalysis
Communications. 2011;12(8):717-720.
DOI: 10.1016/j.catcom.2010.12.032

[171 Wu S, Sun A, Zhai F, Wang J,

XuW, Zhang Q, et al. Fe304 magnetic
nanoparticles synthesis from tailings by
ultrasonic chemical co-precipitation.

Materials Letters. 2011;65(12):1882-1884.

DOI: 10.1016/j.matlet.2011.03.065

[18] Pereira C, Pereira AM,
Fernandes C, Rocha M, Mendes R,
Ferndndez-Garcia MP, et al.

50

Superparamagnetic MFe204 (M= Fe, Co,
Mn) nanoparticles: Tuning the particle
size and magnetic properties through

a novel one-step coprecipitation route.
Chemistry of Materials. 2012;24(8):1496-
1504. DOI: 10.1021/cm300301c

[19] Suh SK, Yuet K, Hwang DK,

Bong KW, Doyle PS, Hatton TA.
Synthesis of nonspherical
superparamagnetic particles: in

situ coprecipitation of magnetic
nanoparticles in microgels prepared
by stop-flow lithography. Journal

of the American Chemical Society.
2012;134(17):7337-7343. DOI: 10.1021/
ja209245v

[20] Roy E, Patra S, Madhuri R,

Sharma PK. Stimuli-responsive poly
(N-isopropyl acrylamide)-co-tyrosine@
gadolinium: Iron oxide nanoparticle-
based nanotheranostic for cancer
diagnosis and treatment. Colloids and
Surfaces B: Biointerfaces. 2016;142:248-
258. DOI: 10.1016/j.colsurfb.2016.02.053

[21] Park ], An K, Hwang Y, Park ]G,

Noh HJ, Kim JY, et al. Ultra-large-scale
syntheses of monodisperse nanocrystals.
Nature materials. 2004;3(12):891-895.
DOI: 10.1038/nmat1251

[22] Hufschmid R, Arami H,

Ferguson RM, Gonzales M, Teeman E,
Brush LN, et al. Synthesis of phase-

pure and monodisperse iron oxide
nanoparticles by thermal decomposition.
Nanoscale. 2015;7(25):11142-11154.

DOI: 10.1039/C5NR01651G

[23] Sharifi I, Shokrollahi H, Amiri S.
Ferrite-based magnetic nanofluids used
in hyperthermia applications. Journal
of Magnetism and Magnetic Materials.
2012;324(6):903-915. DOI: 10.1016/j.
jmmm.2011.10.017

[24] Lee Y, Lee ], Bae CJ, Park JG, Noh HJ,
Park JH, et al. Large-scale synthesis



Biomedical Applications of Superparamagnetic Iron Oxide Nanoparticles (SPIONS)...

DOI: http://dx.doi.org/10.5772/intechopen.1001133

of uniform and crystalline magnetite
nanoparticles using reverse micelles as
nanoreactors under reflux conditions.
Advanced Functional Materials.
2005;15(3):503-509. DOI: 10.1002/
adfm.200400187

[25] Tartaj P, Serna CJ. Microemulsion-
assisted synthesis of tunable
superparamagnetic composites.
Chemistry of Materials.
2002;14(10):4396-4402. DOI: 10.1021/
cm021214d

[26] Puscasu E, Sacarescu L, Lupu N,
Grigoras M, Oanca G, Balasoiu M, et al.
Iron oxide-silica nanocomposites
yielded by chemical route and sol-gel
method. Journal of Sol-Gel Science and
Technology. 2016;79(3):457-465.

DOI: 10.1007/s10971-016-3996-1

[27] Fernandes MT, Garcia RB, Leite CA,
Kawachi EY. The competing effect of
ammonia in the synthesis of iron oxide/
silica nanoparticles in microemulsion/
sol-gel system. Colloids and Surfaces

A: Physicochemical and Engineering
Aspects. 2013;422:136-142.

DOI: 10.1016/j.colsurfa.2013.01.025

[28] Sun S, Zeng H, Robinson DB,
Raoux S, Rice PM, Wang SX, et al.
Monodisperse mfe204 (m-= fe, co, mn)
nanoparticles. Journal of the American
Chemical Society. 2004;126(1):273-279.
DOI: 10.1021/ja0380852

[29] Lee YT, Woo K, Choi KS. Preparation
of water-dispersible and biocompatible
iron oxide nanoparticles for MRI agent.
IEEE Transactions on Nanotechnology.
2008;7(2):111-114. DOI: 10.1109/
TNANO.2007.909949

[30] Mahmoudi M, Sant S, Wang B,
Laurent S, Sen T. Superparamagnetic
iron oxide nanoparticles (SPIONSs):
Development, surface modification and
applications in chemotherapy. Advanced

51

Drug Delivery Reviews. 2011;63(1-2):24-
46. DOI: 10.1016/j.addr.2010.05.006

[31] Sharapova VA, Uimin MA,

Mysik AA, Ermakov AE. Heat release in
magnetic nanoparticles in AC magnetic
fields. The Physics of Metals and
Metallography. 2010;110(1):5-12.

DOI: 10.1134/S0031918X10070021

[32] Buyukhatipoglu K, Morss CA.
Controlled flame synthesis of aFe203
and Fe304 nanoparticles: Effect of flame
configuration, flame temperature, and
additive loading. Journal of Nanoparticle
Research. 2010;12(4):1495-1508.

DOI: 10.1007/s11051-009-9724-9

[33] Kang YS, Risbud S, Rabolt JF,
Stroeve P. Synthesis and characterization
of nanometer-size Fe304 and y-Fe203
particles. Chemistry of Materials.
1996;8(9):2209-2211. DOI: 10.1021/
cm960157j

[34] QuS, Yang H, Ren D, Kan S, Zou G,
LiD, et al. Magnetite nanoparticles
prepared by precipitation from partially
reduced ferric chloride aqueous
solutions. Journal of Colloid and
Interface Science. 1999;215(1):190-192.
DOI: 10.1006/jcis.1999.6185

[35] Chen D, Xu R. Hydrothermal
synthesis and characterization of
nanocrystalline Fe304 powders.
Materials Research Bulletin.
1998;33(7):1015-1021. DOI: 10.1016/
S0025-5408(98)00073-7

[36] Arbain R, Othman M, Palaniandy S.
Preparation of iron oxide nanoparticles
by mechanical milling. Minerals
Engineering. 2011;24(1):1-9.

DOI: 10.1016/j.mineng.2010.08.025

[37] Janot R, Guérard D. One-step
synthesis of maghemite nanometric
powders by ball-milling. Journal



Iron Ores and Iron Oxides — New Perspectives

of Alloys and Compounds.
2002;333(1-2):302-7DOI: 10.1016/
S0925-8388(01)01737-6

[38] Islam MN, Jeong JR, Kim C. A
facile route to sonochemical synthesis
of magnetic iron oxide (Fe304)
nanoparticles. Thin Solid Films.
2011;519(23):8277-8279. DOI: 10.1016/j.
ts£.2011.03.108

[39] Mirza S, Ahmad MS, Shah MI,
Ateeq M. Magnetic nanoparticles: Drug
delivery and bioimaging applications.
In: Metal Nanoparticles for Drug
Delivery and Diagnostic Applications.
Elsevier; 2020:189-213. DOI: 10.1016/
B978-0-12-816960-5.00011-2

[40] Pinkas J, Reichlova V, Zboril R,
Moravec Z, Bezdicka P, Matejkova J.
Sonochemical synthesis of amorphous
nanoscopic iron (III) oxide from Fe
(acac) 3. Ultrasonics Sonochemistry.
2008;15(3):257-264. DOI: 10.1016/j.
ultsonch.2007.03.009

[41] Zhang S, Zhang Y, Wang Y, Liu S,
Deng Y. Sonochemical formation of
iron oxide nanoparticles in ionic
liquids for magnetic liquid marble.
Physical Chemistry Chemical Physics.
2012;14(15):5132-5138. DOI: 10.1039/
C2CP23675C

[42] Dadfar SM, Roembhild K, Drude NI,
von Stillfried S, Kniichel R, Kiessling F,
et al. Iron oxide nanoparticles:
Diagnostic, therapeutic and theranostic
applications. Advanced Drug Delivery
Reviews. 2019;138:302-325.

DOI: 10.1016/j.addr.2019.01.005

[43] Darmawan A, Smart S, Julbe A,
Diniz da Costa JC. Iron oxide silica
derived from sol-gel synthesis. Materials.
2011;4(2):448-456. DOI: 10.3390/
ma4020448

[44] Kohler N, Sun C, Fichtenholtz A,
Gunn J, Fang C, Zhang M.

52

Methotrexate-immobilized poly (ethylene
glycol) magnetic nanoparticles for

MR imaging and drug delivery. Small.
2006;2(6):785-792. DOI: 10.1002/
smll.200600009

[45] Kohler N, Sun C, Wang J,

Zhang M. Methotrexate-modified
superparamagnetic nanoparticles

and their intracellular uptake into
human cancer cells. Langmuir.
2005;21(19):8858-8864. DOI: 10.1021/
1a0503451

[46] Guo M, Que C, Wang C,

Liu X, Yan H, Liu K. Multifunctional
superparamagnetic nanocarriers with
folate-mediated and pH-responsive
targeting properties for anticancer
drug delivery. Biomaterials.
2011;32(1):185-194. DOI: 10.1016/j.
biomaterials.2010.09.077

[47] Lin J], ChenJS, Huang SJ, Ko JH,
Wang YM, Chen TL, et al. Folic acid-
Pluronic F127 magnetic nanoparticle
clusters for combined targeting,
diagnosis, and therapy applications.
Biomaterials. 2009;30(28):5114-5124.
DOI: 10.1016/j.biomaterials.2009.06.004

[48] Kim DK, Chang JH, Kang YJ.
Efficient internalization of peptide-
conjugated SPIONSs in dendritic cells for
tumor targeting. Journal of Nanoscience
and Nanotechnology. 2012;12(7):5191-
5198. DOI: 10.1166/jnn.2012.6379

[49] Cho HS, Dong Z, Pauletti GM,
Zhang J, Xu H, Gu H, et al. Fluorescent,
superparamagnetic nanospheres for
drug storage, targeting, and imaging: A
multifunctional nanocarrier system for
cancer diagnosis and treatment. ACS
Nano. 2010;4(9):5398-5404.

DOI: 10.1021/nn101000e

[50] Taratula O, Garbuzenko O,
Savla R, Andrew Wang Y, He H, Minko T.
Multifunctional nanomedicine platform



Biomedical Applications of Superparamagnetic Iron Oxide Nanoparticles (SPIONS)...

DOI: http://dx.doi.org/10.5772/intechopen.1001133

for cancer specific delivery of siRNA

by superparamagnetic iron oxide
nanoparticles-dendrimer complexes.
Current Drug Delivery. 2011;8(1):59-69.
DOI: 10.2174/156720111793663642

[51] Leuschner C, Kumar CS, Hansel W,
Hormes J. Targeting breast cancer cells
and their metastases through luteinizing
hormone releasing hormone (LHRH)
receptors using magnetic nanoparticles.
Journal of Biomedical Nanotechnology.
2005;1(2):229-233. DOI: 10.1166/
jbn.2005.027

[52] Zarepour A, Zarrabi A, Khosravi A.
Spions as nano-theranostics agents. In:
SPIONSs as Nano-Theranostics Agents.
Singapore: Springer; 2017. pp. 1-44.
DOI: 10.1007/978-981-10-3563-0_1

[53] Iv M, Telischak N, Feng D,
Holdsworth SJ, Yeom KW,
Daldrup-Link HE. Clinical applications
of iron oxide nanoparticles for magnetic
resonance imaging of brain tumors.
Nanomedicine. 2015;10(6):993-1018.
DOI: 10.2217/nnm.14.203

[54] Qiao R, Yang C, Gao M.
Superparamagnetic iron oxide
nanoparticles: From preparations to

in vivo MRI applications. Journal of
Materials Chemistry. 2009;19(35):6274-
6293. DOI: 10.1039/B902394A

[55]JinR, Lin B, Li D, Ai H.
Superparamagnetic iron oxide
nanoparticles for MR imaging and
therapy: Design considerations and
clinical applications. Current Opinion in
Pharmacology. 2014;18:18-27.

DOI: 10.1016/j.coph.2014.08.002

[56] Nabavinia M, Beltran-

Huarac J. Recent progress in iron oxide
nanoparticles as therapeutic magnetic
agents for cancer treatment and tissue
engineering. ACS Applied Bio Materials.

53

2020;3(12):8172-8187. DOI: 10.1021/
acsabm.0c00947

[57] Dasari A, Xue ], Deb S. Magnetic
nanoparticles in bone tissue engineering.
Nanomaterials. 2022;12(5):757.

DOI: 10.3390/nano12050757

[58] Gobbo OL, Sjaastad K,
Radomski MW, Volkov Y, Prina-
Mello A. Magnetic nanoparticles in
cancer theranostics. Theranostics.
2015;5(11):1249. DOI: 10.7150/
thno.11544

[59] Lindemann A, Liidtke-Buzug K,
Fraderich BM, Grife K, Pries R,
Wollenberg B. Biological impact of
superparamagnetic iron oxide
nanoparticles for magnetic particle
imaging of head and neck cancer cells.
International Journal of Nanomedicine.
2014;9:5025. DOI: 10.2147/1JN.S63873

[60] Zanganeh S, Aieneravaie M,
Erfanzadeh M, Ho JQ,

Spitler R. Magnetic particle imaging
(MPI). In: Iron Oxide Nanoparticles
for Biomedical Applications.
Elsevier; 2018:115-133. DOI: 10.1016/
B978-0-08-101925-2.00004-8

[61] Bai RG, Muthoosamy K, Manickam S.
Nanomedicine in theranostics. In:
Nanotechnology Applications for

Tissue Engineering. William Andrew
Publishing; 2015:195-213. DOI: 10.1016/
B978-0-323-32889-0.00012-1

[62] Barhoumi L, Dewez D. Toxicity
of superparamagnetic iron oxide
nanoparticles on green alga
Chlorella vulgaris. BioMed Research
International. 2013;2013:1-11. DOI:
10.1155/2013/647974

[63] Vakili-Ghartavol R, Momtazi-
Borojeni AA, Vakili-Ghartavol Z,
Aiyelabegan HT, Jaafari MR,



Iron Ores and Iron Oxides — New Perspectives

Rezayat SM, et al. Toxicity assessment
of superparamagnetic iron oxide
nanoparticles in different tissues.
Artificial Cells, Nanomedicine, and
Biotechnology. 2020;48(1):443-451.
DOI: 10.1080/21691401.2019.1709855

[64] Kumar H, Agnihotri S, Roy I, Pani B,
Kumar P. Microemulsion mediated
multifunction of doxorubicin
encapsulated Core—Shell iron oxide/
Ormosil nanoparticles as efficient
magnetically-guided delivery,
bioimaging and In-vitro studies.
Advanced Science, Engineering and
Medicine. 2020;12(9):1166-1173.

DOI: 10.1166/asem.2020.2674

[65] Kumar P, Agnihotri S, Roy L.
Preparation and characterization of
superparamagnetic iron oxide
nanoparticles for magnetically guided
drug delivery. International Journal of
Nanomedicine. 2018;13(T-NANO 2014
Abstracts:43. DOI: 10.2147/1JN.S125002

[66] Kumar P, Agnihotri S,

Roy I. Synthesis of photoactive SPIONs
doped with visible light activated
photosensitizer. Journal of Nanomedicine
Nanotechnology. 2016;7(392):2.

DOI: 10.4172/2157-7439.1000392

[67] Kumar P, Agnihotri S, Roy I.
Synthesis of dox drug conjugation and
citric acid stabilized superparamagnetic
iron-oxide nanoparticles for drug
delivery. Biochemistry & Physiology.
2016;5(194):2. DOI: 10.4172/
2168-9652.1000194

[68] Kumar H, Kumar J, Pani B, Kumar P.
Multifunctional folic acid-coated and
doxorubicin encapsulated mesoporous
silica nanocomposites (FA/DOX@ silica)
for cancer therapeutics, bioimaging

and invitro studies. Chemistry Select.
2022;7(44):€202203113. DOI: 10.1002/
slct.202203113

54

[69] Kumar H, Kumar J, Pani B,

Kumar P. In-vitro and bioimaging studies
of mesoporous silica nanocomposites
encapsulated iron-oxide and loaded
doxorubicin drug (DOX/I0O@silica)

as magnetically guided drug delivery
system. Current Pharmaceutical
Biotechnology. 2022. DOI: 10.2174/13892
01023666220428084920

[70] Singh N, Jenkins GJ, Asadi R,
Doak SH. Potential toxicity of
superparamagnetic iron oxide
nanoparticles (SPION). Nano Reviews.
2010;1(1):5358. DOI: 10.3402/nano.
v1i0.5358

[71] Valdiglesias V, Fernandez-Bertdlez N,
Kili¢ G, Costa C, Costa S, Fraga S, et

al. Are iron oxide nanoparticles safe?
Current knowledge and future
perspectives. Journal of Trace Elements
in Medicine and Biology. 2016;38:53-63.
DOI: 10.1016/jjtemb.2016.03.017

[72] Kumar B, Smita K, Galeas S,
Guerrero VH, Debut A, Cumbal L.
One-pot biosynthesis of maghemite (y-Fe
2 O 3) nanoparticles in aqueous extract
of ficus carica fruit and their application
for antioxidant and 4-nitrophenol
reduction. Waste and Biomass
Valorization. 2021;12:3575-3587.

DOI: 10.1007/s12649-020-01279-9

[73] Kumar B. Green synthesis of gold,
silver, and iron nanoparticles for the
degradation of organic pollutants in
wastewater. Journal of Composites
Science. 2021;5(8):219. DOI: 10.3390/
jcs5080219

[74] KumarB, SmitaK, CumbalL, DebutA,
Galeas S, Guerrero VH. Phytosynthesis
and photocatalytic activity of magnetite
(Fe304) nanoparticles using the Andean
blackberry leaf. Materials Chemistry

and Physics. 2016;179:310-315. DOL:
10.1016/j.matchemphys.2016.05.045



Chapter 4

The Characteristics and Reduction
of Wustite

Zuoliang Zhang

Abstract

The wustite is the most difficult to be reduced in the three iron oxides of hematite,
magnetite, and wustite. To introduce the structure, property, and characteristic of the
wustite completely is necessary. CO and C are the common reducing agents. However,
C can reduce the wustite to iron more easily than CO in high temperature. Especially,
reducing carbon dioxide emissions is so important that hydrogen is the alternative to
carbon. The thermodynamics and kinetics of the three reductants to reduce the
wustite will be proposed in detail. When the temperature is lower than 810°C
(1083 K), the reduction ability of CO is stronger than that of H,. If it is higher than
810°C (1083 K), the opposite is true. In the meantime, the difference among the three
reductants to reduce the wustite can be understood clearly. There are some other
aspects that will be introduced. When the temperature is 1173 K, according to calcu-
lation, considering the theoretical amount and the chemical balance of the reduction
reaction, the amount of hydrogen required to be put into the reactor is 952 Nm?/t Fe.
Woustite will be reduced by pure hydrogen in some reactors in the foreseeable future.

Keywords: wustite, reduction, hydrogen, iron oxides, reduction kinetics

1. Introduction

Pure wustite is not found in nature because it is not stable in thermodynamics. It is
the intermediate product in the reduction process of iron ore, and it is also the most
difficult to reduce. It is necessary to understand the reduction of wustite by reducing
agents in thermodynamics and kinetics. The reduction process of wustite in blast
furnace is so important to be discussed. The use of pure hydrogen in ironmaking in the
future is desirable.

2. Characteristics of wustite

The actual chemical formula of the wustite is Fe,O or Fe;_,O, where y represents
the relative number of the ferrous iron ion vacancies; x is equal to 1_y. It is cubic
crystal with sodium chloride (Figure 1). In other words, there is no compound FeO
with a theoretical oxygen content of 22.27 wt% and an atomic ratio of Fe to O of 1:1.
The oxygen content varies at different temperatures, and the maximum variation
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Figure 1.
Cell structure of sodium chloride monomer in cubic system of FeO [1].
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Figure 2.
Phase diagram of Fe-O [1]. L,-Liquid iron; L,-Liquid oxide.

range is from 23.16 wt% to 25.60 wt%. This can be understood by the phase diagram
of Fe-O (Figure 2).

The wustite should not be stable at low temperatures. When the temperature is
lower than 570°C (843 K), Fe,O will be decomposed into Fe;0, (Magnetite) and aFe.
For convenience, the wustite can be written as FeO to participate in chemical
reactions, which is the compound with a fixed component.

3. Reduction thermodynamics

Here, reduction refers to capturing the oxygen combined with metal elements in
the ore, which is the basic task to be completed in the smelting process. It uses a
substance (reducing agent) with a stronger ability to combine with oxygen to break
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Ellingham diagram.

the chemical key of metal ions and oxygen ions in ore and release metal elements. The
reducing agents, such as carbon (C), carbon monoxide (CO), and hydrogen (H,), are
selected for industrial production.

Both production practice and scientific research have proved that no matter what
reductant is used to reduce iron oxide, it changes from high-valence oxide to low-
valence oxide step by step. In the laboratory, the hematite ball in the reduction process
is rapidly placed in a neutral or inert atmosphere for cooling, and then its section is
taken for observation. A distinct layered structure can be found. The core of the ball is
unreacted, with a layer of Fe;0,4 on the outside, a thin layer of wustite on the outside,
and metal iron gradually thickened with the reaction on the outside. The semi-reduced
ore samples obtained from the furnace during the dissection of the blast furnace also
have the same shell structure.

To judge the degree of difficulty of various iron oxides being reduced by different
reductants at different temperatures, the most basic basis is the graph of changes in
the standard free energy of formation of various oxides with temperature, or the
“oxygen potential graph.” The diagram of standard free energy of formation of
iron oxide and oxide generated by relevant reductant is only involved in iron ore
reduction, which is called the Ellingham diagram (Figure 3).

According to the Ellingham diagram, the most stable of the three iron oxides is
FeO. Simultaneously, FeO cannot be reduced by CO or H, above 570°C (843 K).

3.1 Indirect reduction

Indirect reduction means that the reductant is gaseous CO or H,, and the product is
C02 or Hzo

FeO + CO = Fe 4+ CO2> AHY, = —13190,] - mol " (1)
IgK = lg@ _%88 19 Q)
Pco T
FeO + H2 = Fe + H20" AH%; = 28010,] - mol " (3)
Puo 1225
IgK =1g—2= = — "= 1 0.845 (4)
gk =g h, T
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The reactions listed have a common feature, that is, there is a gas phase before and
after the reaction and its molecular number (i.e., volume) is unchanged. Under the
condition that other substances participating in the reaction are pure solid, the
equilibrium state of the reaction is not affected by the total pressure of the system.
The equilibrium constant of the reaction can be expressed by K = p(CO,)/p(CO)

(or p(H,0)/p(H,)). Since it is independent of the total pressure, it can also be
expressed as K = ¢(CO,)/¢p(CO) (or ¢(H,0)/p(H,). Without considering other inert
components (such as N,) in the gas phase, ¢(CO,) + ¢(CO) = 100% (or

¢(H30) + ¢(Hy) = 100%), then the equilibrium constant or equilibrium state can also
be simplified to be expressed by single value gas composition, such as ¢(CO,) or
9(CO) or (¢(H,0) or ¢(H,)). The equilibrium diagram of iron oxide reduced by CO,
C, and H; is shown in Figure 4.

From Figure 4, with the promotion of the reduction reaction, the high-valence
oxides with high oxygen content are reduced into low-valence oxides with low oxygen
content. The reduction reaction becomes more difficult, which is reflected in the
requirements of ¢(CO) in the equilibrium gas phase composition is getting higher and
higher. The process from FeO to Fe is the key step.

It also can be seen from Figure 4 that the slope of the curve is related to the thermal
effect of the reaction. The exothermic reaction increases with temperature, and ¢(CO)
in the equilibrium gas phase composition also increases, and the curve is inclined
upward. The endothermic reaction is converse. Reduction of iron oxide by hydrogen is
an endothermic reaction, and when the reducing gas is pure hydrogen, the heat carried
by hydrogen is the heat source of the reduction reaction. Therefore, heating hydrogen
to the target temperature is an important factor to ensure the reduction of iron oxide.

CO and H, have the same reduction capacity at 810°C (1083 K). When the tem-
perature is lower than 810°C (1083 K), the reduction ability of CO is stronger than
that of Hy. If it is higher than 810°C (1083 K), the opposite is true. This can be
explained by the equilibrium relation of water gas displacement reaction in the
C—O—H system. The reaction formula is:

CO + H20 = CO2 + H2» AH%g = —41325,] - mol (5)
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lgk — lgPHPco, 1914 469 6)

PcoPu,0 T

For blast furnace, the existence of water gas displacement reaction makes H; have
the effect of promoting CO reduction, which is equivalent to the catalyst of CO
reduction reaction.

When the water gas displacement reaction is above 800°C, the reaction speed is
quite fast, that is, once CO reduces from FeO to CO,, due to the existence of H, it can
be rapidly regenerated into CO to participate in the reduction.

Since this displacement reaction is a homogeneous reaction (reactants are all in the
gas phase), at 750-800 K (477-527°C) in the blast furnace, under the catalysis of Fe,
Cr, Ni, Mn, and other oxides, CO and H,O start to react, while at 1330 K (1057°C),
the reaction can be carried out at a high speed without any catalyst, which can be
considered as reaching an equilibrium state in the blast furnace.

In the high-temperature zone where the reduction capacity of H, is stronger than
that of CO, the superposition result of H, reduction and water gas replacement is
equivalent to the consumption of CO and the reduction of FeO, which improves the
CO use efficiency. In the middle- and low-temperature regions where the reduction
capacity of CO is stronger than that of H,, although H, is superior to CO in kinetics,
the amount of H, involved in indirect reduction is not more than that of CO due to the
restriction of thermodynamics. Therefore, the utilization ratio of H, and CO in the
blast furnace not only increases but also restricts each other.

We have already known that wustite is an oxide with an unstable oxygen content,
and its reduction reaction equations are expressed as follows:

(O)geo + CO = CO, @)
(O)peo + H2 = H,0 (8)

The equilibrium constants of the above reactions are expressed as follows:

K —Pco 1 9)
Pco 40)
1
g=tmo 1 (10)
Pu, 20

It can be seen from the formulas that, for the wustite, when it is reduced by
gaseous reductant, the equilibrium gas phase composition is not only a function of
temperature but also a function of the oxygen content of the wustite.

The equilibrium diagrams of Fe—0O—CO and Fe—O—H, are shown in Figures 5
and 6.

3.2 Direct reduction
Direct reduction means that the reducing agent is solid C and the product is CO.
FeO + C = Fe + CO» AH%%g = 152200,] - mol ™" (11)
IgK = lgp-o = —% +7.89 (12)
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Equilibrium diagram of Fe—O—H, [1].

In a blast furnace, the direct reduction does not mean that only the direct contact
reaction between solid C and solid FeO can occur (except the reaction between FeO in
liquid slag and solid C). On the contrary, due to the extremely poor contact conditions
between the two solid phases, it is not enough to maintain the perceptible reaction
rate. The actual direct reduction reaction is realized by the superposition of carbon
dissolution loss reaction (C + CO, = 2CO, Figure 4) and water gas reaction
(H,0 + C=CO + H,) and indirect reduction reaction.

Direct reduction mainly refers to the direct consumption of solid carbon. Another
characteristic of this reaction is that it is strongly endothermic, and the thermal effect
is up to 2717 kJ/kg.

Since this reaction only involves one gas phase product, its equilibrium
constant can be expressed by the partial pressure of CO (pco), and excess carbon
will not be consumed due to the requirement of special equilibrium gas phase
composition.
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4. Reduction kinetics

The research on the reaction mechanism and quantitative law of the rate of gas
reduction of solid iron ore has gone through a state of gradual perfection and
approaching to reality from the shallow to the deep. In the late 1960s, most metallur-
gical workers tended to believe that the whole reduction process was composed of a
series of interconnected subprocesses, and was often controlled not by a single
subprocess but by two or more sub-processes. At different stages of the reduction
process, the process control links may also be transformed. Due to different under-
standings of the role played by each process, a variety of reduction process mechanism
models are proposed, such as unreacted core model, layered model, quasi-
homogeneous model, and intermediate model.

Because it is of no practical significance to study the reduction kinetics of pure
FeO, and the reduction of wustite to metal Fe is the most difficult and the most
oxygen removal stage in the reduction process of single ore particles, the deoxidation
process of Fe,03 (hematite) and Fe;0, is ignored, and it is believed that there is only
one reaction interface. The following is a brief introduction to the “unreacted core
model”.

According to the sequence of iron oxide reduction, the fact that the cross section of
the single ore particles in the reduction process is layered, and the unreacted core
gradually shrinks with the reaction process, the mathematical expression of the overall
reduction rate is derived from the basic chemical thermodynamics and dynamics
principles, taking into account all the processes of the whole reduction process.

Take the cross section of ore ball with layered structure in the reduction process
(Figure 7), and assume that the secondary process of each link is as follows.

Reduction gas diffuses outside the boundary layer — Reduction gas diffuses inside
the product layer — Reduction gas adsorbs at the reaction interface — Interface
chemical reaction — Oxidation gas desorbs — Oxidation gas diffuses inside the prod-
uct layer — Oxidation gas diffuses outside the boundary layer.

In order to simplify the mathematical treatment, (1) the ore particles are assumed
to be regular spherical with radius of 7o, and there is no shrinkage or expansion in the
reduction process, that is, 7o remains unchanged; (2) the radius of the unreacted
nucleus is 7;, and with the progress of the reduction process, #; changes from 7 at the
beginning to O at the time of complete reduction; (3) since the reduction of Wustite to
metal Fe is the most difficult stage for oxygen removal, the process of deoxidation of
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Figure 7.
Unreacted core model.
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Fe,03 and Fe;0, is ignored, and only one reaction interface exists; (4) there is a
boundary layer of adsorbed and relatively static reducing gas outside the ore ball
(dotted line in Figure 7).

Finally, the restore process is simplified into the following five sub-processes:

1. The molecules of the gas-reducing agent pass through the gas boundary layer
(external diffusion) from the gas mainstream (gas concentration: ¢3) to the outer
surface of the ball, and the concentration drops to 5.

2.The gas-reducing agent molecules diffuse (can be called internal diffusion)
through the porous reduction product (iron shell) layer to reach the outer surface
of the unreacted core (i.e., the reaction interface), and the concentration further
decreases to cly.

3.The chemical reaction takes place on the interface, and the details, such as the
adsorption of reducing gas molecules and the desorption of oxidation gas
generated after the reaction, are ignored here.

4. After desorption of oxidized gas molecules, the concentration on the surface of
unreacted nucleus is ¢}, and it diffuses outward (also called internal diffusion)
through the product layer of metal iron. When it reaches the surface of ore ball,
the concentration drops to c}.

5.The oxidation gas diffuses into the gas mainstream through the gas boundary
layer, and the concentration decreases to ¢3.

The change process of ¢, and cp along the transmission route is shown in the
curve in Figure 7. Since the radius of the unreacted nucleus and the corresponding
reaction interface area are gradually reduced, while the reaction product layer is
gradually thickened at the same time, the internal diffusion path is gradually
increased and the tortuosity is increased, so the internal diffusion process is not in a
stable state, that is, the gas concentration gradient is not a constant independent of
time. However, compared with the velocity of gas diffusion, the velocity of unreacted
nuclear interface propulsion is several orders of magnitude lower. In order to simplify
the mathematical process, the diffusion process can be approximately regarded as
being in a stable state.

The specific derivation process of the reduction rate mathematical model is
ignored here, and only the formulas of the reaction rate are given as follows:

0 *
Ch —C
Ry = A4 (13)
L+ ! +—K
1
Anrg-Pa 4nDy (ro-ri) W"h(lﬂ()

ro—Ti

& 3 X —cA (14)
dt ropo 14 1o [(1-f)'1/3 - 1} + g (1)
Pa Desr k(1K)

The general formula (13) of reaction rate can only be used for theoretical analysis
of the parameters that affect the reduction rate. After transformation, the formula
(14) expressed in measurable parameters can be used to test the experimental data to
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determine which process (or multiple processes) of an ore under different conditions
becomes the controlling link of the reduction reaction.

5. Transformation of wustite in blast furnace

Once ore is added to the blast furnace, it will undergo a series of physical and
chemical changes. The total residence time of ore in the blast furnace fluctuates
between 5 and 8 hours. The gas-solid phase reduction process from high-valence oxide
to wustite is completed in 1-2 h, and then half or more of the wustite is reduced to
metallic iron in an indirect reduction way in 1-2 h. After entering the high-
temperature zone higher than 1000°C (1273 K), only direct reduction can be carried
out. Slag is formed after the furnace charge is heated to softening and melting tem-
perature, and there is still a considerable amount of liquid wustite that needs to be
reduced at a very fast speed by solid carbon or carbon dissolved in iron [1]. A more
specific description of the FeO change process is described below [2].

The reduction process starts at temperatures of about 500°C (773 K) in the atmo-
sphere of a reducing gas, that is, the blast furnace top gas. The reduction of hematite
to magnetite takes place rather easily. The magnetite is further reduced by gas (CO
and H,) to wustite. All reduction is taking place by means of gas reduction
(Fe;03 + CO — 2FeO + CO,), and in this temperature range also for a small part by
hydrogen reduction (Fe,O3 + H, — 2FeO + H,0). The gas reduction continues to a gas
temperature above 1000°C (1273 K) and a reduction of iron oxide to a level of FeOgs.
The higher the temperature, the more H, contributes to the gas reduction. The gas
reduction continues to rise until the temperature has risen to that where the coke
reactivity reaction begins.

If the material starts to soften and melt (around 1100°C), the direct reduction
reaction (FeO + C — Fe + CO) will take place. At that moment, the atomic ratio of O/
Fe is slightly below 0.5 atom oxygen per atom of iron. In the case of natural gas
injection, it can decrease to around 0.35 atom oxygen per atom of iron.

Softening and melting start at local chemical compositions with the lowest melting
temperatures. This is where there are high local concentrations of SiO, and FeO.
Internal migration of atoms will cause larger and larger parts of the particles to soften.
The first internal “melts” of material will form at approximately 1100°C (1373 K) and
will consist of gangue and to a large extent FeO, because at 1100°C (1373 K), the O/Fe
ratio in the ferrous burden is 0.5 or lower. When gangue starts to melt, it will come
into contact with the slag components of other parts of the ore burden and the slag
composition will be averaged. This happens at high FeO concentrations.

The basicity of the remaining materials equals the basicity of the input materials.
Figure 8 shows a simplification of the real situation in a blast furnace and shows a slag
phase diagram with the three main components: CaO, SiO,, and FeO. It shows that
slag melting starts at low temperatures, but that the basicity of the burden affects
melting. As the FeO is reduced out of the primary melt, the slag liquidus temperature
increases, but a much higher liquidus is seen for materials with a higher basicity.

Since hydrogen can easily diffuse into a more solid structure, the hydrogen reduc-
tion continues after CO reduction has stopped. When the melts are heated further and
start to drip, the melt consists of a blend of the gangue, FeO, and finely dispersed iron,
which has not been separated from the melt. The first process in the “primary” melt is
that the gangue loses its FeO. As soon as the FeO is removed and the primary melt
flows over the coke, the iron starts to dissolve carbon from the coke, which lowers the
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Figure 8.
Slag liquidus temperatures of CaO-SiO,—FeO. Slag melting starts at 60—70 wt% FeO in the structure. The yellow
line indicates fervous burden basicity (CaO/SiO,) of 1.5 and the white line 1 [2].

melting temperature rapidly. As long as the slag contains FeO, the silicon in the hot
metal will be oxidized back to SiO; and the FeO in the slag reduced to Fe by coke or
saturated carbon in molten iron. At the wall of the furnace, the root of the cohesive
zone is located a small distance above the tuyeres, while in the center the cohesive is
located higher in the furnace. As a consequence, the slag formed at the wall will have
relatively high FeO and the hot metal formed at the wall will have low silicon, while
the hot metal formed and dripping down in the center of the furnace will have high
silicon. The content of FeO in the final slag is less than 0.5 wt%, and the total recovery
rate of Fe is more than 99.7%.

6. Reduction of wustite by purehydrogen in future

The application of hydrogen technology provides a new idea for the steel industry
to achieve the goals of carbon peaking and carbon neutralization, especially in China.
Hydrogen metallurgy has become the clean, efficient, and pollution-free steelmaking
technology direction of exploration in different countries.

Zhang Jianliang et al. have studied the reduction process of solid/liquid wustite by
hydrogen using isothermal thermogravimetric analysis. The paper compared the dif-
ferences between the reaction processes of hydrogen reduction of solid FeO samples
and liquid FeO samples. Wustite in both states can be reduced entirely at all temper-
atures [3-8].

Guo Peimin et al. have promoted the development of the pure-hydrogen reduction
process by the methods of theoretical analysis and calculation to discuss the industrial
application prospect and key issues in basic theory and application. Heating hydrogen
to the target temperature is an important factor to ensure the reduction of iron oxide.
The discussion on the control step should pay attention not only to the reduction
reactions but also to the heat transfer. This basic issue is directly related to the design
of hydrogen reduction reactors, thus indicating the need for further studies. The
important factors affecting the smooth operation of the hydrogen reduction process
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includes preparation of high-quality oxidized pellets, preheating of hydrogen,
design of reduction device, composition and pressure of reducing gas, and security
issues [9-20].

7. Conclusions

Based on previous research, the chapter summarizes the reduction thermodynam-
ics and kinetics of wustite by C, CO, and H,. When the temperature is lower than 810°
C (1083 K), the reduction ability of CO is stronger than that of H,. If it is higher than
810°C (1083 K), the opposite is true. Especially, the reduction process of wustite in
blast furnace is discussed in detail. Wustite is the most difficult to be reduced in the
three iron oxides. In the future, research on the reduction by pure hydrogen in
ironmaking will also be the key to realize carbon neutrality. When the temperature is
1173 K, according to calculation, considering the theoretical amount and the chemical
balance of the reduction reaction, the amount of hydrogen required to be put into the
reactor is 952 Nm?/t Fe.
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Appendices and nomenclature

AG?® standard Gibbs free energy, J/mol

A Hg% standard enthalpy change of reaction, J/mol
K equilibrium constant of reaction

Pco, P(COy) partial pressure of CO,

p(CO) partial pressure of CO;

T absolute temperature, K;

P,00 P(H20) partial pressure of H,0
Pu,> P(H20) partial pressure of H,

@(CO,) volume fraction of CO,
@(CO) volume fraction of CO
¢(H,0) volume fraction of H,O
¢(Hy) volume fraction of H,
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Chapter 5

An Innovative Process for
Production of TiO, from Low
Grade Raw Materials

Dayanand Paswan and Malathi Madhurai

Abstract

Conventionally TiO, is produced from Ilmenite ore by carbothermic reduction
followed by leaching of iron to produce high purity TiO, which leads to loss of metallic
iron and disposal of effluents. Therefore, an attempt has been made to develop a
process for production of TiO, utilizing low grade raw materials. Ilmenite ore pellets
of an average size of 12-14 mm were prepared by mixing 2% molasses using disk
pelletizer. Reduction of green ilmenite ore pellets were carried at temperature range
from 1100°C to 1300°C in bed of low grade coal at a time intervals of 60 minutes from
1to 5 hours. The activation energy for reduction of ilmenite ore pellets with lean grade
coal was found to be 52.3 kJ/mole, this value corresponds to solid diffusion control
reaction. Semi-empirical correlation was developed for prediction of % metallization.
Reduced Ilmenite Pellets (RIP) were melted in 10 kg air as well as vacuum induction
furnaces. It was observed that the total recovery of TiO, in slag was up to 85% and the
separation of iron from TiO, was more than 90%.

Keywords: ilmenite ore, lean grade coal, pellet, TiO,, induction melting, vacuum
induction melting, reduction, tunnel kiln, separation of TiO,

1. Introduction

In India around 629.57 million tons of ilmenite ore reserve including leucoxene grade
is explored up to year 2016. Leucocxene is a weathered ilmenite of variable concentra-
tion but similar to pseudo-rutile Fe2Ti309 and called brown ilmenite. Out of 629.6
million tons of total resources; the titanium minerals are something like 394 million tons
including ilmenite of 335.6 million tons, rutile of 13.4 million tons, leucoxene of 1.0
million tons, anatase of 3.3 million tons and titaniferous magnetite of 40.6 million tons.
Generally, ilmenite ore is first treated chemically to obtain synthetic rutile of 90% TiO,.
Commercial technologies available for production of TiO, from ilmenite ore are mainly
Sulphate and Chloride processes. Recently, Process Research ORTECH, Inc., Canada has
developed CTL process which combines the above two processes. These processes are
using high grade raw materials and an acidic media is used as a leaching agent for
separation of TiO, from iron, which generates harmful gases during processing. The
annual production of ilmenite, synthetic rutile and TiO, in India was around 595
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thousand tons, 14.9 thousand tons and 16 thousand tons respectively in the year of
2016-2017 [1, 2]. In view of the above process deficiencies the main ambition of the
present investigation is to develop an innovative process for production of TiO, utiliz-
ing lean grade raw materials via reduction technique and separation of iron from TiO,
through melting route. Conventional reduction route of ilmenite ore concentrates was
investigated by several researchers by mixing of carbonaceous materials such as graph-
ite, carbon, anthracite coal, coke breeze or char, Aluminum and even with sodium
compounds such as soda ash, sodium carbonate and sodium oxide to enhance the
reduction efficiency and improve the metallization of iron in the ilmenite ore at
diverged temperature ranges of 800 to 1200°C [3-17]. The atmosphere used for the
above said processes are mainly: Ar, N,, H,, He, CH4, NH; [10] or mixture of two gases
[18, 19]. Rotary Kiln [12], TG [4, 20], EAF [2, 10], Plasma [21, 22], Microwave [23],
Blast Furnace [24-26], Mechanical Alloying [27, 28], Fluidized Bed Reactor [29, 30],
etc., were used as a reactor for reduction purpose. However, in the present study clay
crucibles were used as a reaction chamber for reduction and electrically heated muffle
furnaces are used as a source of heat. This process does not involve any inert atmo-
sphere for reduction. The quality of coal used in the present investigation for reduction
of ilmenite ore pellets has low reactivity, low fixed carbon and high ash content.
Compare to the conventional processes, the present processes have following advan-
tages which explored an opportunity to utilize the undersized ilmenite ore fines through
pelletization and lean grade non coking coal for reduction:

a. No mixing of carbon/coal with ilmenite ore pellets thus restricts the diffusion of
Sulfur from coal to the ilmenite ore pellets during reduction.

b. Lean grade non-coking coal containing high percentage of ash has utilized as a
reductant for reduction.

c. Binder used for pelletization of ilmenite ore is less compared to conventional
process to obtain optimum green and dry strength.

d. Dried ilmenite pellets were reduced in static bed of coal fines without any
induration which eliminates the high temperature induration process steps.

e. As reductions were carried out in the normal atmosphere, therefore no inert gas
or external reducing gas are obligatory during reduction.

Considering the above mentioned advantages, an attempt has been made in the
present investigation to explore the process feasibility for reduction of ilmenite ore pellets
using lean grade non coking coal and separation of TiO, from iron via melting route.

2. Materials and experimental
2.1 Raw materials used

2.1.1 Ilmenite ove

Ilmenite ore was collected from Tata Steel Ltd., Jamshedpur, Jharkhand, India and
ground into —200 mesh size for finding out its chemical composition and the phases
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Elements TiO, FeO Fe,03 Total Fe Al,O3 SiO, MnO MgO
% Composition 53.18 15.36 27.51 31.19 1.06 1.36 0.3 0.24
Table 1.

The chemical analysis of the ilmenite ore concentrate.
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Figure 1.
XRD pattern for ilmenite concentrate.

analysis which are represented in Table 1 and Figure 1 respectively. The chemical
analysis of ilmenite ore shows the total iron (Fer) of about 31.2 and 53.2% of TiO, in
the form of Fe,Ti;09 and FeTiO3 phases which was confirmed by XRD analysis.

2.1.2 Lean grade non-coking coal fines

Lean grade non-coking coal fines used for present study were collected from Tata
Steel Ltd., Jamshedpur, Jharkhand, India and ground into —200 mesh size for its
chemical characterization. The composition of the lean grade non-coking coal fines is
charted in Table 2. The fixed carbon present in the lean grade non-coking coal fines
was 58.2% C having the property of low reactivity and the volatile matter in the coal
was around 9.46%. The ash content present in the lean grade coal fine was about 31%.

2.1.3 Binder

Commercially available grade of molasses was used in the present investigation for
binding of ilmenite ores to make pellets.

Coal %C % VM %Moisture %S %Ash
Low grade 57.72 9.46 0.91 0.28 31.91
Table 2.

Proximate analysis of low grade coal.
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2.2 Experimental procedures
2.2.1 Preparation of ilmenite ove pellets

Ilmenite ore pellets of 12-16 mm diameter were made in a laboratory scale disc
pelletizer utilizing —72 mesh size ilmenite ore fines with 2 wt. % molasses as a binding
agent in presence of moisture. In order to remove excess moisture, the drying of green
ilmenite ore pellets was performed in the normal atmosphere for 24 hours. The
diameter and weight of the dried ilmenite ore pellets were recorded for further
studies. Figure 2 shows the green ilmenite ore pellets made in a laboratory scale disc
pelletizer.

The air dried green ilmenite ore pellets were subjected to a compressive strength
machine to obtain the green strength for further handling and processing. The han-
dling strength required for reduction of ilmenite pellets in the static bed is about 6-8
drops which is much less than the conventional drop strength of pellets required for
rotary kiln process.

2.2.2 Reduction procedures

Reduction experiments of air dried green ilmenite ore pellets were carried out
with lean grade coal fines in an electrically heated muffle furnace in a batch of
100 grams by simulating the conditions of a tunnel kiln [31]. Lean grade coal fines
was ground, screened to —50 mesh size and charged in a 60 mm height 25 mm
inside diameter clay crucibles in a predesigned fashion along with the green
ilmenite ore pellets. The amount of lean grade coal used for present study was
20% over the stoichiometric requirement. Pt - 10% pt-Rh thermocouple was used
to measure the temperature of the furnace. A Schematic view of the
experimental apparatus used for the present investigation is shown in Figure 3.
The percentage reduction of ilmenite ore pellets was calculated as the amount
of oxygen removed during reduction and estimated by mass balance as given in
Eq. (1).

Loss in wt. of pellet — LOI

Degree of Reduction (%R) = Wt. of oxygen in the pellet

x 100 @))

where LOI is the Loss of Ignition,

Figure 2.
Green ilmenite ore pellets.
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Figure 3.
Schematic diagram of the experimental apparatus includes: (1) heating element, (2) muffle
furnace, (3) thermocouple, (4) temperature controller, (5) clay crucible, (6) ilmenite pellets and (7) lean

grade coal [31].

The factors which are influencing the degree of reduction of ilmenite pellets are:
(a) chemical composition of raw materials (ilmenite ore and lean grade coal),
(b) particle size of ilmenite ore, (c) particle size of low grade coal (d) shape and size
of ilmenite ore pellets (e) fraction/amount of binder, (f) percentage moisture with
constant amount of binder (2 wt% of molasses) on green strength of the ilmenite
ore pellets (g) amount of coal, (h) temperature and (i) time. Ilmenite ore used for
this investigation contains around 40-50% TiO,. Therefore, carbothermic reduction
is feasible for reduction of such a high iron content in ilmenite ore by suitable thermo-
dynamic reactions and conditions to produce high grade pig iron as a valuable
byproduct. During course of reduction, the ilmenite ore pellets undergoes through
various types of direct and indirect reduction before converting into the metallic iron
and TiO,. The various types of chemical reactions during reduction process are given in
Table 3.

Sl. No. Reactions Remarks

1. C+0,=C0, Gasification of carbon

2. C +CO,=2CO

3. C+%0,=CO

4. C+H,0=CO +H,

5. 3Fe,03.TiO; + CO = 2Fe30,.TiO,+ CO, Indirect reduction

6. Fe;04. TiO; + CO = 3Fe0.TiO; + CO,

7. FeO.TiO, + CO = Fe.TiO; + CO,

8. Fe,03.TiO, + 3CO = 2 Fe.TiO, + 3CO,

9. 2Fe,05.TiO, + 3C = 4 Fe.TiO, + 3CO Direct reduction
Table 3.

Reactions taking place during reduction of ilmenite ore pellets.

73



Iron Ores and Iron Oxides — New Perspectives

However, for an industrial scale production, the shape and optimum size of the
pellets are spherical and are about 12-16 mm diameter respectively is needed for an
effective reduction or DRI making process. Furthermore, the particle sizes used for
ilmenite ore and lean grade coal are —72 mesh and — 50 mesh respectively. Therefore,
the author has not considered the effect of ilmenite ore pellet size on degree of
reduction. The above mentioned properties of materials are important on reduction
behavior of ilmenite ore pellets; but the main driving force required for reduction is
amount of coal, temperature and time. Therefore, in the following section of results
and discussion the author would try to explain first the effect of percentage moisture
with constant amount of binder (2 wt% of molasses) on green strength of the ilmenite
ore pellets. Secondly, the reduction behavior of ilmenite ore pellets was studied in
terms of temperature, time, and percent metallization. Thirdly, the author would try
to compare reduction behavior of ilmenite ore pellet with normal iron ore pellets and
thereof an empirical relation. At last, the effect of change of amount of low grade coal
on bulk (500 gram of scale) reduction of ilmenite ore pellets were performed to
ensure the reproducibility of results at mass scale.

3. Results and discussion
3.1 Effect of moisture on green strength of ilmenite ore pellets

The effect of percentage moisture with constant amount of binder (2%wt. of
molasses) on green strength of the ilmenite ore pellets were measured by known
method [32]. It can be noted that the green compressive strength of the ilmenite
pellets are first increases with addition of moisture content and then start decreasing.
With the added water, where maximum strength obtained was considered to be the
optimum moisture for pelletization, which is depicts in Figure 4. It was observed that
maximum green strength of the ilmenite pellets was obtained at 12 wt. % of water

12
=3
= 10 *
g 8-
2
n 6 *
8 4 .
o
O 2
0
6 8 10 12 14
% Moisture with 2% Binder

Figure 4.
Effect of moisture on green strength of ilmenite ore pellets.
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(with 2 wt. % of molasses) due to complete void filling which provide maximum
capillary action.

3.2 Effect of temperature on reduction of green ilmenite ore pellets

Series of reduction experiments were performed in the temperature range of 1100—
1300°C. Reduction time of the samples were varied from 60 minutes to 360 minutes.
In order to facilitate the collection of samples at a time interval of 60 minutes, six
crucibles containing samples were simultaneously inserted in the furnace and reduced
at constant temperature by simulating Tunnel Kiln condition at laboratory. This
assisted in monitoring the progress of reduction as well as to examine the physical
condition of the reduced pellets as a function of time. Precautions were exercised to
minimize re-oxidation of the reduced pellets after taking out from the reaction cham-
ber at hot condition and while cooling. To ensure complete reduction of ilmenite
pellets, the amount of carbon in the lean grade coal used was 20% over the stoichio-
metric calculation. Figure 5 represents the percent reduction against time at the six
experimental temperatures. Percent reduction was calculated in the usual manner as
the removed oxygen to the removable oxygen. Multiple pellets were used to calculate
the average percent reduction at all the time and temperatures. It is evident from
Figure 5 that the percent reduction of ilmenite pellets keeps on increasing with
increase of time and temperature. It is also observed that the percent reduction of
ilmenite pellets at 1300°C is completed between 3 to 4 hours of reduction time. The
increase in the reduction time above this temperature leads to further growth and
fusion of their own whisker within their reduced ilmenite pellets.

3.3 Effect of %metallization of reduced ilmenite pellets

After reduction experiments the reduced ilmenite pellets were separated from the
coal bed and analyzed for their composition and % metallization. Percent
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Figure 5.
Reduction behaviors of ilmenite ore pellets in bed of lean grade coal.
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metallization as a function of reduction time and temperature is shown in Figure 6. As
the time and temperature increases the % metallization also increases because of
fusion of iron particles in the matrix of ilmenite.

3.4 Correlation between % reduction and % metallisation during reduction of
ilmenite ore pellets in the bed of low grade coal

The correlation between percent reduction and percent metallisation of ilmenite
ore pellets reduced in the bed of low grade coal has been depicted in Figure 7 by
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Figure 7.
Relation between % veduction and % metallisation during reduction of ilmenite ore pellets in bed of low grade coal.
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simple regression fit analysis. It is clear from Figure 7 that ilmenite ore reduction in
the initial period is much faster than iron ore reduction and also it is clear that
achieving high metallization percent is very difficult as the time proceeds. It is very
similar to the empirical relation developed by Gupta et al. [32] for the case of iron ore
pellet reduction. In the case of ilmenite ore pellet reduction, the percent metallization
can be predicted using the following empirical Eq. (2).

%Metallisation = 0.694%Reduction + 24.56 (@)

3.5 Reduction kinetics of ilmenite ore pellets embedded in the low grade coal

For diffusion controlled kinetics the following Eq. (3) is applied for solid reaction
on the reduction of ilmenite ore pellets on the bed of low grade coal.

(1-n- f]1/3)2 e 3)

Where, f, is the fractional reduction, t is the time (minutes) and k is the rate
2
constant which is slope of time (t) Vs (1 —[1—f] 13 ) plot shown in Figure 8(a).

Figure 8(b) shows the relation between InK and 1/T for reduction of ilmenite ore
pellets in the bed of low grade coal. The slope of logarithmic rate constant versus 1/T
plot gives the activation energies of the reaction which is calculated to be 52.3 kJ/mole.
This value is corresponding to solid diffusion control reaction while reduction of
ilmenite ore pellets in the bed of low grade coal.

3.6 Physical appearance of the reduce ilmenite pellets (RIP’s)

Physical appearance of cross sectioned RIP’s at different temperature and time is
shown in Figure 9. It can be observed that as the reduction temperature increases the
surfaces of the pellets become more and more bright.
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Figure 8.
Reduction kinetics of ilmenite pellets reduced in the bed of low grade coal (a) relationship between diffusion
controlled kinetics and reduction time (b) relation between InK and 1/T.
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Figure 9.
Physical appearance of cross sectioned reduced ilmenite pellets at diffevent time and temperature.

This is due to progress of conversion of iron oxide in to metallic iron with progress
of reduction time and temperature. With increase in reduction time at particular
reduction temperature iron whiskers grow and fused leading to metallic luster in the
briquettes. The same trend is observed as the reduction temperature increase for the
particular holding time.

3.7 Optical microstructure of reduced ilmenite pellets (RIP’s)

Optical microscopy provides information on the various phases present in terms of
size, dissemination, intergrowths and relative proportions. The microscope used was
Leica DM 2500 M at CSIR-NML, Jamshedpur. Figure 10 shows the optical micro-
graphs of ilmenite pellets reduced for 210 minutes at (a) 1100°C, (b) 1150°C, (c)
1200°C, (d) 1250°C and (e) 1300°C at 5X magnification to feel the micro structure of
RIP’s. The reduced pellets on viewing under the light microscope showed that they are
mainly composed of metallic iron (white portions) in a TiO, and gangue (black
portions) matrix. It is quite evident from the micrographs that, as temperature
increase the amount of metallic iron increases showing better reduction.

3.8 SEM-EDAX of RIP’s

To confirm the presence of TiO, and gangue minerals as a matrix around the
metallic iron SEM-EDAX analysis of the reduced sample were performed. The
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Figure 10.
Optical micrographs of RIP’s for time of 210 minutes at different temperatures of (a) 1100°C, (b) 1150°C, (c)
1200°C, (d) 1250°C and (e) 1300°C at 5X magnification.

advantage of scanning electron microscopy over other techniques is that it allows a
complete view of the fractured surface of the pellets due to its high depth of focus. It
was observed that as temperature increases, nucleation of metallic iron takes place
over the ilmenite ore particles. Number of metallic iron nuclei increased with increase
in reduction temperature.

Figure 11 shows the SEM images of ilmenite pellets reduced at different tempera-
tures varying from 1100-1300°C for 240 minutes (a) at 100X, (b) at 500X and (c) at
1000X. It is quite evident from Figure 11 is that as the temperature increases the
formation of iron droplets are found to be more and also growth of iron whisker is
predominant.

At 2000X magnification SEM-EDAX analysis of ilmenite ore pellets reduced at
1200°C for 4 hours is shown in Figure 12. The spot analysis of SEM at spot 2 and 4 are
seems to be bulk phase which is mixture of Fe and TiO, phase but spot 1 and 3 are
shows spherical shapes particle which is rich in Fe. It is quite evident from EDAX
images are given in side by in Figure 12 which is shown below.
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' 1300°C for 4 hours

Figure 11.
SEM images of ilmenite pellets reduced at 1100-1300°C with 50°C interval for 240 minutes’time (a) at 100X,
(b) at 500X and (c) at 1000X.

3.9 Bulk (500 gram of scale) reduction of ilmenite ore pellets and effect of
amount of low grade coal on % reduction

Low grade coal used in this investigation was able to achieve % reduction of
around 90-95% at high temperatures of 1200-1300°C when compared to other
reducing agents like coking coal. Therefore, an attempt was made to increase the
percentage reduction with various proportions of low grade coal with petroleum coke.
Bulk sample of 500 grams, ilmenite ore pellets per batch were made and reduced at
1300°C for 180 minutes by varying amount of reducing agent by 20% interval. The
results were given in Table 4 and plotted in Figure 13. It is clearly observed from the
Figure 13 that % reduction can be improved from 95 to 98.7% by replacing low grade
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SEM-EDAX of ilmenite pellets reduced at 1200°C for 4 hours at 2000X magnification.
Sl.  Initial Wt. of Wt. of low Wt. of Pet. Final Wt. of Lossin % %Met.
No. pellets (g) reactive Coke (g) pellets (g)  wt. (g) Reduction From
coal (g) Eq. (1)
1 500 600 0 444.5 55.5 95.17 87.64
2 500 500 0 446.3 53.7 92.08 84.39
3 500 400 100 447.5 52.5 90.02 82.23
4 500 300 200 448.5 51.5 88.31 80.42
5 500 250 250 448 52 89.16 81.33
6 500 100 400 443.8 56.2 96.37 88.9
7 500 0 500 442.4 57.6 98.77 91.43
Table 4.

Variation of % reduction with different combinations of reducing agents.

coal with pet coke. But 20% extra addition of low grade coal over the stoichiometric
condition would be sufficient enough to get 95% reduction and it is quite evident in
Figure 13 and also the reduction process is not demanding any metallurgical coke.

4. Melting and separation of TiO, from reduced ilmenite pellets

Melting and separation of Iron from reduced ilmenite pellets were carried out
in 2-3 kg scale for the first time in an induction furnace. The bulk reduction of
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Figure 13.
Effect of reducing agent with different % of coal mixed with petrollium coke.

ilmenite ore pellets was carried out at laboratory scale muffle furnace using
industrial size crucible at 2 to 3 kg by simulating tunnel kiln conditions. Here, the
author deliberately used tunnel kiln conditions for reduction to scale-up of process
in future has been considered for commercial production. The melting
experiments were carried out in an induction furnace under normal atmosphere
as well in vacuum conditions to visualize the optimum recovery of TiO,. Under
five different conditions (Case 1 to Case 5) melting and separation process was
carried out.

In Case —1, melting was with graphite crucible of capacity 10 kg (50 kW) in an
induction melting furnace. In order to dissolve/melt the reduced ilmenite pellets
(RIP) in an induction furnace, 2 kg cast iron was liquefied first to make the
metallic pool. Then, 1.34 kg of reduced ilmenite pellet was added gradually in the
batch of 500 grams at a time. After addition of 1.34 kg RIP few minutes was given
for dissolution to occur and then slag was removed before pouring the melt in to cast
iron mold. The quantity of solidified slag was around 800 gms. It was separated
manually as three different types: (i) Fully magnetic (140 g) (ii) semi-magnetic
(640 g) and (iii) non-magnetic (20 g) and send for standard chemical analysis. A
typical melting procedure is given in Figure 14. The Table 5 is representing the
chemical analysis of three different slag samples obtained from the experiment.
From the Table 5, it is observed that the non-magnetic slag samples are having around
62% TiO, whereas semi-magnetic slag samples contain only 59% TiO,.

4.1 Case: 2-Air induction melting with fluxing agent

The crucible capacity used for experiment is about 5 kg (50 kW) in an induction
melting furnace. In this case reduced ilmenite pellets of 100 grams, Na,CO; flux of 60
grams and 1.0 kg of cast iron was used as charge material. It was observed that the slag
samples are magnetic in nature and containing around 57% TiO,. The separation of
TiO, from the melt was seems underprivileged.
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Figure 14.
Case — 1: air induction melting experiment with reduced ilmenite pellets.

% Radicals Chemical analysis of ilmenite slag
Magnetic Semi Magnetic Non-Magnetic
TiO, 29.91 59.33 61.41
Feym 3.37 0.55 0.51
Fer 47.37 14.6 16.6
FeO 33.87 122 8.31
Fe;05 25.28 6.52 13.84
MgO 110 0.83 0.7
SiO, 2.19 1.56 1.98
ALO, 0.97 133 1.44
C 0.54 NF NF
Table 5.

Chemical analysis of slag sample collected during air induction melting.

4.2 Case: 3-Vacuum induction melting

For the first time, the melting of Reduced Ilmenite Pellets (RIP) was carried out
with graphite crucible of capacity 10 kg in a vacuum induction furnace. Magnesia
refractory materials were used as a lining to avoid the unseen attack of the slag on the
furnace wall. The feed consists of 3.5 kg cast iron and 800 gms of RIP was used in this
experiment. It was observed that the slag samples containing 58% TiO, along with
30% MgO, 8% SiO, and total Fe 1.1%. Furthermore, it has been observed from the
chemical analysis that about 40% is MgO + SiO,, this may be due to erosion of
magnesia lining during melting. If we avoid the dissolution of the lining during
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melting, the total recovery of TiO, in slag may reach up to 85%. The total slag
collected = 700 g (i.e. lining material + slag) but everything was non-magnetic in
nature. In this case, TiO, slag was having more than 85% purity.

4.3 Case: 4-Vacuum induction melting

The feed consists of 2 kg cast iron and 1.5 kg of RIP’s. It was observed that the
peephole glass of the furnace started getting fogginess. This fogginess was due to
evaporation of the moisture inside the furnace and may be due to vaporization of
some of elements of the charge material.

4.4 Case: 5-Reduction of ilmenite pellets in air induction furnace

An attempt has been made to reduce the ilmenite pellets in the bed of lean grade
coal in an air induction furnace at 1400°C for 210 minutes. It was observed that the
iron oxides getting reduced to metallic iron, molten and moved out of the pellets to
form a pure Fe metal droplet of 90 gram leaving behind TiO2 and other gangue
particles in the shell. Thus, TiO2 along with other gangue minerals got separated from
iron metal.

5. The “iron” mass balance in the melting process

To assess the mass balance of iron in the process, the material collected for 5
different conditions (Case 1-5) were weighed and presented in Table 6. The iron
content in the material collected from the melting experiments was estimated through
chemical analysis.

From Table 5 it is observed that the total recovery of TiO, in slag was up to 85%.
The total slag collected was about 700 g (i.e. lining material + slag) but everything was
in non-magnetic in nature. TiO, slag was having more than 85% purity. The yield of
iron was observed to be around 83%. The feasibility of separation of iron from
ilmenite ore matrix was considerably good with the use of low grade coal at high
temperature. Thus, by using this technique, separation is possible at 1400°C com-
pared to conventionally used temperatures (1650-1700°C). It is a better process to

Melting and Input charge material Output (kg) % Recovery of Iron
separation technique (kg) (purity of TiO,)

CastIron RIP Flux Slag Metal FeinRIP

Case -1 2 134 — 081 22 0.402 50.0 (61.4%TiO,)

Case -2 1 0.1 0.06 0.06 0.85 0.030 -NF (57%TiO,)

Case -3 35 080 — 07 3.7 0.240 83 (85% TiO,)

Case - 4 2 1.5 — 0.450 NF

Case -5 — 040 — 031 0.089 0.121 73 (90% TiO,)
Pure Fe

"Slag was mixed with refractory material.

Table 6.
Mass balance of ivon in the process.
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Figure 15.
The overall work flow sheet for production of TiO,.

save a lot of energy. The separation of iron from ilmenite ore was quite appreciable.
The overall work flow sheet for production of TiO2 is given in Figure 15.

6. Executive summary

Preliminary investigations were carried in a laboratory scale muffle furnace, sim-
ulating a tunnel kiln condition, to produce reduced ilmenite pellets from air dried
Ilmenite ore pellets and lean grade coal. Reduced ilmenite pellets were found to
undergo 95% of reduction at 1300°C temperature and at 3 hours of time. Activation
energy required for the reaction was found to be 52.3 kJ/mole. A semi-empirical
correlation was developed to predict % metallization of ilmenite ore pellets and lean
grade coal of particular grade of raw materials. It was observed that reduction of
ilmenite ore pellet was much faster in the initial period, as the time progress it was
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observed to be very difficult for achieving high percentage metallization. It was quite
evident from the optical and SEM-EDAX images that as the temperature and time
increases the amount of metallic iron islands increases. On heating at 1400°C for

3 hours, iron nuggets got separated as a metal droplet leaving behind TiO, and gangue
as slag. Purity of slag so produced was observed to be 90% TiO,. Through vacuum
induction melting results shows that the total recovery of TiO; in slag was up to 85%
and the yield of iron was observed to be around 83%. Overall, reduction and separa-
tion of iron from ilmenite ore pellets through tunnel kiln and induction melting
appears to provide an attractive way for utilization of lean grade raw materials.
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Chapter 6

Recent Trends in the Technologies
of the Direct Reduction and
Smelting Process of Iron Ore/Iron
Oxide in the Extraction of Iron and
Steelmaking

Joseph Ekhebume Ogbezode, Olusegun Olufemi Ajide,
Oluleke Olugbemiga Oluwole and Olusoji Ofi

Abstract

The blast furnace and direct reduction processes have been the major iron
production routes for various iron ores (i.e. goethite, hematite, magnetite, maghemite,
siderite, etc.) in the past few decades, but the challenges of maintaining the iron and
steel-making processes are enormous. The challenges, such as cumbersome production
routes, scarcity of metallurgical coke, high energy demands, and high cost of produc-
tion, cannot be overemphasized. This study provides a systematic overview of the
different ironmaking routes, their operational limitations and proper sound future
perspectives to mitigate the challenges involve based on iron production demands in
the modern-day metallurgical process. Subsequently, strategic ways toward improving
the production efficiency and product quality of metallic iron produced in the recent
iron processing routes were suggested. The study reiterated that the non-contact direct
reduction and reduction-smelting routes are the faster ironmaking and steelmaking
processes that can utilize alternative energy sources efficiently with little or no carbon
deposition. Both processes also have promising features based on their requirements in
terms of fewer energy demands, time-saving, cost-effectiveness, and operational effi-
ciency. Thus, in today’s iron and steelmaking processes, non-contact direct reduction
and reduction-smelting processes remain viable alternative iron production routes.

Keywords: iron ore, blast furnace, direct reduction, smelting process, ironmaking and
steelmaking

1. Introduction
1.1 Study background

The challenges associated with iron ore processing have resulted in rigorous
research of new processing techniques in the iron and steelmaking process,
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considering their diverse applications in the construction and manufacturing
industries. Iron ore consists of various elements within its metal matrix with the
presence of silicate and aluminate as the gangue materials. A trace amount of manga-
nese, titanium, nickel, etc. can be found within their microstructure. Iron ore
processing has its root in hematite (a-Fe,03), maghemite (y-Fe,O3), magnetite
(Fe304), goethite (a-FeOOH), siderite (Fe,CO3), etc. which can be prepared as nug-
gets for major feeds in the blast furnace as well as other conventional iron-making
processes [1]. The focus of most research from the works of literature revolves around
the production of iron metals through recycling or improving upon the existing
method of production in the iron and steelmaking industry [2-4]. These methods
include the Blast furnace/Blast Oxygen Furnace [5, 6], Direct Reduction Method [7],
Indirect Reduction Method [8, 9], and Reducer-Smelter Process [10-12]. Thus, it is,
therefore crucial to know that this processing technique has proven to have produced
quality iron but not without a high cost of production, increased environmental
pollution, and cumbersome production process [13, 14]. Therefore, an in-depth
approach to producing metallic iron that is cost-effective, low risk of environmental
pollution, and easy production route becomes imperative [15-17]. Thus, this paper
attempts to investigate the challenges militating against the various iron extraction
routes in the modern-day iron and steel-making process, Special attention was paid to
the analysis of the metallurgical operation behind the conventional iron and steel-
making process, while an extensive overview of the merits, advantages, limitations
and future perspective on improvement strategies for the conventional iron and steel
production routes were also substantiated.

Also, a new iron extraction technique known as the non-contact direct reduction
and smelting process was introduced as a decarburization mechanism and preventive
approach to mitigate the direct interaction of harmful elements such as sulfur and
phosphorus in conventional iron and steelmaking processes. The processing parame-
ter for the production of direct reduced iron (DRI) in the conventional ironmaking
process was also meticulously investigated to mitigate the effect of carbide formation
across the intra-granular surface of the DRI which is likely responsible for environ-
mental pollution due to high carbon deposit from the iron and steel production in
modern-day metallurgical processes. The carbon-bearing substance and non-
carbonaceous materials utilized for this study are non-coking coal, charcoal, biomass,
methane (CH,), hydrogen (H,), and carbon monoxide (CO).

2. The iron ore/iron oxide reduction technique

Iron ore or iron oxide reduction is the process of removing oxides from ferrous
materials. Some of these ferrous materials include hematite, magnetite, siderite, goe-
thite, etc. Several processes have been postulated in the works of literature. Among
the reduction methods of iron oxides in ironmaking processes are direct reduction,
blast furnace/blast oxygen furnace, and smelting-reduction process. Reduction of iron
oxide involves the upgrade of iron ore in pellets, lumps, or sintered form under a
highly thermal-charged atmosphere in the presence of carbonaceous materials
[18, 19], agric waste [20], or reducer gases [21].

2.1 Direct reduction process

Direct Reduced Iron (DRI) is the product of the reduction of iron ores (lumps,
pellets, or fines) in solid-state by gaseous or carbonaceous substances [22, 23]. The
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reduction reaction temperature range generally occurs between 450 to 1300°C. The
DR technique is a broad group of processes based on different feedstocks, furnaces,
and reducing agents. Its common operation principle entails the removal of oxygen
(reduction) from iron ores in the solid state, unlike the blast furnace method that
comprises both solid and liquid state iron oxide reduction. Natural gas (in some cases
coal) is used as a reducing agent in this method of iron extraction. In the year 2000,
about 92.6% of DRI was based on natural gas processed in shaft furnaces, retorts, and
fluidized bed reactors [24]. The metallization rate of the end product ranges from 85-
95% (often even higher). The product from this process is called DRI or sponge iron or
hot briquette iron (HBI), which is a highly metalized solid that still contains gangue
minerals, and hence needs further purification [25].

The direct reduction method was adopted by Delta Steel Plant in Nigeria, while
they were still in operation [26]. Most steel plants across the globe also adopt this
method, by making use of ferrous scraps. Figure 1 provides a layout of the direct
reduction of the process, while Figure 2 provides the general schematic flow for
performing the direct reduction process of iron ore/oxide in a carbonaceous atmo-
sphere from lump charcoal/non-coking coal with the view to further give the
ironmaking process a more robust perspective during the production of pure iron.

In this process, iron is extracted from its ore at a temperature below the melting
points of the materials involved. The method is used mostly in special circumstances,
often linked to cheap supplies of natural gas. Gojic et al. [28] have identified different
challenges associated with the direct reduction process of which MIDREX (named
after its developer, a division of the Midland-Ross Corporation) is the world’s leading
technology.

Thus, the common challenge which is peculiar to the direct reduction process of
iron ore/oxide is the need for a regular supply of natural gas (in the case of gaseous
reductants), which may be distorted by the incessant attack on gas pipelines in some
parts of the world. Gangue remains in the sponge-like product, known as DRI), which
must be removed in subsequent ironmaking and steelmaking process, hence more cost
is accrued. Only high-grade ores and pellets made from super-concentrated iron ore
(above 66% iron) are suitable for the DR iron-making process, therefore beneficiation
of iron ore samples is needed and this may also increase the cost of production.

2.2 Indirect reduction process

This involves the production of iron using other sources of reductant substances
such as carbon II oxide, methane, hydrogen gas, etc. it comprises of solid-gaseous
reduction process of iron ore other than coke. It is majorly the strategy for producing
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Schematics of ivon and steel production routes by direct reduction method [27].
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Figure 2.
Schematics of an experiment flow chart of direct reduction of iron ore/oxide.

metallic iron as an alternative route to the blast furnace or blast oxygen furnace and
electric arc furnaces. This also involves the use of pure carbon monoxide (CO),
hydrogen (H,), methane (CHy4) gas, etc. as the major reductants. For the major
gaseous reductants (i.e. CO, H,, and CH,) in a DR process, the following three
reduction reactions can be written as shown in Table 1.

The indirect reduction approach can also be expensive as it is unadvisable for usage
in iron and steelmaking processes at an industrial scale. Majorly, the indirect reduction
method can only be sustainable when carried out on a laboratory scale. Though, iron
nugget produced from this approach tends to be gangue free and often free of radical
elements such as sulfur and phosphorus which may interfere with the chemical activ-
ities within the microstructure phase of the heat-treated iron ore. Furthermore, the
activity of noble gases such as argon is employed in the indirect iron reduction process
to mitigate the interference of other external gases from taking part in the reduction
process. The reduction reaction between solid iron ore and carbon monoxide entails
the removal of oxygen from higher oxide of iron under strict experimental conditions.
The reaction can be a solid-gas or liquid-gas reaction where the release of
carbondioxide gas and lesser oxides of iron are acquired as the product of the reduc-
tion process.

2.3 Non-contact direct reduction (NDR) process

The Non-contact Direct Reduction (NDR) process is a novel approach aimed to
mitigate the effect of excess carbon deposit on DRI which is most common in the iron
product produced via other conventional iron-making processes. This approach tends
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Iron Ore/ Reduction with CO Reduction with H, Reduction with CH,
IronOxide
Hematite 3Fe;053+ CO — 2Fe304+ 3Fe,05+ H, — 2Fe304+ H,O 12Fe,03+ CH, — 2Fe304+
CO, CO, + 2H,0
Magnetite Fe304+ CO — 3FeO + CO, Fe304+ Hy — 3FeO + H,O 3Fe304+ CH, — 3Fe +
CO, + 2H,0
Woustite FeO + CO — Fe + CO, FeO + H, — Fe + H,0 Fe + CH4; — Fe + CO, + H,O
Table 1.

Iron ove/oxide reduction pattern for common reducing agents in gaseous forms.

to also bypass the idea of pelletization, communition, and hot briquette preparation of
iron ore-reductants composites which have shown to have high economic implica-
tions, are energy-demanding, time-consuming, etc. Ogbezode et al. [29] introduce the
concept of the ironmaking technique the NDR method by investigating the reduction
behavior of goethite ore using carbon monoxide gas from the wood charcoal atmo-
sphere. The result revealed a DRI with a metallization degree of over 93% was
achieved at an overall reduction temperature of 1000°C. Ogbezode et al. [30] also
performed an NDR process on selected goethite-hematite ore under isothermal con-
ditions using CO/CO, atmosphere from wood charcoal. The kinetics of the reaction
and rate-controlling resistances of the process was monitored at different roasting
temperatures and reaction rate. The study affirmed that the presence of an ash layer
deposit from the charcoal which is transported by gas penetration from the burned
charcoal forms an interstitial layer on the DRI and was responsible to have slowed
down the rate of reaction between iron ore and the reducing gas. The advantage of this
direct reduction method is that the DRI produced via the process does not accommo-
date any carbon deposits and sulfur within the metallic iron phase microstructure.
The limitation of the non-contact reduction method of iron ore is the presence of
gangue materials that may be present as impurities within the metal matrix of the
DRI. Thus, for effective and optimum performance, the DRI produced by the non-
contact direct reduction method should be smelted to eliminate gangue minerals from
its metal structure using quicklime (CaO) or limestone (CaCOj3) at a smelting tem-
perature above 1400°C. A schematic view of the NDR process is depicted in Figure 3.

2.4 Reduction-smelting process of iron ore/oxide using solid reductants

An alternative ironmaking and steelmaking process that utilizes other sources of
energy instead of the conventional metallurgical coke used in blast furnace operations
can be referred to as a smelting-reduction process. It is a metallurgical operation with
a dual-compartment approach where the pre-reduction and post-reduction process
takes place. The pre-reduction chambers utilize iron ore in pellets, lumps, or sintered
form to a metallization level of over 90%, in the CO/CO, atmosphere from any
carbon-bearing material at a reduction temperature of between 570-1300°C. Then,
the reduced iron ore is then charged into the post-reduction chamber for the smelting
process at a temperature above 1400°C. This operation is aimed to actualize a slagging
process through the introduction of limestone (CaCOj3) or quicklime (CaO). The pure
metallic iron condenses, while the gangues are fluxed out as aluminate and silicate
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compounds known as slags. Liquid iron or pig iron is obtained as the final product
which can then be subject to the casting and rolling process to obtain a final product as
steel. Figure 4 tries to depict a modification of the Anameric et al. [27] approach for
the iron reduction-smelting process, the modification was necessary to mitigate the
possible limitations that may affect the process in the long run. For instance, this can
be envisaged by introducing a mini-reduction route within the ambiance of the post-
reduction route through the use of hot reduction gas by de-oxidation of carbon
dioxide gas released from the post-reduction vessel as shown in Figure 5.

In a typical reduction-smelting process, the iron ore will first undergo a solid-state
reduction in the pre-reduction unit. The resulting product is then smelted and further
reduced in the smelting-reduction vessel where the coal gasification occurs, thus
delivering heat and carbon-monoxide-rich hot gas. Coal gasification takes place due to
the reaction between oxygen and iron ore in a liquid state by the thermal combustion
process. The heat is used to smelt the iron, while the hot gas is transported to the pre-
reduction unit to reduce the iron oxides that enter the chambers. Reduced iron oxides
(similar to DRI) are in turn transported to the smelting-reduction vessel for the final
reduction and smelting process. The carbon-monoxide-rich gas generated in the post-
combustion chamber can be further oxidized to generate additional heat for the
complete reduction and smelting of the pre-reduced DRI.

The direct reduction process takes advantage of the availability of cheap natural
gas and/or hydroelectric power, as well as access to suitable iron ores, and agglomer-
ates [32], whereas the reducer-smelter process takes advantage of the accessibility of
non-coking coals or reducer gas with low energy requirements, low operating costs,
the ability to respond flexibly to variations in production rate, and low environmental
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loads, as there will be no coke oven gas leaks. Because the approach does not necessi-
tate the removal of undesirable materials from the iron ore sample, this step can be
bypassed during the iron extraction process [33]. Thus, the numerous challenges that
accompany the conventional iron ore processing routes cannot be overemphasized.
This limitation includes the interference of foreign substances on the metallic, low
capital investment, high cost of production, high energy consumption, scarcity of
metallurgical coke, etc.

To address these limitations, the smelting-reduction technology must be
complemented with a decarburization mechanism inside the furnace, and the use of
non-coking coal, charcoal, biomass, etc. as alternative energy sources in the
ironmaking routes (see Figure 6). Thus, the advantage of the smelting-reduction
ironmaking technology is also due to its operational feasibility, cost competitiveness,
and ability to utilize all kinds of iron ore materials in their natural forms (pellets,
lump, sinter, etc.). The process can also utilize other reductants (solid, liquid, gas,
etc.) as alternative energy sources instead of conventional metallurgical coke [34].

2.5 Reduction-smelting process of iron ore/oxide using gaseous reductants

The quest for the production of iron and steel under clean energy evolution cannot
be overemphasized. The negative impact of carbon emissions released from the
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metallurgical industry on a global scale has given the need to use less harmful reducing
gases as a replacement for fossil fuel for the decarburization of the iron and steelmak-
ing process. Heidari et al. [35], explain the need for a green footprint in the metallur-

gical industry through the use of pure iron oxide and reducer gases. Certain variables
such as reduction gas flow rate, H,/CO ratio, diluents concentration (Ar, N, and He),
gas utility, and pressure are among the parameters that foster the production of pure

iron using gaseous reductants.

The use of hydrogen unlike CO gas in the metallurgical process has been
attempted by many researchers [36, 37], in the quest to produce pure metallic iron in
present-day ironmaking technology. The kinetics of the reduction of iron oxide in H,
gas was investigated by Gonoring et al. [38] as a strategy to mitigate the energy
consumption rate in conventional metallurgical processes. The study reiterates the
need for H; gas used as an excellent reducing agent in the alternative metallurgical
process of iron and steel. Hou et al. [39] conducted a general study on iron oxide
reduction kinetics in a hydrogen gas-infested atmosphere under isothermal conditions
in a micro-packed bed, influence of diffusion and reduction reaction mechanisms are
the major reaction kinetics stages that were enumerated. The magnetite to wustite
stage of the reduction process was eliminated leaving behind the hematite to
magnetite stage and wustite to the metallic iron stage since the internal and external
gas diffusion causes an increase in H; gas into the inner core of the iron oxide particle
provided the reduction process is done at reduction temperature above 570°C. Thus,
the intrinsic reduction kinetics of iron oxide can be done in an H, atmosphere using a
micro-packed bed giving reaction kinetics free of internal and external diffusion
resistances. Du et al. [40], performed the intermediate reduction on hematite to
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magnetite ore under low thermal conditions using hydrogen gas. The study acknowl-
edged that the utilization of hydrogen as a reduction rate of hematite to magnetite
increases the overall theoretical iron recovery as the rate of hematite conversion
increases. Hydrogen remains an efficient reducing agent which has a tremendous
effect on iron oxide reduction depending on the reducing flow rate and thermal
condition being utilized. Vogl et al. [41] conducted an extensive assessment of the
direct reduction of iron oxide void of carbonaceous substances. Ma et al. [42]
investigated the reduction behavior of iron oxide pellets in a combined atmosphere
of CO, H,, and N, at a reduction temperature of 900°C. A schematic illustration of
the smelting-reduction process of iron oxide using gaseous reductant is depicted in
Figure 7.

The study substantiates the thermodynamic response of the iron oxides at different
reducer gas flow rates under controlled atmospheric conditions. These works of liter-
ature do establish the fact that the assessment outlook of the direct reduction process
of iron oxide in conventional steelmaking technology does ride on the premise that the
use of gaseous reducing agent iron and steel technology has undoubtedly triggered a
metallurgical advancement in iron and steelmaking process with undeniable impact
on low economic and environmental implications and optimum overall technological
development in the metallurgical industry. Naseri-Seftejanim et al. [43], examined the
use of hydrogen in the reduction of hematite ore by the Hydrogen Plasma Smelting
Reduction (HPSR) process. The ironmaking technology approach entails the use of
hydrogen plasma in the development of a carbon-monoxide-free metallurgical pro-
cess. In the HPSR process, influencing parameters such as hydrogen utilization degree,
iron oxide reduction degree, weight loss, rate of reduction, etc. can be assessed using
appropriate experimental conditions. Consequently, the thermodynamic reduction of
liquid iron was performed by Naseri-Seftejani et al. [44] using hydrogen plasma.
HPSR entails the use of H, in a plasma state for the reduction of iron ore. The study
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presents the hematite reduction reaction sequence, hydrogen ionization degree, iron
ore particle reaction rate, and reduction temperature as major parameters which
affect the overall quality of the molten iron and hydrogen solubility in slag

formation produced under severe thermal reduction of the iron ore sample in
hydrogen plasma as the most influential of all the reduction parameters. The slag
formation from an iron oxide reduced in the HPSR method was investigated by
Naseri-Seftejani et al. [45], based on the quest to eliminate the challenges

portrayed by CO, emission in convectional iron and steelmaking technology. The
study makes a presentation on reduction degree, operational hydrogen utilization,
produced iron, and reduction operational time remains the vital components in slag
formation in the HPSR process of iron and steelmaking process under a hydrogenated
atmosphere. Thus, the use of the HPSR process in iron and steelmaking technology
has proven to be more effective in CO, elimination. The use of HPSR also produces
liquid slag with lower iron oxide content compared to other convectional iron-making
processes.

On a general note, the Smelting-Reduction (SR) process of iron oxide can utilize
several carbonaceous and non-carbonaceous substances as reducing agents. These
reducing agents include metallurgical coke, non-coking coals, charcoal, agric wastes,
biomass sawdust, reducer gases (H,, CO/CO,, CHy), etc.

2.6 Iron ore reduction-smelting process using non-coking coals/charcoal as
reductants

The use of non-coking coal as an alternative energy source for sponge iron
production instead of the conventional metallurgical coke cannot be overemphasized
due to the problematic nature that is common to coke making process. The non-
coking coal has the advantage of not requiring preprocessing technique as it can be
charged into the reactor during sponge iron production. Another interesting fact
about non-coking coal remains the fact that it has wider applications in many iron
processing reactors or furnaces, compared to that metallurgical coke whose traditional
strategy for application is found in the blast furnace. Iron production processes such as
FASTMET [46], HISMELT [47], MIDREX [34], COREX [48], Microwave ovens [49],
Rotary kiln [50], HIsarna [51], etc. have been used utilized in the works of literature
as sponge iron ironmaking processes reactors. Moreover, most of the ironmaking
processes have unlaying challenges which are currently been addressed by researchers
in the field of materials and metallurgical engineering. The aforementioned iron-
making processes which utilize non-coking coal as the alternation energy source are
used to produce direct reduced iron DRI which occurs when producing iron metals
below their melting point. The DRI also has high impurity content in form of gangue
which is mostly locked within the clusters of the DRI crystal structure. Coal based DR
process was done on iron ore/coal pellets under axisymmetric thermal conditions [23].
Furthermore, the coal-based reduction under the isothermal conditions on fayalite
was conducted by Zhang et al. [52] using thermogravimetric analysis. Li et al. [53]
studied the reaction kinetics by carbothermic reduction of fayalite under non-
isothermal conditions. Ogbezode et al. [29] performed reduction runs on goethite iron
ore under non-isothermal conditions using charcoal. Ogbezode et al. [30] also
performed carbothermic reduction and investigated the kinetics behavior of
goethite-hematite ore in the CO/CO, atmosphere. Man et al. [42] also examined
changes in iron/ore pellet composite during the carbothermic DR process. Kumar et al.
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Schematic flow chart of the veduction-smelting process of iron ore using non-coking or charcoal as reductants.

[54], investigated the characteristics of non-coking coal under non-isothermally
reduced iron oxide. The study reiterates that increased devolatilization of coal at

high temperature do have minimal effect on the reducibility rate of the iron ore. This
implies that characteristic volatile matter associated with coal does have thermody-
namic implications on the reduced iron oxide when heat treated [55]. Thus, the quality
of DRI produced by carbothermic reduction of iron ore-coal composites depends on
many factors ranging from quality of iron ore, availability of coal, increased thermal
condition, reduction time, etc. A schematic illustration of the reduction-smelting
process of iron ore/iron oxide samples using non-coking coal or charcoal as reductants
is depicted in Figure 8.

Therefore, the availability of DRI using non-coking coal as a reducing agent is
determined by the availability of iron ore with over 65% Fe quality and the availability
of a cheap source of non-coking coal. Due to the operational limitation which
accompanies the use of non-coking as the perfect alternative for metallurgical coke
used in the blast furnace process, it is necessary to foresee the need to produce pure
metallic iron in the direct reduction process. Going forward, the presence of high
silicon and alumina content as gangue elements which pose serious limitations on the
performance of direct reduced iron begs for the need for the metallurgical industry to
source quicklime or limestone in its pure form in slagging operation. Pal et al. [56]
performed a development slagging experiment by smelting operation of pellet iron ore
using calcined lime instead of limestone and magnesium oxide in a carbonaceous
atmosphere. Thus, the use of methane, hydrogen, and pure carbon monoxide gas
became necessary in the quest to produce the needed feeds for the production of pure
metallic iron.
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3. Solid: solid reduction of iron ore by carbon

For solid carbon in a DR process, the following three reduction reactions can be
written:

3Fe;0; + C — 2Fe304 + CO. (1)
Fe;04 4+ C — 3FeO + CO. 2)
FeO + C — Fe + CO. 3)

Only a negligible amount of reduction will occur by direct contact of carbon
particles with iron oxide particles since such solid-solid reactions are very slow. The
actual reduction process occurs through the intermediary of CO.

In the direct reduction process of iron ore where solid carbon is the reductant, self-
reducing pellets, briquettes or composites entails iron ore embedded in coal or carbo-
naceous materials are typically used in blast furnace and direct reduction processes to
mitigate the effect of carbon consumption for better productivity and performance.
The limitation of the direct reduction process is the quality of coke or coal as they
provide limited reaction conditions with low productivity.

3.1 Reduction of iron ore using coking coal

Iron oxide reduction by carbon is a significant metallurgical process. Theoretically,
the reduction might entail either gaseous intermediates or direct reduction [57].
Carbothermic reduction of iron ore using coking coal has been carried out by several
researchers and metallurgists using majorly direct reduction, magnetic separation,
reduction-smelting, and thermo-mechanical processes. An extensive study on iron ore
reduction in their composite aggregates was also reported in the existing literature.
Hou et al. [39] investigated a reduction of lump hematite in a carbothermic atmo-
sphere using a coal-based reduction and magnetic separation method. The hematite
ore undergoes a pre-reduction process at a maximum temperature of 1000°C in a
coal-infested atmosphere before the disintegrated direct reduction of the hematite ore
particle is then subjected to magnetic separation to increase the metallic iron concen-
tration of the DRI. Reduction of iron ore in lump or pelletized form in the presence of
coking coal entails a solid-solid reaction mechanism where the CO released from the
coke directly permeates the surface structure of the iron ore to obtain a metallic iron
as a by-product. But the challenge with the use of coking coal in the ironmaking
process can be traced to its scarcity and its undoubted tendency to produce DRI with a
high carbon deposit. Studies have shown that ferrous metals produced under Ore/coal
composite technique using high carbonaceous materials such as coal will give very
hard but brittle and ferrous metals as a by-product [18]. Thus, such DRI might exhibit
poor mechanical properties which include low malleability, ductility, and machinabil-
ity tendencies. Man et al. [42] performed a thermogravimetric experiment on an iron/
coal composite by direct reduction process at different reduction temperatures in a
nitrogen atmosphere. The changes in the mass of the ore/coal composites reveal the
extent mechanical degradation occurs based on the different mass loss, heating rate,
and heating temperatures. Also, the permeability rate of carbon from the coking coal
on the iron ore concentrate determines the quality of DRI expected to be produced
from the reduction experiment. Also, an increase in carbon gas penetration around the
interstitial surface of the banded iron/coal composite is strongly affected by increasing
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the heating temperature and heating rate [58]. This may in turn affects the overall
performance of the direct reduction experiment process. Among the parameters that
are majorly affected by increased carbonaceous activity with the iron/coal composite
when the reduction temperature is increased are increased reduction degree, percent-
age metallic iron, high carbon deposit, and increased iron/coal composite degradation.
In contrast, the scarcity of coking coal for the iron and steelmaking process has called
for research concerns where metallurgists and material scientists have started looking
into non-coking coal, charcoal, biogas, etc. Another viable alternative replacement for
metallurgical coke is due to its complex method of preparation and negative environ-
mental impact on the end-users.

3.2 Reduction of iron ore using non-coking coal/charcoal

For example, it is predicted that Nigeria has over 2 billion metric tons of coal
reserves [59]. Although it once possessed a few small coal-fired power stations none of
them are still in use today. The government plans to use coal to generate 30% of the
nation’s electricity, according to repeated statements from the mining ministry. Addi-
tionally, some observers think non-coking coal could help Nigeria mitigate its energy
crisis [60]. For instance, in some coal-rich states in the north-central region of Nige-
ria, a 1200-megawatt (MW) coal-fired power station was envisioned [61]. The project
has been frequently put on hold due to financial issues [62]. Later, two more coal
plants were planned, although no plans have been made public since the government
announced its intention to build them in 2011 [63]. Thus, the socio-economic and
manufacturing shortcomings ravaging the usability and accessibility of coking coal in
the iron and steel industry have led to the need to seek other reductants as alternative
energy sources (i.e. non coking coal, charcoal, biogas, etc.) which can be used in the
production of DRI in convectional iron and steelmaking process. Several works of
literature have attempted to research the feasibility and viability of these reducing
agents using different ironmaking production routes as tremendous processes have
been reported about some of the DRI produced when compared to those of the DRI
produced in the metallurgical industry [64, 65]. These have shown to have similar and
even better quality in terms of their physical, metallurgical, and mineralogical
properties.

Although lump iron ore is less expensive than the pelletized version, they have
historically been limitations on its usage in blast furnaces due to long-standing worries
about its deterioration and high-temperature characteristics. As a result of high-grade
iron ore depletion in supplies, gangue minerals are also becoming more prevalent in
iron ore fines, which have caused a significant change in their sinter chemistry,
particularly in terms of alumina content and basicity.

Lu et al. [66] performed a direct reduction and magnetic separation process on
lump hematite ore using lignite as a reductant. Lignite is low-grade non-coking coal of
low ash and higher carbon content than bitumen. The reduction roasting was done at
1200°C with 35% lignite on low-graded lump hematite ore with a particle size range of
(20-50 mm) at a reduction time of (60-300 mins), the reduced iron ore was ground
into a two-stage concentrate (20/30 mins) of 90% theoretical Iron (TFe) and 89.3%
iron recovery. The effect of reduction time, roasting temperature, particle dosage, and
grindability on the metallization degree, iron recovery, and microstructure phase
change on the reduced hematite ore were investigated. Ogbezode et al. [29] examined
the kinetic reduction behavior of goethite-hematite ore using wood charcoal in an
activated carbon furnace. The DRI produced was achieved through the non-contact
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reduction of goethite-hematite ore acquired as run-off mines from selected ore depots.
The study aims to investigate the behavioral pattern of iron ore in the CO/CO,
atmosphere from wood charcoal. The kinetic model employed was the shrinking core
model. The model attests to the fact that goethite ore can be reduced under the CO/
CO, atmosphere where diffusion through the ash layer is the rate-controlling resis-
tance of the reaction kinetic model. The microstructure phase showed a trace amount
of carbon deposits on the direct reduced iron compared to using coking coal as
carbon-bearing materials regardless of reduction temperature and reaction residence
time [30]. From existing literature, the use of non-coking or charcoal as an alternative
energy source instead of metallurgical coke in the production of direct reduced iron is
targeted toward reducing energy consumption, decreasing carbon deposition, and
eliminating complex procedures that accompany the conventional iron sintering pro-
cesses [32, 67]. Also, the high energy demand and complex procedures involved in the
pelletization process of iron ore, coupled with the scarcity of coking coal have made
metallurgical scientists begin research into the direct use of iron ore in lump form and
the use of non-coking coal or charcoal as reductant [20]. Production of DRI using iron
ore in lump form may seem to be a viable alternative for already beneficiated iron ore
provided the base material is of high-grade quality. Furthermore, the use of low-grade
iron ore could better be encouraged provided a more efficient coal-based direct
reduction DR process is employed. The treatment of low-grade iron ore material may
hold promise for the coal-based DR process in the future. Therefore, solid carbon or
gaseous carbon monoxide CO and hydrogen gas H; are needed as reducing agents in
commercial techniques used in the removal of oxygen from iron ore. The latter can
also be obtained naturally through carbon gasification [68]. Thus, it is advisable to
take into account the usage of non-coking coal, first directly and then as a gasifying
agent to produce the reductant components of CO and H, gases. Agrawal et al. [49]
performed carbothermal reduction on low-grade magnetite ore in a microwave at an
irradiation temperature above 600°C using coal and charcoal. There are two different
types of composites were prepared which are made of iron ore fines and charcoal,
respectively. Magnetite reduction with coal was discovered to be lean, resulting in
poorer metallization; yet, the concentrate’s increased iron-oxide content and also
increases the iron extraction in terms of performance as compared to charcoal [69].
Regardless of thermal conditions, iron ore is reduced under the same heating rate, and
coal has a lower reduction rate compared to charcoal.

The optimum performance of the reduction roasting of low-graded iron ore using
non-coking coal should better reveal high theoretical percentage iron (TFe) of good
magnetic concentrate which can produce metallic iron with higher purity, which
means that a high-temperature reduction process should be encouraged in such cases.
Thus, to effectively perform a coal-based reduction on low-grade iron ore using non-
coking coal, a high reduction temperature, increased roasting time, and coal with high
carbon content, low moisture, and low ash content should be used in other to achieve
a sustainable reduction process. The carbon-iron ore dosage must be understood to
ascertain the reduction behavioral pattern and phase transformation of the various
gangue components present within the metal matrix of the coal-based reduced iron.
The non-availability of solid carbon-bearing materials has triggered the need for
metallurgical experts to begin to harness a more efficient approach to the production
of molten iron in its pure form due to the presence of unwanted substances such as
sulfur, phosphorus, lead, etc. that might have accompanied such DRI products. This
concern among others does initiate the need to commence further research into the
gas-solid reduction of iron ore or iron oxides. Consequently, further studies into the
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indirect reduction process of iron ore are majorly carried out on a laboratory scale due
to their high production cost, purity of DRI product, environmental friendliness, and
less hazardous process where its major limitation remains its high cost of production
at an industrial scale.

4. Gaseous-solid reduction in iron ore processing

Many researchers have postulated different ways of producing quality iron
using gaseous reductants such as carbonmonoxide [14], Hydrogen [70], Methane [71],
biogas [72], etc. This is a method of producing direct reduced iron DRI using
gaseous reductants as carbon-bearing material. To comprehend the use of gaseous
carbonaceous materials as iron oxide reductants, the different phase changes within
the macro and microstructure of the processed iron oxides must be known. A
schematic illustration of the ironmaking process by direct reduction method using
gaseous reductants is depicted in Figure 9. The effect of thermal decomposition,
reduction time, and reaction kinetics surrounding the type of reduction mechanism
and metallurgical processes used in the production of such metallic iron must be
ascertained.

4.1 Reduction of iron ore by hydrogen and carbon-monoxide gas

Due to the adverse effect of carbon-infested gases on our immediate
environment, the manufacturing and metallurgical industries produce crude steel of
over 1.7 billion tons, while almost the total production of up to 75.1% is carried out
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using coke-injected blast furnaces [73]. It is no longer news that coking coals can
serve as an excellent reducing agent and high energy source for iron and steel
production. But the under-utilized coke is produced as carbon monoxide gas which
has an adverse climatic effect on our immediate environment [8]. The carbon mon-
oxide gas may also lead to ozone depletion, the greenhouse effect, and global
warming at large. These and many more sponsored the initiative for the use of other
sources of carbon-bearing substances and gases as alternative energy sources instead
of coke for iron ore reduction. This implies that the use of hydrogen, methane, fossil
fuels and biomass is fast replacing coke, especially in metallurgical operations.
Lately, hydrogen reduction has proven to be a viable alternative in the ironmaking
process compared to the conventional carbothermic reduction processes. Li et al.
[70] conducted a direct reduction process of iron ore using hydrogen gas (H,). The
hydrogen was formed by the catalytic breakdown of ammonia and methane as a way
to mitigate CO, emissions. The by-product hydrogen gas is passed into the fluidized
bed reactor containing the sets of cohesive hematite ore particles at a reduction
temperature of 500°C and above. Several works of literature [37, 40, 41] have
investigated the energetic and environmental essence of the hydrogen-based iron
production process. The literature further reiterated that H,_based direct reduction
of iron ore possesses a carbon-free iron product with a prospective reduction of
harmful gas emissions regardless of the kind of reduction or smelting reactor used
[74]. Since the formation of iron-carbide is majorly associated with iron oxide
reduced with carbon-monoxide, the use of hydrogen gas as the alternative reductant
in the ironmaking process cannot be overemphasized. Another attribute of H,-based
direct reduction of iron ore is the physical characteristics and reduction kinetics
mechanism associated with such an iron reduction process. These characteristics are
reduction temperature, reaction control mechanism, particle size, reduction gas
penetration rate, mineral phases, and morphological dependence [52, 75]. Conse-
quently, the behavioral changes in the mineralogical phases of iron ore sinter due to
the effect of hydrogen gas concentration were investigated by Xing et al. [76]. The
study of mineral phases on iron ore sinter reduction in hydrogen atmosphere has
proven to mitigate the effect of CO, emission in the ironmaking process. Also,
whisker growth in direct reduced iron can be attributed to the presence of sulfur
present in the reductant coals. As the presence of sulfur in the carbonaceous atmo-
sphere during the ironmaking process possesses the tendency to initiate catastrophic
swelling in the iron ore-carbon monoxide atmosphere which may produce a large
number of iron whiskers. The presence of sulfur in the CO/CO,-infested iron ore
reduction atmosphere is triggered by the nucleation effect of sulfide inhibits gases,
resulting in whisker growth. To eliminate the occurrence of whiskers on iron oxide
surfaces, hydrogen gas should be used as an alternative reducing agent in the
ironmaking process in the presence of argon gas. Moreover, the use of hydrogen
naturally eliminated sulfur and also speed up the reduction rate of the base material.
Carbothermal reduction of iron oxide is less pure because of the high chemical
activity of carbon monoxide and its inability to exist longer in its free state. CO’s
ability to exist as a transition metal entails it can also exist in carbide forms. Thus, to
mitigate the aftermath effect of challenges caused by the use of CO/CO, on iron
oxide during reduction, the use of hydrogen [77], water gas [78], and hydrocarbon
[79] have been encouraged in recent works of literature [18, 19, 47, 80]. Therefore,
hydrogen usage in the iron and steelmaking industry remains a prominent way to
curtail the menace of the greenhouse effect, energy loss, and global warming in our
immediate environment.
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4.2 Reduction by methane gas and other hydrocarbons

The reduction of iron ore by carbon monoxide can produce carbondioxide
which is utilized by the ecosystems for anaerobic respiration and photosynthetic
operations [80]. Consequentially, the oxidation of methane gas and other
hydrocarbons does produce water gas (CO and H,) which is charged into a fluidized
bed reactor for iron and steel production. Nasr et al. [71] used the chemical looping
combustion method to investigate the reduction kinetics of iron ore in a methane
atmosphere. The increase in CO, concentration in the atmosphere has attracted
considerable interest in the metallurgical industry. Thus, the use of methane gas
as an alternative source of carbon-bearing material has been uninitialized as a
promising concept for capturing CO; in the atmosphere and for power generation
via the chemical looping combustion (CLC) method. The reduction of iron ore in the
methane atmosphere may not follow the usual stepwise order (i.e. it is either the
magnetite stage or the wustite state is being bypassed). This implies the rate of
reaction will be faster in the iron oxide/methane reduction reaction as the burning of
methane gas in the absence of air produces a chemical loop of CO and H, which makes
the reduction reaction of iron oxide to iron proceed much faster into completion
compared to when using the individual reducing gas (i.e. CO and H,). Thus, the
reduction of hematite (a-Fe,03) and maghemite (y-Fe;O3) in the CH, atmosphere
at standard temperature and pressure in the absence of air will produce iron in the
following chronological order Fe,O3 — Fe30, — Fe and Fe,O;3 — FeO — Fe
respectively [35, 66]. This reduction method provides good support performance,
increases mechanical strength, and provides attrition resistance for metallic iron
produced under environmentally safe conditions and economically viable. Thus, for
increased productivity and a high reduction rate, the direct reduction of iron ore
with methane does have intense catalytic nature that can be used in the powder
metallurgical process.

4.3 Reduction in biomass gas

Biomass is a common solid fuel, and its pyrolysis products, with highly
reductive characteristics which occur in solid, liquid, and gaseous states [81].
The quest for coal substitutes in the iron ore reduction process has attracted
considerable interest, as the use of pyrolysis products can be viewed as an
alternative reductant. This need has its implication to acquire iron ore reduction by
metallurgical industries which possess good quality carbon-bearing properties with
reduction characteristics, easy renewability, lower greenhouse effect, and fewer
energy-saving challenges. The research on pine saw dust usage, as a reductant for
pure Fe,;O3 particles was investigated by Liu et al. [72]. Biomass pyrolysis of pure
Fe,03 was conducted on pine sawdust at a mass ratio of 3:2 at a calcination time of
15mins. The mixture was fired at a reduction temperature range of 350 — 550°C
under a nitrogen-regulated atmosphere. Iron oxide reduced with biomass sawdust
can produce pollution-free pure metallic iron. Few research works have attempted to
study the use of biomass in the ironmaking process. Gan et al. [82] examined the
pollutant effect on sintered iron ore reduced using biomass fuel as a reductant.
Luo et al. [83] uses biomass syngas to perform direct reduction on hematite-biomas
briquette. The briquette powdered ore-biomass was heated at a reduction temperature
range of 450 to 900°C. Strezov, et al. [84, 85], performed iron ore reduction runs
using biomass sawdust. The iron was reduced from 30% sawdust to predominantly
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metallic iron at a reduction temperature above 600°C. The reduction of the iron
ore-sawdust mixture begins precisely at 670°C and ended at 1200°C. The implication
of using biomass in the ironmaking process is that the process is less energy-
consuming, sulfur free, and environmentally friendly without causing the
greenhouse effect.

Furthermore, due to the vast utilization capacity of the different iron
processing methods in modern-day iron and steel-making technology, it becomes
imperative and advantageous to enumerate the basic challenges and limitations
peculiar to convectional iron and steel production routes by proferring meaningful
solutions and mapping-out holistic future perspectives to issue surrounding
extraction process of pure metallic iron. Thus, this study suggests the need to
employ a more pragmatic metallurgical extraction approach in the production
routes for iron processing with lower production costs and minimal energy
requirements [86, 87]. This can also be attributed to the ability to utilize other
alternative energy sources instead of the use of metallurgical coke as a reductant.
This will lower the primary operation cost, energy consumption, and elimination
of operational tendencies for metallurgical coke, and pre-reduction processes
(i.e. beneficiation, pelletization, recycling, etc.) may no longer be necessary, the SR
process utilizes direct fines and sinters as feeds, better energy conservative process
with rich off gas used for power generation, better control of production process
parameters (temperature, gas flow rate, reduction rate, etc.). Faster reduction rate
and quick iron recovery are certain, as good thermo-chemical configuration and
flexibility in hot metal-slag separation, faster reaction kinetics due to high smelting
intensity and productivity, etc. [13, 88]. In contrast, the SR process also has some
limitations despite its economic viability and high productivity tendencies. This
includes high oxygen and power consumption requiring mandatory ore fine pre-
reduction process and the need to meet up with required energy for a highly efficient
post-combustion process.

5. Future research perspective

In the quest to improve the quality of iron produced across the globe, so many
works have been done through the development of various ironmaking and steel-
making techniques. Many ideas have been developed on how to improve the various
metallurgical operations governing the extraction process of iron and steel research
all over the world. These iron extraction processes are mainly categorized into the
blast furnace, direct reduction, indirect reduction, and reduction-smelting pro-
cesses. Metallurgical factors such as reduction agent types, quality of iron oxide,
energy sources and analysis, cost of production, etc. are scarcely considered in the
works of literature. Thus, it is expedient that future research perspectives should
consider the aforementioned factors affecting the overall metallurgical extraction
process in iron and steel production before active application in extraction tech-
nique. In addition, the influence of foreign bodies in the metal matrix of iron metals
produced by the different extraction processes should be checked and excess silicate
and aluminate with the banded microstructure of iron oxide metal matrix will
require the use of the excessive fluxing agent, increased energy demand during the
iron smelting process. Thus, further studies on the effect of gangue elements on the
iron metal quality in convectional iron and steelmaking processes should be further
investigated.
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6. Conclusion

The fast depletion of metallurgical coke in the present era iron and steelmaking
making process remains an eye-opener for metallurgical experts across the globe. This
challenge has reiterated the need to seek other alternative energy sources for the iron
and steelmaking process with viable production routes. Due to economic implications,
complex metallurgical operations, high energy demand, and time-consuming tenden-
cies that accompany the conventional blast furnace/blast oxygen furnace operation
and direct reduction route. This study provides an extensive overview of selected iron
and steelmaking processes with special emphasis on the various alternative energy
sources that are used instead of conventional metallurgical coke. Thus, the study
concludes as follows:

1. Apart from the traditional method of iron production using the blast furnace
process, the direct reduction process, indirect reduction process, and smelting-
reduction process remains the most recent trend used in present-era ironmaking
technology.

2.The use of gaseous reductants (i.e. CO, H,, CHy4, etc.) remains a viable alternative
energy source provided they can be acquired at a cheaper rate as the usage can be
unsustainable when applied in iron and steelmaking processes at an industrial
scale.

3.The operational capabilities of the conventional direct smelting process can be
improved upon when modified with a post-reduction process within its
ambiance provided the use of energy saving approach is encouraged.

4.The non-contact direct reduction technique has shown its viability for
decarburization of direct reduct iron with minimal energy requirement and it has
shown to be cost-effective.

5.The smelting-reduction technique has an advantage over direct reduction and
indirect reduction processes as it holds the capacity to utilize many available
energy sources which makes it more time-saving, less energy-consuming, and
operationally efficient.

6.The use of gaseous reductants in the smelting-reduction process of iron oxide

remains a more promising approach in the production of pure molten iron, free
from unwanted impurities within the phase microstructure of the by-product.
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