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Coal fly ash (CFA) is a major global problem due to its production in huge volumes.
Fly ash has numerous toxic heavy metals; thus, it is considered a hazardous
material. However, it also has several value-added minerals like ferrous, alumina,
and silica along with other minerals. Fly ash also has several natural micro- to
nano-structured materials; for instance, spherical ferrous-rich particles,
cenospheres, plerospheres, carbon nanomaterials, and unburned soot. These
micron- to nano-sized particles are formed from the molten slag of coal,
followed by condensation. Among these particles, plerospheres which are
hollow spherical particles, and ferrospheres which are ferrous-rich particles,
have potential applications in the environmental cleanup, research, catalytic
industries, and glass and ceramics industries. Additionally, these particles could
be further surface-functionalized or purified for other applications. Moreover,
these particles are widely explored for their potential in the army and other
defense systems like lightweight materials and sensing The recovery of such
particles from waste fly ash will make the process and remediation technology
economically and environmentally friendly. The current review focuses on the
various structural and elemental properties of ferrospheres and plerospheres from
fly ash. This review also focuses on the emerging applications of both naturally
formed materials in CFA.
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1 Introduction

Coal fly ash (CFA) is a fine spherical powder produced in
thermal power plants (TPPs) during the burning of pulverized
coal when generating electricity (Yadav and Fulekar, 2020)
(Yadav et al., 2023a). Annually, a large amount of CFA is
produced globally and is mainly dumped in the vicinity of
thermal power plants (TPPs) (Yadav et al., 2022a). However, due
to the rapid advancement in technology, CFA has gained
importance in the fields of metallurgy, ceramics (dos Santos
et al., 2014), civil applications (Marinina et al., 2021), building
and construction (Mohammed et al., 2021), river and
embankments, and agriculture (Yadav and Pandita, 2019). The
utilization of CFA worldwide is gradually increasing annually. As
per a 2022 report, the total global annual production was about
1.143 billion tons, with an average utilization rate of 60%. Several
European and Asian countries, including China, also reached 100%
CFA utilization rates, while developing countries like India are
struggling with a 50%–60% utilization rate as per 2021–2022 data
(Yadav et al., 2022a).

The source of CFA is coal, which has various organic and
inorganic compounds that produce structurally diverse spherical
particles upon burning in TPP furnaces (Yadav et al., 2021a). The
structural diversity in CFA particles is due to combustion at high
temperatures (1,400–1800°C) (Wang et al., 2021), which melts the
content of the coal. Condensation and complex processes give rise to
structurally and chemically diverse spherical particles (“spheres”).
Such spherical particles could be rich in alumina and silica and are
known as “aluminosilicate spheres” or “cenospheres” (Yadav et al.,
2021b). Another spherical particle in CFA is “plerospheres,” or
spheres within spheres; i.e., larger spheres encapsulating several
smaller spheres along with gases and mineral fragments (Chepaitis
et al., 2011). Another type of sphere present in CFA is ferrospheres,
which are ferrous-rich spherical particles. The size of all these
spherical particles varies from 80 nm to several microns (20 µ)
depending on the operating conditions of the TPPs (Yadav et al.,
2022b). These spherical particles have applications in ceramics,
construction, research, and environmental clean-up (Sharonova
et al., 2015) and can be separated from CFA by several
techniques, most commonly magnetic separation (Shoumkova,
2011; Gupta et al., 2022). For instance, magnetic fractions in
CFA could be recovered by using an external magnet in wet or
dry magnetic separation methods, while the rich non-ferrous
fractions in plerospheres and cenospheres could be extracted
using the sink-float technique, froth floatation technique, density-
based separation, etc. Cenospheres are lighter in weight in
comparison to ferrospheres and plerospheres (Noor-ul-Amin,
2014).

Generally, CFA has mainly 5%–15% ferrous fractions, while
plerosphere content varies from 0.1 to 3.8 wt.%. In most cases, it is
near 0.3–1.5 wt. %. In the last decade, ferrospheres have been used
widely in ceramics, research, and other industries in comparison to
plerospheres due to their easy recovery, wider applications in
catalysis, etc. Contrary to ferrospheres, very limited information
is available on plerospheres (Anshits et al., 2021). These structurally
varied spherical particles have different structural and elemental
properties and have started gaining importance in various
applications (Goodarzi and Sanei, 2009). Several investigators

have reported the recovery of CFA components like cenospheres,
plerospheres, ferrospheres, and unburned carbon particles. For
instance, Blissett and Rowson (2012) suggested the utilization of
CFA for agriculture, zeolite synthesis, cement manufacturing, glass
ceramics, geopolymers, etc. (Blissett and Rowson, 2012). Yao and
colleagues demonstrated the importance of CFA in the synthesis of
geopolymers, silica aerogels, carbon nanotubes (CNTs), etc.
(Gollakota et al., 2019). Furthermore, Yao and team emphasized
the recovery of alumina from CFA in China (Yao et al., 2014;
Gollakota et al., 2019).

The present study mainly emphasized ferrospheres and
plerospheres, due to their morphological and elemental
properties that make them two distinct, naturally formed
spherical ceramic particles in CFA in TPPs. We also described
the detailed mechanism involved in the formation of both these
spherical particles in the furnace during coal burning in TPPs.
Another objective was to summarize the recent advances in the
recovery of plerospheres and ferrospheres from CFA. The final
objective was to emphasize the emerging applications of
plerospheres and ferrospheres in the fields of environmental
cleanup and military. More recent work in these fields will draw
the attention of scientific investigators toward plerosphere recovery
and new emerging applications.

2 Structurally important and value-
added particles in CFA

The structurally different structures of CFA i.e., plerospheres
(PS), ferrospheres (FS), cenospheres (CS), and irregular
carbonaceous particles (Snellings et al., 2021), play specific
roles in different fields like environmental cleanup, research,
ceramics (dos Santos et al., 2014), fillers, and lightweight
materials (Balapour et al., 2022), etc. Among microspheres in
CFA, cenospheres are the most predominant, followed by
ferrospheres and plerospheres (Liu et al., 2018). All these
three microspheres constitute a specific fraction of the CFA
that forms as a result of the burning of pulverized coal in the
furnaces of TPPs. These microspheres are formed during
combustion in the furnace at the stage of transformation of
coal mineral compounds, as shown in Figure 1. The spherical
shape is attributed to the cooling and solidification of CFA
particles around the gases. These microspheres are mainly
made up of aluminosilicate glasses, mullite, calcium silicates,
sulfate, calcite ferrous oxides, and quartz (Baziak et al., 2021).

Silica dominates the solid phase of these microspheres, whose
percentage is about 50%–65%, followed by alumina at 19%–65% and
Fe2O3 at 0.7%–6.5%. In addition to this, it also has unburned
carbons (UC) which are mainly composed of inorganic and
organic carbon materials formed from the incomplete
combustion of coal (Eisele and Kawatra, 2002; Song et al., 2021;
Lv et al., 2022). These unburned particles contain char soot,
polyaromatic hydrocarbons, and carbon nanotubes (CNTs)
(Alam et al., 2021). Based on various reports around the globe, it
was found that the UC content in CFA could vary from 2% to 12%
but in some cases could also reach 20% (Liu et al., 2014). There are
several reports where both single and multi-walled CNTs were
found and isolated from CFA. In addition to this, a few
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investigators have also reported the extraction of fullerene, nano-
onions, and graphene from CFA (Das et al., 2016; Liu et al., 2016;
Gnanamoorthy et al., 2021). Tiwari et al. (2016) reported the
presence of fullerene-like aggregates in CFA (Tiwari et al., 2015).
The presence of CNTs 18–24 nm in diameter in the Gondwana
region CFA was reported by a group of investigators from India.

Several investigators have also claimed the presence of carbon
nanoballs in various CFAs from different parts of the globe, for
instance, carbon nanoballs with sizes of 5–10 nm were reported. In
addition to these, numerous investigators have reported the
presence and recovery of carbon onions, chars, and soots from
the CFA samples using various techniques, with very high efficiency.

FIGURE 1
Generalized scheme of the transformation of coal mineral matter during combustion. Adapted and modified from Kutchko and Kim (2006).

FIGURE 2
XRD of CS from lignite CFA of a Thailand TPP depicting their major minerals. Adapted from Yoriya and Tepsri (2020) and (Yoriya and Tepsri, 2021).
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In addition to this, there are several reports where CS were used
either directly or surface functionalized with other metallic particles
like Ni, Zr, etc., for enhanced applications. CS have been used for the
direct remediation of dyes and other effluents from wastewater at a
much more economical cost (Markandeya et al., 2021). In addition
to this, surface-functionalized CS are also used in defense
applications, nanocomposites, and high mechanical strength
material. CS were also used in construction materials, as a
lightweight material, an insulating material, in ceramics, as fillers,
as a composite material, and as an internal curing agent (Birla et al.,
2017; Yadav et al., 2021b). Vereshchagina et al. (2018) synthesized
analcime zeolite from CFA CS, and furthermore, they developed a
Zr-analcime nanocomposite from CFA CS (Vereshchagina et al.,
2018). Khoshnoud and Abu-Zahra (2015) observed the effect of CS
CFA on the thermal, mechanical, and morphology of rigid polyvinyl
chloride (PVC) composites (Khoshnoud and Abu-Zahra, 2015).
Figure 2 shows an XRD pattern of CS from lignite CFA from
Thailand TPPs, which clearly shows minerals like anhydrite,

C—calcite, CS—calcium silicate, E—ettringite, L—lime,
M—magnetite, Me—merwinite, Mu—mullite, P—potassium
magnesium silicate, Po—portlandite, Q—quartz, and
Sr—srebrodolskite (Yoriya and Tepsri 2021).

3 Basic properties of plerospheres and
ferrospheres

3.1 Plerospheres

Morphologically, PS are similar to CS and co-exist in CFA in
mainly two types, i.e., thick-walled and thin-walled. PS could also be
categorized into primary plerospheres and secondary plerospheres
(based on internal particles and composition). PS contain several
smaller spherical particles within them, making them heavier (Kolay
and Singh, 2001; Sunjidmaa et al., 2019). As per the literature, the
ruptured PS contain Fe, which is produced from the disoxidation of

FIGURE 3
(A) SEM image of a thick-walled PS with a ruptured wall. (B) SEM image of a thin-walled PS with a ruptured wall. Adapted from Goodarzi and Sanei
(2009).

FIGURE 4
(A) SEM micrograph of glassy PS in CFA. Adapted from Kaasik et al. (2005). (B) Backscattered SEM image of PS. Adapted from Chepaitis et al. (2011).
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Fe2+ or Fe3+ in a strongly reducing environment before the rupture of
PS (Adesina, 2020). Plerospheres are basically spheres within
spheres, where smaller spherical particles become trapped inside
larger spherical particles along with numerous minerals and gases.
As a result, such plerospheres may be hollow and light in
comparison to ferrospheres (Goodarzi and Sanei, 2009). These PS
are mainly thin-walled compared to FS. The sizes of PS vary from a
few microns (μ) to more than 20 µ; however, their average size is
mainly <10 µ (Liu et al., 2016). Plerospheres (Goodarzi and Sanei,
2009) (or spheres within spheres) are essentially spherical-shaped,
hollow, and mostly thin-walled CFA particles that have
encapsulated a number of sub-microspheres or mineral particles
(Goodarzi and Sanei, 2009) of different sizes (mainly <10 µ) (Liu
et al., 2016). Most of their features, such as chemical and elemental
composition, morphology, etc., are similar to cenospheres. However,
the two vary in their morphology as cenospheres are hollow in
nature, while plerospheres are solid in nature (Choudhary et al.,
2020). It has been found that in some CFA samples, CS were larger,
while in others, PS were larger. However, normally, PS should be
larger due to the presence of filled gases and minerals. The size of PS
varies from 0.2 to 8 µ, while the size of CS is 10–1,000 µ based on the
TPPs, combustion temperature, and types of coal used (Yoriya et al.,

2019; Yoriya and Tepsri, 2020). Ruptured PS release numerous
smaller microspheres and mineral particles (Strzałkowska, 2021), as
shown in Figures 3A, B, 4A, B, 5A, B where scanning electron
microscope (SEM) images show ruptured PS with numerous small
spherical particles present within them. To date, very little
information is available on PS in the scientific community.

Structurally, PS is either thick- or thin-walled. Based on their
origin and formation, they could be of two types, primary
plerospheres and secondary plerospheres (Goodarzi and Sanei,
2009). These structurally different types of PS form due to high-
temperature (1,200–1,700°C) thermochemical transformation of
the organic matter and mineral components in coal during
combustion (Liu et al., 2016). PS form due to the differential
melting of particles and the influence of gases generated by the: 1)
dehydration of clay minerals and 2) decomposition of calcium
carbonate and carbon present on the surface or inside the ash slag
particles (Fisher et al., 1976). This type of method of PS
formation is known as a primary process. PS with larger
diameters (e.g., 100 µ) are very common in CFA, enclosing
sub-microspheres or mineral fragments (mostly <10 µ) and
reportedly have high mechanical strength and chemical
reactivity (Snellings et al., 2021).

FIGURE 5
(A) Typical SEM image of a plerosphere. (B) SEM image of a cracked PS filled with metallic Fe. Adapted from Liu et al. (2016).

TABLE 1 Chemical composition of CS classified according to their sizes. Adapted from Yoriya and Tepsri (2021).

Item Composition (wt. %)

SiO2 Al2O3 Fe2O3 CaO SO3 K2O TiO2 MnO

Cenospheres

Bulk 47.23 ± 0.56 22.92 ± 0.14 9.71 ± 0.48 10.89 ± 0.27 3.98 ± 0.12 4.54 ± 0.15 0.80 ± 0.02 0.06 ± 0.00

<45 µ 41.31 ± 0.16 19.61 ± 0.21 12.62 ± 0.15 15.50 ± 0.13 6.47 ± 0.10 3.76 ± 0.02 0.63 ± 0.00 0.11 ± 0.005

45–105 µ 53.39 ± 0.17 25.02 ± 0.06 7.84 ± 0.06 6.36 ± 0.11 1.88 ± 0.11 4.72 ± 0.07 0.78 ± 0.02 0.06 ± 0.001

106–250 µ 51.92 ± 0.23 23.72 ± 0.13 9.70 ± 0.11 8.28 ± 0.21 1.99 ± 0.04 3.57 ± 0.04 0.77 ± 0.005 0.06 ± 0.003

>250 µ 49.71 ± 0.93 20.80 ± 0.59 11.62 ± 0.99 11.56 ± 0.29 2.28 ± 0.31 3.23 ± 0.15 0.72 ± 0.02 0.08 ± 0.001
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PS have generally spherical-shaped particles with several smaller
particles and mineral fragments (Yoriya and Tepsri, 2020). Both
thick- and thin-walled PS release secondary plerospheres or mineral
particles after wall rupture. As the name suggests, thick-walled
plerospheres have thick walls due to a coating of carbon and
other minerals. Figure 5A shows a typical structure of PS under
SEM, while Figure 5B shows PS with ferrous content (Liu et al.,
2016). Very little research has been conducted in this area, and
limited information is available in the scientific domain. Table 1
shows the chemical composition of fly ash CS, which indicates that
CS are rich in Al and Si. From the chemical composition, one can
easily conclude that both CS and PS contain mainly alumina and
silica, along with other intermediate and trace elements such as Na,
Mg, Ca, K, P, S, and Ti. The carbon composition could be higher or
lower based on the type of coal used for the fuel in the TPPS, and
other operating conditions of the furnaces of the TPPs. Yoriya and
Tepsri (2020) reported that the chemical composition of CS
depended on the size of the particles, even though their basic
elements remained the same. The CS size and chemical
composition were assessed in CS collected from lignite CFA from
Thailand TPPs. Table 2 shows the chemical compositions of PS
extracted from CFA. Table 3 shows the major differences and
similarities between FS, CS, and PS extracted from CFA.

Figures 6A, B show the energy-dispersive spectroscopy (EDS)
spectra and elemental composition of PS and CS, respectively.
Figures 6A, B show the presence of common elements in both
structures. The EDS shows that both structures vary only in the
percentage of elements. The major elements are Al, Si, O, and Fe.
Other elements are present in trace amounts in both structures.

3.2 Ferrosphere properties and types

FS are present in all CFAs, i.e., they are produced from lignite,
bituminous, sub-bituminous, and anthracite. They are known as

magnetic microspheres or spinels. A typical FESEM image of FS is
shown in Figure 7, which reveals the presence of several spherules and
angular deposits of iron oxides on their surfaces.

The major mineralogical composition of magnetic fractions of
CFA are ferrospinels (79%–90% wt.%). The FS of CFA have all three
phases of iron oxides, i.e., magnetite along with Ca, Mg, and Mn,
with hematite comprising approximately 5–17 wt. %, maghemite
gamma-Fe2O3, and a paramagnetic phase of approximately 2–8 wt%
(Sokol et al., 2002; Sokolar and Vodova, 2011). FS are ferrous-rich
spherical particles that can be rough or smooth based on the
deposition of the ferrous fraction on the surface of
aluminosilicate spheres (Yadav et al., 2021a). These can be of
various shapes and sizes, depending on their surface texture, the
type of coal used, the temperature of the furnace, etc. CFA-extracted
FS morphology can be either rough or smooth, in which the rough
spheres show depositions of ferrous particles on their surface and are
comparatively more magnetic than the smooth-surfaced ones (Sokol
et al., 2002; Sokolar and Vodova, 2011). The two most dominant
types of FS in CFA are rough- and smooth-surfaced FS. These iron-
rich microspheres are formed during the combustion of coal,
followed by the melting and condensation of the liquid mixes in
the TPPs. Rough-surfaced FS have several ferrous-rich granular
depositions on their surface, whereas the smooth-surfaced
ferrospheres have a homogenous spread of molten ferrous on the
surface, which is responsible for the weakly magnetic nature of the
particles (Fomenko et al., 2021). Vast works of literature have shown
that, based on the various operating conditions and global area, the
size of FS varies from 90 nm to 20 µ (Liu et al., 2016). Fine CFA
contains smaller-sized particles, while bottom CFA contains larger-
sized CFA particles along with FS.

Several investigators have isolated ferrous fractions from CFA
from various parts of the globe. For instance, Yadav and Fulekar
(2014) reported the extraction of ferrous fractions from CFA
collected from TPPS in Gandhinagar, Gujarat, India (Yadav and
Fulekar, 2014). Yadav 2019 reported the presence of smooth and
rough-shaped ferrous fractions in the CFA of the same TPPs. In both
reports, the investigators observed FS sizes varying from 100 nm to
several microns. The iron oxides on their surface were mainly
present in mixed phases, i.e., magnetite, hematite, and
maghemite, as revealed by x-ray diffraction (XRD). Moreover,
Yadav et al. (2022a) extracted FS from CFA collected from TPPs
in Kota, Rajasthan. The investigators extracted the FS from the CFA
slurry using a strong magnet. Most of the FS were rough-surfaced,
with angular and spherule deposits on their surface. The size of the
extracted FS varied from 400 to 700 nm (Yadav et al., 2022b).

Sharonova et al. (2015) reported the extraction of approximately
eight fractions of FS from high calcium-containing CFA collected
from a Russian TPP. The size of the extracted FS varied from 0.4 to
0.02 mm (Sharonova et al., 2015). Valentim et al. (2016) extracted FS
from CFA collected from TPPs in Bokaro and Jharia. The
investigators reported that the coal used to feed the TPPs mainly
contained ferrous carbonates like siderite. Whereas in the CFA, the
iron oxide content was about 2.7 wt.% to 4.5 wt.%. The investigators
also confirmed the presence of magnetite and hematite phases of
iron oxides in minor ratios in the CFA (Valentim et al., 2016).
Fomenko et al. (2021) extracted ferrous fractions and categorized
them according to size, i.e., particulate matter (PM2.5, PM2.5–10,
and PM10) (Fomenko et al., 2021). Sokol et al. (1998) extracted FS

TABLE 2 Chemical composition of CFA PS. Adapted from Haustein and
Kuryłowicz-Cudowska (2020) and Chepaitis et al. (2011).

Element CFA plerosphere wt. %

Si 25.54

Al 10.93

Mg 0.99

Na 2.92

Fe —

Ca 1.17

P —

S —

K 4.03

Ti —

C 10.39

O 44.03
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from the Russian Chelyabinsk basin and reported the presence of
magnetic particles of variable geometrical shape; i.e., triangular,
rectangular, spherule, and polygonal on the external surface of the
FS. They also reported the presence of dense dendritic FS about
50–120 µ in size, which comprised about 85% wt. fraction of the
total ferrospinels. Furthermore, investigators also reported the

presence of magnetic particles on FS in a “pine-tree” pattern and
ferrite FS with dimensions in the range of 100–200 µ, which was rare in
occurrence and comparatively larger than other FS. Finally, the
investigators found magnesioferrite in the CFA, which had high
reflectivity and formed octahedra 10 µ in size in the microsphere
core, whose spaces were filled with calcium ferrite (Sokol et al., 2002).

TABLE 3 Basic differences and similarities between FS, PS, and CS extracted from CFA.

Property/
feature

Ferrospheres Plerospheres Cenospheres Reference

Shape and types Spherical, ellipsoidal, molten
drop, etc.

Spherical, and thick- and thin-walled Spherical

Size (µ) 1–500 µ 0.2–8 µ 10–1000 µ Żyrkowski et al. (2016),
Yoriya and Tepsri
(2021)20–300 μ

Definition/
meaning

— Plerosphere from Greek: plërës + sphere =
filled sphere

Cenosphere is derived from Greek: kenos +
sphere = hollow sphere

Shell
thickness (µ)

— — 2–30 µ

External texture Rough to smooth Smooth, some with an opening at one end Smooth

Internal structure Solid Solid Hollow Zierold and Odoh
(2020)

Partially filled with porous magnetite-
hematite aggregates

Can have very thin (tenuisphere) or thick walls
(crassisphere)

Voids filled with — Small irregular aluminosilicate grains,
unburnt (fusained) coal particles, foam, and
spongy and porous framework

Irregular aluminosilicate grains (mainly
mullite), iron oxides, unburnt (fusained) coal
particles, and spongy (porous) form

Magnetic nature Highly magnetic Non-magnetic to weakly magnetic May be weakly magnetic Yoriya and Tepsri
(2021)

Percentage in
CFA wt. %

5%–15% 0.1–3.8 wt.% 0.3%–1.5% Fomenko et al. (2011)

Density 2.4 higher density than PS
and CS

Higher than CS Low density for lighter CS: 0.2–2.6 g/cc Żyrkowski et al. (2016)

0.75–9.0 wt.% For heavy metal and Al-bearing CS-02.9 g/cc

Due to its high density, more easily captured
by an electrostatic precipitator

Average density <1 g/cm3

Mechanical
strength

High High Very high Żyrkowski et al. (2016)

Porosity Lowest Highly porous Less porous

Due to high porosity, most PS sink in water
with CFA

Specific gravity — Higher Lowest Yoon and Park (2017)

Crystalline
phases

Magnetite, hematite, quartz,
calcite, etc.

Quartz, mullite, calcite Żyrkowski et al. (2016)

Higher alumina and higher mechanical
strength

Chemical
composition

Fe, O, and traces of Al, Si, Ca,
Na, C, etc.

Dominated by Si, Al, C, O, and traces of Fe,
Ca, Na, etc.

Dominated by Si, Al, C, O, and traces of Fe, Ca,
Na, etc.

Fisher et al. (1976)

Separation
method

Magnetic and density-based,
and easy to separate

Non-magnetic and density-based Non-magnetic and density-based Fomenko et al. (2021)

Applications Ceramics, petroleum cracking,
adsorbents, research, and
medicine

Ceramics Ceramics, defense, and nanocomposites Liu et al. (2014)

Guedes and Valentim
(2021)

Kanhar et al. (2020)
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Rough-surfaced ferrospheres have depositions of ferrous
particles on their surfaces and are comparatively more magnetic
than the smooth-surfaced ferrospheres (Sokol et al., 2002; Um and
Jeon, 2021). Rough-surfaced ferrospheres have several ferrous-rich
granular depositions on their surface, while smooth-surfaced
ferrospheres have a homogenous spread of molten ferrous on
their surfaces, which is responsible for their weakly magnetic
nature (Fomenko et al., 2021). It is evident from the literature

that the iron oxides in the ferrospheres of CFA are present in all
three phases; i.e., magnetite, maghemite, and hematite on the surface
of ferrospheres, mainly in the magnetite (Fe3O4) and hematite (α-
Fe2O3) phases. Several investigators have confirmed the presence of
hematite and magnetite (Xue and Lu, 2008; Valentim et al., 2016;
Anshits et al., 2018; Yadav et al., 2022b) in CFA collected from
different parts of the globe.

All these ferrous granules are deposited on the spheres where the
ferrous particles are deposited in the form of dendrites. The ferrous
particles/granules are deposited on the ferrospheres during the
vaporization and condensation of CFA particles (Sokol et al.,
2002). From the literature, it is also well-proven that the source
of such ferrous particles is coal, which contains pyrite minerals. At
high temperatures in the furnaces of TPPs, these pyrite minerals
undergo oxidation and reduction and are transformed into iron
oxides. From the literature, the ferrous content of CFAmainly varies
from 5% to 15%. This range could vary marginally, based on the area
of the globe. Numerous investigators have tried to isolate the ferrous
fractions from the CFA, either by dry magnetic or wet slurry-based
magnetic separation techniques. The dry magnetic separation
technique involves the use of conveyor belts with magnetic
fittings at one side to collect the magnetic fractions of the CFA.
The slurry-based wet magnetic separation method involves the use
of liquid for mixing the CFA. This is followed by a collection of
magnetic fractions using a strong magnetic or applied magnetic field
(Xue and Lu, 2008).

Regarding the elemental composition, CFAmainly comprises Si,
Al, Ca, Fe, and O and traces of Na, K, P, Ti, etc. Ferrospheres are rich
in Fe and mainly present with Al, Si, Ca, Ti, and O. The matrix is
made up of Al and Si, while the surface contains ferrous. The

FIGURE 6
SEM micrographs and EDS spectra of CS (A) and PS (B). Adapted from Ferrarini et al. (2016).

FIGURE 7
FESEM micrographs of CFA ferrospheres. Adapted from Yadav
et al. (2020a).
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composition of such ferrospheres may slightly vary due to the source
of coal used in the TPPs, which may be a rich source of other
minerals depending on the mines. EDS analysis in the literature
revealed appreciable amounts of Si, S, Al, and Ca in ferrospheres,
which may come from quartz, mullite (Yadav et al., 2020b),
anhydrite, and amorphous materials in the CFA. Therefore, the
major elemental compositions of ferrospheres are Fe and O along
with Ca, Mg, Na, K, Ti, and C. The presence of Al, Si, C, Ti, Ca, Mg,
etc., along with Fe in extracted FS has been reported by several
investigators (Xue and Lu 2008; Valentim et al., 2016; Sokol et al.,
Anshits et al., 2018; Yadav et al., 2022b) in CFA collected from
different parts of the world. Yadav et al. (2022a) reported the
presence of approximately nine elements in their oxides in CFA
collected from the Kota TPPs by EDS analysis, as shown in Figure 8.
Here, Fe was present in the highest percentage (43.02%) followed by
elemental Si (6.4%) and Al (5.51%). O was present at about 38.14%.
The CFA also contained traces of Na, Ti, Ca, P, Mg, and C.

Extracted FS have several elemental impurities in the form of Al,
Si, Ca, C, etc. so are widely used in the petroleum industries as a
catalyst, as well as cokes in the steel industry, etc. However, hardly
any literature is available in which these CFA ferrospheres have been
used in highly pure form in research or industries. Attempts have
made to utilize these ferrous fractions from CFA as a source of raw
material for the synthesis of iron particles. In one recent attempt,
Yadav (2019) synthesized highly pure iron oxide nanoparticles from
CFA by treating the extracted FS with strongmineral acids. Here, the
extracted FS was treated with strong acids to obtain ferrous leachate,
which in turn was used as a precursor material for the synthesis of
IONPs by chemical coprecipitation (Yadav, 2019).

3.3 Types of ferrospheres

Structurally, FS extracted from CFA have different shapes and
sizes. Several investigators have revealed the surface texture of
ferrospheres by scanning electron microscopy (SEM) (Sokolar
and Vodova, 2011). The FS in fly ashes can be divided into

several types, namely, rough, smooth, polygon, dendritic,
granular, and molten drop ferrospheres (Zhao et al., 2006).

Most FS have rough surfaces, with shapes close to an ideal
sphere. Sokol et al. (2002) reported that most of the extracted FS
from a Russian TPP were close to ideal spheres, with dendritic or
skeletal morphology (Sokol et al., 2002). Rough-surfaced FS have
depositions of numerous ferrous particles on their surface, which are
crystalline in nature and have mixtures of magnetite, maghemite,
and hematite. The size of these deposited ferrous particles varies
from 50 to 200 nm. These deposited ferrous particles provide
magnetic properties. Such types of ferrospheres are called rough-
surfaced FS. In comparison to smooth-surfaced FS, rough-surfaced
FS have higher magnetic strength.

Granular ferrospheres have a rough, porous, and granular
surface structure and are often complicated by the additional
presence of small granular crystals. The granular crystals on the
surface of the ferrospheres are predominantly a result of iron oxide
crystallization when the temperature decreases in the furnace of
TPPs. Yadav et al. (2022a) reported the extraction of rough-surfaced
FS with angular and granular deposits on their surface in CFA
collected from TPPs in Kota, the SEM images of which are shown in
Figure 9.

Another type of ferrosphere is the smooth-surfaced type, with
uniform depositions/distribution of ferrous on their surfaces. Due to
this uniform distribution of ferrous, they have lower magnetic
strength or are weakly magnetized. The diameter of smooth
ferrospheres often varies from 40 to 60 µ. EDS and other
instrumental analyses have shown low Fe content in smooth-
surfaced ferrospheres. Figure 10A shows FESEM images of
mixed, i.e., both smooth and rough-surfaced, FS. Figure 10B
shows smooth-surfaced FS from Yadav et al. (2022b).

Polygon ferrospheres often exhibit blocky surface crystallites of
iron oxides. Molten drop FS, with a great deal of goblet and granular
particles on their surfaces, are formed during the crystallization of
iron oxides from the liquid melt of the inner particles (Fomenko
et al., 2021). A team led by Vu reported SEM images of magnetic and
non-magnetic fractions of ferrospheres from CFA collected from

FIGURE 8
EDS spot, EDS spectra, and elemental composition of ferrospheres. Adapted from Yadav et al. (2022b).
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FIGURE 9
FESEMmicrographs of ferrospheres. (A) Angular deposits. (B) Crystalline pattern. (C) Spherule deposits. (D)Minute spherule deposits. Adapted from
Yadav et al. (2022b).

FIGURE 10
FESEM micrographs of fly ash rough and smooth ferrospheres (A,B). Adapted from Yadav et al. (2022b).
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two different TPPs in Vietnam, as shown in Figure 11 (Vu et al.,
2019).

4 Mechanisms of ferrosphere and
plerosphere formation in CFA

In addition to ferrospheres, CFA ferrous fractions also have
plerospheres, which are hollow encapsulated spherical CFA particles
filled with minerals and gases. CFA also contains cenospheres, which
are spherical-shaped Al- and Si-rich particles with sizes varying
from 5 to 50 µ (Yadav et al., 2020a).

4.1 Mechanism of plerosphere formation
in CFA

Generally, CFA has both cenospheres and plerospheres; in such
CFA, only a small portion of the cenospheres may be transformed
into secondary plerospheres. CS can be transformed into PS by one
of the following mechanisms, as shown in Figure 12. During the

combustion of coal, various minerals in the coal decompose,
including carbon, carbonates, or carbides. As a result, the CFA
particles will expand to stable CS. Due to this, the internal pressure
of the CS will increase, followed by the formation of an aperture in
the over-expanded CS, which releases the gas once its wall is
punctured. Investigators have reported that puncture of the wall
is possible due to collisions, which generate apertures of various sizes
(Goodarzi and Sanei, 2009). During this step, CS that are ruptured
are impregnated with microspheres that are confined within the
cenosphere wall to form a secondary plerosphere. Which forces are
behind the entry of CS into the MS is not clear. The finer particles
may be trapped by the PS, which may be retained in the control
devices of the TPPs; hence, such particles will be released into the air
atmosphere at low concentrations. If PS and hollow CS have almost
the same dimensions, the PS are heavier due to the additional weight
of captured microspheres (Goodarzi and Sanei, 2009). Figure 12
shows the probable mechanism for the formation of plerospheres in
CFA, as adapted fromChepaitis et al. (2011) and Goodarzi and Sanei
(2009), respectively. According to Chepaitis et al. (2011), PS
formation successively takes from a cenosphere; for instance, a
CS particle in which the surface is weakened due to various

FIGURE 11
SEM micrographs of nonmagnetic 1 and magnetic particles (2–8) (A,B) collected from Uong Bi and Pha Lai fly ash. Adapted from Vu et al. (2019).
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internal and external factors. The ruptured spherical particle from
the previous step is filled with numerous smaller spherical particles,
mineral fragments, and gases from the surroundings. This
mechanism is common for the formation of both thick and thin-
walled PS from CFA. Goodarzi and Sanei also reported a detailed
mechanism for the formation of plerospheres in CFA (Goodarzi and
Sanei, 2009).

5 Formation of ferrospheres in CFA

Coal contains pyrite and other sources of iron, which are used
for the production of electricity in TPPs (Waanders et al., 2003). The
high temperature of the furnace melts these organic and inorganic
ferrous contents and forms a molten slag. This molten slag
undergoes condensation and acquires a spherical shape while
descending in the furnace (Guzmán-Carrillo et al., 2018). The
preformed matrix has mainly Al and Si along with carbon, while
iron is deposited on the surface of the preformed spheres. The
deposition of granular iron on the surface of preformed spheres
leads to rough-surfaced ferrospheres. This type of magnetic sphere is
strongly magnetic. The other type of ferrosphere is the smooth type,

in which the ferrous and nonferrous melt, attaining a spherical
shape. In this type of sphere, the ferrous particles are evenly
distributed in the spheres; however, the spheres are weakly
magnetized (Sunjidmaa et al., 2019).

Sokol et al. (2002) described the mechanism of formation of FS
in TPPs in Russian Chelyabinsk. The authors suggested that during
the combustion of fuel, high ferrous melts arise from the melting of
the ferrous carbonates of coal. The confirmation of this supposition
was strengthened by the increased content of P and Mn in the
siderite and ankerite and FS. The chemical composition of each melt
or final FS is determined by the chemical composition of Fe
carbonate having admixtures of pelitic material. If the heating
temperature is >1,000°C, a considerable amount of Na and small
amounts of K and Si are volatilized. Therefore, drops of ferrous melts
have reduced amounts of Na, Si, and K and are enriched for Fe
compared to the initial material (Sokol et al., 2002).

These iron melts have iron in the form of Fe0, Fe2+, and ferrite
complexes (Fe3+ O2)

- and (Fe3+O5)
4-. The Fe melts exist only under

extremely reducing conditions as a proper phase in silicate liquid.
When the furnace temperature is > 1,200°C, there will be minimal
fugacity of O2. The major fraction of FS is ferrispinels and silicate
glass instead of native Fe or ferrosilicon. Hence, the formation of

FIGURE 12
Mechanism of plerosphere formation. (A) Feed coal. (B–F) Electro precipitator (ESP) fly ash. SEM carbon-coated surface. Adapted fromGoodarzi and
Sanei (2009).
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such FS proceeds under conditions of higher partial oxygen
pressure. Furthermore, the minerals of Fe are mainly governed
by the temperature of the furnace in TPPs. Moreover,
temperature also plays a role in the amorphous and crystalline
nature of the minerals associated with FS. Silicate liquids with
ferrous iron appear during the melting of CFA material at
1,000–1,100°C. During CFA formation, ferrite liquid with surplus
amounts of Fe3+ in the form of (FeO2)

- and (Fe2O5)
4- anions mainly

appear at temperatures >1,500°C (Strzałkowska, 2021).
Furthermore, the nature and phases of iron oxides in FS depend

on the cooling history of ferrous melts. The stability of minerals
depends on the temperature in FS. Moreover, the Fe oxidation state
in the FS depends on oxygen concentration and temperature. In
addition to these two, it also depends on several other factors inside
the furnace. The crystallization of ferrispinels is also governed by the
temperature, i.e., lower temperatures favor crystallization. The
chemical composition of ferrispinels is determined by the bulk
chemistry of the melt (Ca, Mg, Mn, and Si concentrations),
temperature, quenching rate, and O2 fugacity. The crystallization
of iron oxides leads to the enrichment of Ca, Mg, Si, and Al in the
melt (Sokol et al., 2002). Ngu et al. (2007) reported the numerical
ratio between PS and CS in CFA collected from an Australian TPP.
The investigators demonstrated that this ratio increased with
increased typical diameter (D0). Choo et al. (2020) also reported
the effect of temperature on the shape, size, phase transformations,
and thermal expansion of cenospheres in CFA collected from a
Malaysian TPP.

6 Extraction of ferrous particles and
plerospheres from CFA

6.1 Recovery of plerospheres

Although CFA contains structurally varied types of particles, the
two most closely related are CS and PS. Since PS have numerous
smaller microspheres inside them, they are considerably heavier
than the hollow CS (Danish and Mosaberpanah, 2020). Thus, CS
and PS could be easily separated by means of density gradation. One
such economical, and the most common, method is centrifugation,
in which the heavier particles (PS) settle earlier and the hollow
(lighter) CS settle later. Therefore, CS can be collected by decanting
the supernatant, while PS can be collected from the residue. The
residual particles can be washed several times with water to obtain
pure PS free from CS and FS. PS can also be collected using a
cyclone, which applies centrifugal force.

Since PS of same dimension as that of CS will be heavier due to
the captured particles, it can be separated from the CFA slurry
mixture by the centrifugal force generated in the cyclone. This is
easier and more efficient if FS are first recovered using a magnet and
then from nonferrous residue using cyclone. Hence, the heavier PS
will be removed from the stream, while the lighter CS will remain in
the stream of the cyclone. This is one way of enriching PS from a
CFA sample, as reported by Goodarzi and Sanei (2009), who also
reported the role of PS in reducing finer particles from TPPs.

Sharonova et al. (2003) reported the potential presence of PS in
the magnetic microspheres in CFA. They further stated that it is very
difficult to quantify the fractions of PS in close-cut fractions as the

outer wall can be continuous and, in this case, would screen the
inner part of a globule. They found about 16% PS in the magnetic
microspheres of CFA of Ekibastuz coal, with an Fe2O3 content of
approximately 48%.

6.2 Extraction of ferrospheres from CFA

CFA ferrous fractions can be extracted by both wet slurry and
dry magnetic separation methods. The dry separation method
involves the formation of a slurry with water and extraction with
the help of a strong magnet (Wrona et al., 2020). The dry separation
involves the water-free based extraction of the ferrous fraction by
conveyer belts. At one end of the conveyer belts, a strong magnet is
attached to separate the magnetic fractions get from the
nonmagnetic fractions (Valeev et al., 2019). Several investigators
have reported the recovery of ferrous fraction from CFA by both dry
and wet slurry separation processes (Petrus et al., 2011). The
extraction of ferrous particles is possible by magnetic separation
methods, which will also segregate ferrous from non-ferrous
components.

The extracted ferrous particles can be further purified by
treatment with various acids to synthesize pure iron oxides.
Fomenko et al. (2021) reported the presence of magnetic
fractions in CFA from Ekibastuz, with particulate matter sizes of
about 2.5, 2.5–10, and 10 μ (Fomenko et al., 2021). Han et al. (2009)
reported the recovery of magnetic fractions of CFA by wet slurry
magnetic separation methods in coal bottom CFA. Yadav and
Fulekar (2019) reported the extraction of ferrous fractions from
CFA produced by TFFs in Gandhinagar by the wet slurry separation
method. These were further transformed into four different phases
of iron oxides by chemical and physical approaches. The size of the
ferrospheres extracted from CFA was 0.2–7 μ, as revealed by FESEM
and TEM (Yadav et al., 2023a; Yadav et al., 2023b). Sharonova et al.
(2003) and Fomenko et al. (2002) also initially characterized FS in
CFA and later extracted FS by applying dry and wet magnetic
separation methods with varying efficiency from CFA of TPPs.

7 Applications of ferrospheres and
plerospheres

7.1 Applications of ferrospheres

Ferrospheres extracted from CFA are chemically diverse due to
the presence of Fe, Si, Al, C, K, Ca, Mg, etc., and are suitable for
various applications, especially as catalysts in the petroleum
industry, mainly in the high-temperature process of based
oxidative dimerization of methane (Alterary and Marei, 2021;
Naeem et al., 2022). FS are used frequently used in metallurgy
for the extraction of pure iron particles. In metallurgy, FS are also
used in steel industries for coke-smelting, and ore and coal dressing.
Some examples in the literature have demonstrated the use of FS
recovered from CFA as fillers for composite materials, which have
gained significant attention (Zhao et al., 2006). FS are used as an
alternative source of ferrous materials due to their high ferrous
content (Dindi et al., 2019). FS are used as a raw material for iron-
based industries. FS have also been widely used for the preparation
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of nanocomposites for various applications, as reported by Yadav
et al. (2021a). They are also used in concrete and ceramics
applications like dense concrete production and nanoceramics
(Nakonieczny et al., 2020).

Several investigators have used CFA ferrospheres as an
adsorbent for the removal of dyes and other inorganic pollutants
from wastewater. Fomenko (1998) demonstrated the application of
FS extracted from TPPs as a catalyst for the high-temperature
oxidative conversion of CH4 (Anshits et al., 2021).

Moreover, recently they have been used in metallurgical
processes; for instance, for the recovery and synthesis of iron
oxide particles. Yadav (2019) reported the synthesis of four
different iron oxide particles (IOPs); i.e., magnetite, maghemite,
hematite, and ferrous carbonate by using CFA ferrospheres. Here,
the ferrospheres were used as a raw material or source of iron, which
was treated with concentrated mineral acids along with sonication at
optimized temperatures. The ferrous leachate was used as a
precursor material for the synthesis of IOPs by chemical co-
precipitation using NaOH as a precipitating agent. Initially,
ferrous carbonate was synthesized, which was later transformed
into other phases of IOPs by chemical and calcination at 500–700°C
(Yadav and Fulekar, 2020).

More recently, Yadav et al. (2022a) extracted ferrospheres from
CFA collected from an Indian TPP. The collected FS were then
treated with strong mineral acids (sulfuric acid and HCl) under
sonication for 90 min along with heating at 60°C. Finally, the
investigators developed surface-modified FS as a result of etching
by acids. These surface-modified FS were used to remove Azure A
dye from aqueous solutions. Approximately 25.03% of the dye was
removed within 30 min (Yadav et al., 2022a).

7.2 Applications of plerospheres

7.2.1 Reduction of pollution in the atmosphere
Plerospheres are used in civil engineering applications and road

construction, in ceramics and glass industries, and as a cementing
material. The literature has shown that PS could be used for the
remediation of pollutants from wastewater. Another
underestimated application of PS is that they trap ultrafine
particles from TPPs, making them part of the bottom ash and
preventing their release into the atmosphere to cause air pollution
(Wang et al., 2004). Plerospheres play an important role in reducing
the production of fine CFA particles from coal-based power plants.
Fine particulate matter (<2.5 µ) emitted from coal-based power
plants are hazardous to environmental and human health. These
fine particles may cause cardiovascular and respiratory disorders
(Schraufnagel, 2020). Air filters fail to capture these particles; thus,
they disperse into the environment and remain suspended for a
longer duration, depending on their density in the air. Such particles
can travel longer distances and, thus, have a larger spatial impact.
Therefore, it is of utmost priority to reduce the emission of such
particles during combustion. Goodarzi and Sanei suggested that the
formation of large plerosphere particles is one possible solution to
capture smaller CFA particles. During combustion, plerospheres
encapsulate finer particles and are later captured by particle control
devices such as ESP or fabric filters (Goodarzi and Sanei, 2009;
Schraufnagel, 2020).

7.2.2 Plerospheres in aerospace applications
Due to the unique properties of PS, they are commonly used to

prepare composites used in aerospace applications due to their light
weight and high mechanical strength. Nowadays, ultrafine PS are
used to fill the phenolic matrix to produce an AO-resistant fiber/
phenolic resin composite. Such PS do not react with atomic oxygen.
Investigations have shown that the use of PS as fillers provides
considerable protection to the fiber/phenolic resin against AO
erosion (Wang et al., 2004; Qian and Xuan, 2018).

7.2.3 Plerospheres for the removal of air pollutants
CFA associated with different chemical constituents is used to

efficiently resolve environmental problems such as air pollution. CFA
contents could be used as an economical sorbent for flue gas purification
and air cleaning. The primary components of CFA, such as silica,
alumina, and oxides of Fe, have been employed for the removal of
trace elements and environmental SOx or NOx gases. Sulfur oxides and
nitrogen oxides cause acid rain and have become a serious problem for
the environment. Thus, many researchers are motivated to use CFA
mixedwith otherminerals such as CaOorCa (OH)2. Allen andHayhurst
(1996) used CaO to minimize SO2 production, producing CaSO4, which
is comparably less cost-effective than the wet and semi-dry processes for
desulfurization. Additionally, CFA has been explored as a cheap sorbent
material for flue gas desulfurization either in pure or mixed form with
desired minerals. Ca(OH)2 mixed with CFA has been studied for
increased efficiency of SO2 adsorption, while CaO has been applied to
treat SO2 in water (at room temperature) as a low-cost desulfurization
method by Li et al. (2017). Similarly, activated carbon has been widely
used to adsorb heavy metal elements from wastewater; however, its
limited availability is a major issue for its extensive use. Therefore, CFA
has been converted as an effective adsorbent and employed as an
economically desired material for the remediation of toxic substances
from industries, laboratories, and wastewater. Gupta and Sharma (2003)
used bagasse CFA (sugar industries waste) to clean Zn ions fromwater by
evaluating the kinetic rate of adsorption. The active surface sites of the
ferrosphere permit stronger chemisorption due to the larger area, which
explains the adsorption effects. However, the porous nature of the outer
surface also contributes to adsorbing organic and inorganic molecules or
elements during water or air cleaning. Particle diffusion and
accumulation on the porous structure have gained considerable
attention in CFA extraction and its importance in purification
chemistry. External and internal transport occur by involving both
open-surface sites and porous structures. The kinetics of adsorption
are often rapid; thus,many theoretical approaches have been employed to
investigate the rate-determining steps.

In this regard, a modified procedure was adopted by Decker and
Klabunde (1996)andYang et al., inwhich around 4%of Fe2O3wasmixed
with CaO to adsorb SO2 (Georgiadis et al., 2020). They found almost
double reactivity for the adsorption due to the use of combined CaO/
Fe2O3, and reported it as a destructive absorbent for sulfur dioxides. The
FS and other constituents were identified as suitable destructive agents for
toxins, including chlorinated hydrocarbons such as CHCl3, CCl4, C2Cl4,
C2HCl3, and acid gases (SO2, CO2, HCl, and SO3). Spherical and narrow
particles show specific reactivities toward toxins, resulting in a cost-
effective technique for air and water treatments using CFA and its
derivatives. Organic dyes are also degraded by waste material-bottom
ash. The concentration of adsorbents and treatment time play crucial
roles in the adsorption kinetics. The same evidence was addressed by
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Gupta et al. (2008). The heterocyclic and aromatic compounds removed
by utilizing such CFA derivatives and a wider research potential were
highlighted in this sector. To investigate the geometric and
physicochemical features of CFA/particles, Peloso et al. removed
toluene vapor using CFA particles (Peloso et al., 1983). A satisfactory
performance for toluene adsorption was obtained due to the chemical
activation, total porosity, and specific surface area of the sorbent.
Furthermore, the adsorption kinetics of volatile aromatic
hydrocarbons and x-xylene were investigated by Rothenberg et al.
(1991), who showed that the reactivity on pore structure was
impactful for adsorbing these organic substances in gaseous form. The
adsorption rate is mainly regulated by the diffusion process, while the
partitioning of gaseous aromatic compounds depends upon the particle
sizes, vapor pressure, temperatures, etc. Therefore, by utilizing such CFAs
and their derived value-added minerals, various environmental issues
could be resolved to make human lives healthier and easier by
minimizing carcinogenic and mutagenic effects (caused by
heterocyclic/aromatic toxic contents) by controlling air and water
quality (Umejuru et al., 2021).

7.2.4 Applications of ferrospheres and
plerospheres in defense systems

Several reports have described the use of the whole CFA or its
components separately for defense and military purposes. CFA-based
civil products like bricks and blocks are light in weight and can be directly
used for the rapid construction of army base camps. Moreover, the light
weight allows easy transportation (Varshney et al., 2022). Additionally,
CFA-based bricks require less water during building or construction;
thus, they are beneficial for army personnel for utilization in hilly or
desert areas with limited water present. Due to the presence of ferrous
particles, cenospheres, and plerospheres, this could be used as a material
with high mechanical strength. It is used as a filler in several army-
utilizable products. Additionally, the separate components, such as FS,
have been used for the development of magnetic-based materials due to
their magnetic properties. The most widely used particles are CS, which
are very lightweight, with high mechanical strength and excellent
electromagnetic properties. Both PS and CS are commonly used in
defense radar systems due to their electromagnetic (EM) properties and
are also being used as a substitute for CNTs in the development of
lightweight materials in aircrafts. Various nanocomposites developed
using CFA products have also been used for military purposes (Yadav
and Fulekar, 2019; Yadav and Pandita, 2019; Yadav et al., 2020b).

CFA or cenospheres, plerospheres, and ferrospheres could also be
used for the detection of toxic or radioactive substances by surface
functionalizing of these particles to act as sensing materials. CFA-based
products could be coatedwith specific chemicals for the detection of any
chemical gases released by an enemy army. Moreover, cenospheres,
ferrospheres, and plerospheres could be used by the army as sensing or
detection agents in tunnels where chemical weapons, hazardous gases,
or any liquid chemicals might have been placed by an enemy army
(Choudhary et al., 2020; Yadav et al., 2021b).

8 Conclusion

Due to the variation in temperature of the furnace in thermal power
plants, different zones are created. Consequently, morphologically
different CFA structures are formed; i.e., ferrospheres, cenospheres,

and plerospheres, which are mainly nearly spherical in shape. These
spherical structures vary in their chemical composition and inner or outer
structures. Although coal is a mixture of organic and inorganic
compounds, it is dominated by organic compounds which, upon
decomposition, produce these spherical structures. Among these
spherical structures, ferrous-rich ferrospheres exhibit magnetic
properties due to the depositions of iron oxides on their surfaces.
These deposited iron oxides are mainly crystalline in nature,
belonging to magnetite, maghemite, and hematite phases. Among
these spheres, ferrospheres show maximum diversity, including rough,
smooth, polygon, dendritic, granular, or molten drop, and range in size
from a few nanometers to several microns. The fly ash extracted from
unmodified ferrospheres has applications inmetallurgy, ore dressing, and
catalysis. Plerospheres are double-layered solid spherical particles, in
which the outer and larger spheres trap numerous microspheres or
mineral fragments. Based on the plerosphere wall thickness, it is
categorized as thin- or thick-walled. The thickness of plerospheres is
due to the coating of minerals or carbon at higher temperatures in the
furnace. Plerospheres are used in engineering, military, ceramics, and
wastewater treatment applications due to their unique and remarkable
properties.
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