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Abstract: Coal fly ash is found to be one of the key pollutants worldwide due to its toxic heavy
metal content. However, due to advancements in technology, coal fly ash has gained importance
in various emerging fields. They are rich sources of carbonaceous particles which remain unburnt
during burning of various coals in thermal power plants (TPPs). Various carbonaceous nanoparticles
in the form of fullerenes, soot, and carbon nanotubes could be recovered from coal fly ash by applying
trending techniques. Moreover, coal fly ash is comprised of rich sources of organic carbons such as
polycyclic and polyaromatic hydrocarbons that are used in various industries for the development of
carbon-derived value-added materials and nanocomposites. Here, we focus on all the types of carbon
nanominerals from coal fly ash with the latest techniques applied. Moreover, we also emphasize the
recovery of organic carbons in polyaromatic (PAHs) and polycyclic hydrocarbons (PCHs) from coal
fly ash (CFA). Finally, we try to elucidate the latest applications of such carbon particle in the industry.

Keywords: coal fly ash; carbon nanominerals (CNMs); carbonaceous particle; polyaromatic hydro-
carbons; carbon onions

1. Introduction

Coal fly ash (CFA) is a complex material produced from the combustion of pulverized
coal in thermal power plants during the production of electricity [1]. Due to its complexity,
until now, nearly 316 minerals were found individually while 188 minerals were present
in groups identified in various coal fly ash samples from different parts of the world [2,3].
CFA is a fine glass-like, spherical shaped powder, heterogeneous in nature and has sizes
varying from 0.01 to 100 microns [1,4]. It is generally light colored and consists mostly of
silt and clay-sized glass spherical particles which provide a consistency somewhat like that
of talcum powder. It is one of the most familiar and widely used pozzolanic materials [5,6],
with its two most important factors, minerals and composition, depending on the various
factors applied during their handling. Therefore, there is a possibility that one sample
of CFA may vary with respect to the next one depending on the source of coal used; on
the various environmental conditions during burning and cleaning with pulverization;
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on the design, types, and operations in the power plant boiler unit; on the degree of coal
manufacture, storage, and handling of the fly ash; on the additives used for facilitating
burning of coal or improving precipitation performance; on the productivity of emission
control devices; and on the prevalent climatic conditions [1,7]. The typical compositions
of higher-grade coal-derived fly ashes have SiO2, Al2O3, and iron and calcium oxides
with varied weights of carbon, as analyzed by the loss on ignition (LOI) [8]. Due to the
presence of value-added minerals in CFA, it is widely applied in ceramics [9], construction,
civil engineering, and geopolymers [4]. However, with the progress of technology every
year, there is gradual and progressive increase in CFA utilization in India as per the data
provided by the central energy authority of India (CEA 2020). Table 1 shows the detailed
fly ash production and utilization in India from 2010–2011 to 2019–2020.

Table 1. Fly ash production and utilization in India during the last decade (2010–2011 to 2019–2020 *).

Descriptions 2010–
2011

2011–
2012

2012–
2013

2013–
2014

2014–
2015

2015–
2016

2016–
2017

2017–
2018

2018–
2019

2019–
2020

Fly ash
production 131.09 145.42 163.56 172.87 184.14 176.74 169.25 196.44 217.04 226.13

Fly ash
utilization 73.13 85.05 100.37 99.62 102.54 107.77 107.10 131.87 168.40 187.81

% Utilization 55.79 58.48 61.37 57.37 55.69 60.97 63.28 67.13 77.59 83.05

* Source: CEA (Central Electricity Authority) 2010 to 2020.

A major portion of CFA is used for manufacturing bricks, tiles, cements, panels, metal-
lurgy, landfills, etc. It is also used for river embankments, civil engineering, geopolymers,
zeolites, and other lightweight materials [1,10]. In the current year, 2019–2020, the total
CFA production was 226.13 million ton (MTs), out of which 187.81 MTs were use, i.e.,
83.05%, while 17% was left unused, especially near fly ash ponds. Of the total fly ash used
(83.05%), in 2019–2020, about 4.69%, i.e., 10.62 MTs, was used for land and mine-filling
purposes while 9.46%, i.e., 21.39 MTs, was used for manufacturing bricks and tiles and
about 19.08%, i.e., 43.14 MTs, was used for civil engineering purposes like for fly ash overs,
roads, embankments, and dykes. Besides these, about 35.06 MTs, i.e., 15.50% CFA, were
used for reclamation of low-lying areas; about 25.60%, i.e., 57.88 MTs, CFA was used for the
cement industry; and about 0.06%, i.e., 0.14 MTs, CFA was used for agricultural purposes,
especially in the form of fertilizers [4,11]. As far as developed countries are concerned,
European countries like France have successfully achieved about 100 percent utilization
of CFAs [12]. Among the South-Asian countries, China has nearly reached 100% CFA
utilization in the last few years.

Besides basic minerals, i.e., ferrous, silica, and alumina, CFAs are rich sources of
carbon and polyaromatic hydrocarbons (PAHs) [13] which finds applications in many
industries [14]. Currently, the carbon-based industries rely on several other industries to
meet their demand of raw material. Therefore, CFAs could act as best substitutes for the
recovery of both forms of carbon materials, i.e., organic and inorganic [15]. Both of these
carbon sources are coal, present in the organic form. After combustion in a thermal power
plant furnace, due to the reduced efficiency of a furnace, they are not completely burnt.
Therefore, CFA can act as a potential raw material for carbon with several advantages
including being economical, being eco-friendly, and minimizing solid waste arising due to
CFA dumping in fly ash ponds [16].

2. Importance of Carbon Nanomaterial and PAHs

Nanoscience and nanotechnology being an interdisciplinary area of investigation of-
fers several opportunities for scientists in diverse areas to explore the possibilities of novel
research [17,18]. Several nanostructures have been formed and planned for use in altered
systems and devices. Amongst them, these carbon nanostructures have received vast atten-
tion and have been extensively manufactured and inspected [19]. More recently, the science
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of carbon has gained great visibility with the discovery of fullerenes in 1985 along with the
first high-resolution transmission scanning electron microscopy (HRTEM) observations
of carbon nanotubes (CNTs) in 1991. The carbon nanomaterials (CNMs) have controlled
porosity and surface chemistry, and superior thermal and mechanical features with an
acceptable stability [20]. The arrival of nanotechnology, fullerene discovery in 1985, and the
identification of carbon nanotubes (CNTs) in 1991 have boosted carbon chemistry. There is
continuous increase in the importance of CNMs in science and technology, energy, environ-
ment, water, or biomedicine. They have excellent mechanical properties that can attract
much attention for use in a variety of applications [21,22]. Moreover, their minute size, high
surface-to-volume ratio (SVR), and electron-rich and lightweight properties make them
a suitable material for nanotechnology-based applications [23]. Carbon nanostructured
materials show different allotropes on the 0-, 1-, 2-, and 3-dimensional nanoscales such
as CNTs, nanocarbon coating, fullerene, graphene, and diamond or porous carbonaceous
particles [24]. Moreover, carbon nanomaterials can have new applications for their physical,
electrical, and chemical properties by clubbing with unlike functional nanomaterials, such
as CNT nanocomposites with functional NPs, metal or oxide nanomaterials and carbon
nanocoatings with functional metallic particles, or graphene modified with carbonaceous
particles [25]. Carbon-rich solid waste, like high carbon CFA; agricultural waste [14]; and
other industrial waste have been rarely utilized as a source for nanomaterial production.

3. Polycyclic Aromatic Hydrocarbons (PAHs) Presence in CFA

PAHs are a huge group of ubiquitous chemicals possessing higher than 100 organic
compounds comprised of two or more fused C-rings derived from benzene [26,27]. The
formation takes place at the time of incomplete combustion of coal in coal-fired TPPs.
Moreover, PAHs can also be generated from oil, garbage, gas, and organic substances
like tobacco or charbroiled meat [26]. PAHs can be synthesized by both natural and
anthropogenic methods. The natural synthesis method includes volcanic content and
forest fires, while the anthropogenic method includes industries, internal combustion, and
incomplete or partially burned fossil fuel and, through exhausts, diesel engine, aviation,
and cigarette smoke. Fossil fuels like coal combustion are one of the major source of
PAHs [28]; apart from this, it is also present in soil, water surface and ground water, air,
and sediment.

4. CFA as a Natural Source of Carbon Nanomaterials (CNMs) and PAHs
4.1. CFA as a Natural Source of CNMs

The carbonaceous elements of CFA are usually termed unburnt carbon particles or
chars, which are made up of porous char particles and aggregated submicron particles [29].
These carbon nanoparticles are basically carbon which is unable to burn during the burning
of pulverized coal in TPPs. Some of the unburnt carbon (UC) residues are collected with
the CFA in the precipitators [30], which can be precisely and appropriately identified with
the use of HRTEM. The parent source of CFA is coal, which is a rich source of carbon [31].
Generally, coals of higher grades (like anthracite and bituminous) have higher percentages
of carbon. The CFA, which has a higher amount of UC, is generally known as high carbon
fly ash (HCFA) [32–34]. Based on the carbon content, CFA can be further classified into
three classes, i.e., low or ultralow, moderately high, and very high carbon ash [35]. The
percentage of UC in CFA mainly varies from 2–12%, but it could be more than 20% and, in
exceptional cases, could reach up to 57% [29]. Therefore, considering an average 1–12%
carbon content in CFA, there is around 8–96 MTs of carbon residues annually around the
world (IEA, 2017) [36]. However, there are several other factors that affect the composition
of carbon in the CFA. The factors affecting UC value in the CFA could be categorized
within two main groups—the effect of coal characteristics (e.g., mineral matter, type of
coal, their particle size, presence of moisture, maceral composition, calorific value (CV),
and volatile matter) and the consequence of the design of a combustion system and their
operating conditions (e.g., residence time available for burning in furnace, furnace heating
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loading, oxygen feed, temperature and pressure of the boiler, air/coal ratio, flow rate of
heat, and pattern of flame) [37,38]. Unlike sub-bituminous coal, bituminous-coal-derived
CFA includes both amorphous as well as crystalline carbons that bind together other CFA
particles [31,39].

The coal undergoes pyrolysis, during which the carbon sources are burned and there
is formation of new minerals at a desired temperature [40]. The ash is left with the
unburned carbons due to incomplete burning of the coal. This unburnt carbon in CFA
is considered an undesired material for civil engineering [41]. For use in cements, tiles,
bricks, roads, etc., the carbon must be eliminated and should be brought to the desired
range [1], while the removed carbon can be utilized either directly or after purification in
place of carbon materials as an adsorbent, as fuel, or as a precursor for the synthesis of
carbon-based nanomaterial [37,42]. Such applications of carbon particles from waste CFA
will reduce the problem not only related to CFA but also of an alternative source of carbon
and carbon-based nanomaterials. The UC in the CFA produced from low-NOx pulverized
coal combustion revealed that these are the mixtures of soot and coal char. The UC or
carbon particles of CFA are always accompanied by traces of elements like Si, Al, Hg, Se,
Fe, and others [1,43,44]. Such carbon particles require HRTEM for suitable identification
and material information.

4.2. Coal Fly Ash as a Source Material of PAHs

The 3-D network of coal is comprised of condensed aromatic and hydroaromatic
compounds that are allied by short alkyl bridges and linkages of ether and thioether.
Moreover, such 3-D structures of coal also possess PAHs as an integral part [45,46]. The
organic content of coal includes complementary structures, where the major constituent is
a macromolecular, non-soluble, 3-D network with condensed aromatic and hydroaromatic
units which in turn are joined by ether and thio-ether linkages (like methylenes) [47], while
the other fraction is a molecular phase of compounds in which the molecular mass is in
the ranger of low to medium. Such compounds can be typically solubilized in the organic
solvents with varying dispersals of aliphatic and several type of aromatic hydrocarbons
like hydroxylated polycyclic aromatic compounds, polycyclic aromatic, and hydroaromatic
hydrocarbons. [48]. In comparison to the bottom fly ash or CFA, their parent molecule,
i.e., coal, has a higher content of total PAHs. The PAH concentration in coal may fall in
the range of up to 100–1000 of mg/kg based on the coal ranking and its higher values
especially for hard coals [49,50].

There are two ways for PAHs to be emitted into the surrounding from a combustion
source [26]. PAHs are bound to release into the atmosphere mainly in the vapor phases
directly arising from the combustion facility. PAHs could also be released along with the
solid phases (CFA or bed ash), from where they could be either evaporated or dissipated
into the surrounding environment [51]. The PAH percentage in CFA mainly depends on the
type of coal or fuel used, the technology applied for the burning of coal, and the residence
time of ash inside the combustion facility [52].

5. Estimation of Carbon Content in CFA

The estimation of UC in any compound like CFA can be easily carried out by a LOI at
higher temperature [53]. This LOI acts as an indicator for the UC content of CFA. In order
to utilize the class F or class C coal fly ash for concrete purposes, it has to be nearly 6%
LOI [54]. However, it is very difficult to report whether the LOI under high temperature is
either due to the UC or due to the breakdown of various chemical bonds in the different
mineral phases present in CFA. In addition to these two factors, sometimes the LOI is
also caused by the moisture adsorbed physically on the surface of the molecule [55,56].
In addition to this LOI-based conventional technique for the UC estimation, there are a
few other techniques, i.e., thermogravimetric analysis (TGA) [57] and elemental analysis
techniques [58]. Both of these techniques are more precise than the LOI-based conventional
method for UC estimation in the CFA. The only problem associated with the TGA and
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elemental analysis techniques is that, along with UC, some inorganic carbon in the form
of carbonates are frequently encountered in UC estimation [15,59]. Valeev et al., 2019,
reported an accurate and advanced method for the estimation of carbon contents in the
CFA. In this technique, carbon content was analyzed by a fractional gas analyzer CS-600
(LECO Corporation, USA). The CFA samples of about 1 g were kept in ceramic crucibles
and then placed into an induction furnace. Finally, the C concentrations were analyzed
by infrared absorption of carbon dioxide present in the gas phase during burning of the
sample in the surplus oxygen atmosphere [60,61]. There are also some new emerging
techniques like carbon, hydrogen, nitrogen, and sulfur (CHNS) element analyzer; Electron
diffraction spectroscopy (EDS); Total organic carbon (TOC) analyzer; x-ray photoelectron
spectroscopy (XPS); and electron scattering chemical analysis (ESCA), which could be more
promising for the estimation of UC from the CFA [62].

6. Recovery of Carbon Nanomaterial from CFA

CFA nanomaterial containing C can be improved either by dry or wet-based methods
such as electrostatic separation, froth flotation, separation based on density, and a few
more [63,64]. The various methods that are used for carbon recovery or UC from CFA are
depicted below in schematic Figure 1, and their summarized form is given in Table 2.

Figure 1. Methods of carbon separation from coal fly ash (CFA).

6.1. Wet Separation Method
6.1.1. Froth Flotation (FF)

Among the wet separation methods, FF is one of the most reliable and economical
technique for the extraction of UC or carbon particles from CFA [64,65]. The extraction of
UC from CFA by FF applies a sequential separation step which has to be further separated.
In FF, the efficiency of UC separation from CFA depends on the granulator separation
of UC [66]. It is based on the separation of hydrophobic materials from hydrophilic
materials [67]. The maximum UC can be extracted when separation is carried out from the
carbon-rich fraction, whereas efficiency is poor if the char particles are evenly distributed
in the CFA irrespective of their size. The simplicity and exclusion of other liquid media
makes the FF technique quite reliable and simple. The FF technique relies on adhering the
property of air bubbles onto the external surface of the specific particles [68]. By applying
the FF technique, the carbon particles or UCs adhere to the surface of the air bubbles and
are removed in an agitated tank, leaving behind the hydrophilic residual mineral particles
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present in the CFA. Reagents or additives that are applied in column flotation are pine oil
(as frother), kerosene or foam (as collector), butanol (as a promoter which increases the
flotation capacity of the carbonaceous particles/typically buoyancy of carbon particles),
and methyl isobutyl carbinol or sodium meta-silicate (as a dispersant/depressant) [69–71].
However, based on the consideration of clear contrast between the properties of interface
and UC and CFA particles, FF is thus the most reliable and desirable technique for the
separation of C from CFA. Various research in the literature are available where the FF
technique is applied for the extraction of combustibles from CFA materials [70,72]. One
such work was reported by Wu et al., 2020, where UCs were separated from CFA by FF,
showing that the UC particles could be characterized by the bubble–particle attachment
angle (BPAA), which is susceptible to the various operating parameters [73,74].

The progressive technique of froth flotation in a flotation column is a cyclonic circula-
tion method. There are a few positive points about the column: it requires little energy, less
space for equipment, and higher potential for the extraction of value-added minerals at a
better percentage by reducing or preventing hydraulic traction of undesirable portions [75].

6.1.2. Oil Agglomeration

The working mechanism of oil aggregation (O/A) is similar to froth flotation. In the
oil aggregation technique, oil is added to the slurry containing CFA and water. As a result,
oil wets the oleophilic/hydrophobic UC particles either partly or completely [15]. Due to
the wetting of UC particles, it is moistened while the residual CFA particles remain as a
slurry. In order to properly mix oil and UC particles, the tanks are fitted with stirrers or
agitators and the UC or carbon particles are coated with oil present in the slurry. Further,
several oil-coated UC particles adhere together by colliding with each other, which is also
favored by stirring or agitation. Due to collision, there is a formation of large aggregates of
carbon or UC particles, which rise above the slurry as UCs have a lower density than the
other minerals particles in the slurry which are left behind in the slurry. The UC particles
which rise above are easily separated from the slurry [38,76]. From extensive literature,
it was revealed that, by applying the O/A technique, it is possible to achieve a purity of
66–71% of carbon and to maintain a recovery at about 55–75% at the same time [77,78].

6.1.3. Density Separation (Sink-Float Technique)

These methods of skin-float are explored but have not yet been applied on a com-
mercial basis like the methods reported in the previous section. The density separation
technique indulges three physical parameters, i.e., bulk density (BD), envelope density,
and skeletal density [79]. The bulk density can be described as the volume of pores and
intraparticle space. The second factor, i.e., envelope density (ED), considers the volume
of the skeleton and pores, and the third factor, i.e., skeletal density (SD), only refers to the
volume of the skeleton [80]. From various literature investigations, it has been found that
the abovementioned three physical factors increase for UC in the following order: BD, ED,
and SD.

CFAs have two fractions, i.e., carbon fractions and mineral fractions; therefore, in the
slurry, heavier mineral fractions settle down and form the “sink” fraction while the less
dense carbon fractions float at the top and become part of the “float” fraction [70]. These
two fractions sometimes are separated by using a certain liquid medium, e.g., tungstate [79].
In this process, a tube or tank having a slurry of CFA and liquid medium is fitted with a gas
flow inlet. This gas flow is pulled upward in the tube due to the heavier density mineral
fractions settling down in the tube or tank while the less dense UC particles float at the
top of the tube or tank. The most commonly used gas in this method is H2 due to its inert
nature; hence, the particles remain in their unreacted form [81]. By applying the sink float
technique (SFT), not only a UC of high purity can be obtained, e.g., 75% [81], but also the
contamination and alteration of the property of unburned carbon can be avoided [81] as
chemical reagents are not used.
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6.2. Dry Separation Method

This method of dry separation for carbon recovery or separation methods does not
need any liquid media, and moreover, the particles stay undamaged in the dry phase.
Therefore, such methods have advantages over the wet-based processes for the extraction
of carbon particles from CFA or from other carbon sources [66]. There are different methods
for the dry separation of carbon from CFA, but some of the most important methods
are separation by size classification [82], incipient fluidization, electrostatic separation,
and tribo-electrostatic separation (TES) [83,84]. All these methods of dry separation are
discussed below.

6.2.1. Separation by Size Classification

Several high-unburned carbon CFAs encompass an uneven quantity of coarser
(i.e. > 150 µm) C particles. These coarse-sized portions habitually represent less than
10% of the total mass and often consists of as much as 50% of the present carbon. The
separation efficiency by this particular method is reliant on the particle-size distribution of
the UC in the CFA. As such, classification by size could be an active means of selective C
recovery, especially when a bulk quantity of coarse C exists. The separation efficiency of
UC is less when there is an even distribution of UCs within certain particle-size fractions in
the CFA [82].

Size-based classification techniques do not involve any liquid medium for the sepa-
ration of UC and CFA particles [15]. Therefore, here, the separation takes place based on
their size and density, generally by screening [66]. One most common method is separation
of particles based on dry screening, which will separate the fine UC particles from coarse
or irregular UC particles. However, this technique is not very efficient since other mineral
particles will also be present in the sample. Therefore, this technique is not feasible for the
separation of fine particles on a large scale.

Another method is cyclone classifier, which is a cylinder with an airstream at the
bottom [61,66]. Due to the air stream, there will be centrifugal forces on the larger or
irregular particles, which will leave the cylinder from the bottom, while the finer UC
particles will join the air stream in the center, will be vortexed, and will exit from the
cyclone classifier from the inner core.

There are also commercial air classifiers [30], of which most of the working mechanism
is the same but may have different feed arrangements. Since the density of UC particles
(1.8 g/cm3) is less than the mineral particles (2.5 g/cm3), this principle is utilized by the
commercial air classifiers for separation [85,86]. This technique is suitable for the removal
of finer carbon fractions due to lower efficiency. Abrasive UC particles of low density will
be rejected in such separators, but as the density of finer UC particles are less than the
mineral particles, the finer carbons will be collected along with finer ash particles in the
vortex exit stream [87].

6.2.2. Electrostatic Separation (ES)

The ES technique is a quite different technique from all the previously discussed
technique since it neither separates based on size nor utilizes a liquid medium [85]. This
techniques utilizes the charge differences of the carbon particles and other mineral particles
from the CFA [88]. These particles are charged due to inner particle contact where there is a
transfer of charges between the particles due to electron affinity differences. The carbon or
UC particles have lower electron affinity, so the electrons are loosened and in turn become
positively charged. On the other hand, the mineral phases takes the electrons from carbon
and become negatively charged, and hence, this differential charge acts as the basis for
ES. Several investigators have reported the extraction of UC or carbon particles using this
method and have been commercially approved [78,89–91].
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6.2.3. Incipient Fluidization

Incipient fluidization is a carbon-separation method based on a dry technique which
makes use of a glass tube that has a lower quantity of CFA inside [38,92]. Short jets of gases
are introduced from the bottom and push the ash CFA sample upwards, where the CFA
is successively permitted to settle down. The heavier CFA particles settles at the bottom,
while the finer light particles (UC) of CFA floats inside the tube. One major benefit of this
technique is that there is no possibility of leakage or contamination; hence, high-purity
carbon (75% C) can be easily obtained [93].

6.2.4. Tribo-Electrostatic Separation (TES)

In the industry, tribo-electrostatic separation is used globally to recover and separate
carbon materials from CFA and other sources [94]. The tribo-electrostatic separator is
mainly manufactured with two vertical electrodes and an ejector. The CFA particles
are electro statistically charged, and when they are between the electrodes, then the UC
particles are separately collected as per their load (as char particles of CFA are attracted
to the negative electrode) [95]. The presence of moisture in the CFA particles can lead to
undesirable behavior of the equipment.

Table 2. Various techniques applied for the recovery of carbonaceous particles from CFA.

Method References Efficiency/Findings

1. Wet Separation Method

Froth flotation [64,78,96]
Simple method; no liquid media used;

and less space for machinery, less energy
required, and high recovering capacity

Oil agglomeration [77,78] Provides highly pure unburned carbon
with higher recoveries

Density separation [79,97]
Provides unburnt high purity carbon; no
use of chemicals; and no contamination
or alterations in the properties of carbon

2. Dry Separation Method

Separation by size classification [87] Separates the UC particles on the basis of
size and density

Electrostatic separation [78,90,91] Separates the UC particles on the basis of
electron affinity

Incipient fluidization [98] Provides highly pure carbon; No danger
of leakage or contamination.

Tribo-electrostatic separation [95] Electrostatic-based separation of UC
particles between two electrodes

7. Types of Carbon Nanomaterial Present in CFA
7.1. Fullerene

Fullerene was the first molecule to be discovered. The core of a “bucky onion” [99,100]
was independently reported by 60 different researchers in the early 1980s. Earlier, only
graphite and diamond were known, but after the discovery of fullerene, there was signifi-
cant contribution in the carbon allotropy field. The unique and remarkable properties of
fullerene attracted several investigators to develop potential technological applications.
C60 carbon clusters are mainly electron acceptors, and thus, fullerenes is widely used for
developing renewable energy sources.

Fullerene and Fullerene-Like Materials in CFA

Fullerenes and CNTs are both carbon-based nanomaterials with hollow spherical
shapes which attained scientific devotion due to its economic value [101]. Dosodia et al.,
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2009, provided proof of the presence of fullerene in geological minerals, specifically in
coal-derived CFAs [102]. Nanoparticles including fullerenes are generally produced dur-
ing the combustion of coal and in coal-handling process as a byproduct covered with
other hazardous elements [103]. Further, Tiwari et al., 2016, concluded that, besides the
above by-products, there is formation of fullerene aggregates (C60) in terms of mass of
C60 per mass of particulate matter while handling coal combustion activities [104,105].
The HRTEM investigation revealed that there is an abundance of fullerene content on the
agglomerates of nanocarbon surfaces. A fullerene molecule extracted from CFA generally
varies in size [106]. The detailed morphological analysis of fullerene revealed that some
of the nanocarbons have fullerene-like structures, suggesting that the growth mechanism
of nanocarbon is somewhat similar to that of fullerene. Further, some of the investigators
observed fullerene-like soot in the nanocarbon sitting on the surface of aluminosilicate
spheres of CFA, justifying that primary fullerene particles are arranged in a chain-like
assembly [107]. Such fullerene-like structures shows multi-shelled structures, which are
interlinked by evidence of the appearance of strongly bent graphene sheets or ribbons and
double shells. When the CFA is used as a supporting material for the synthesis of nanocar-
bon, fullerene synthesis on the CFA nanocarbons tends to depend on the temperature and
affects the concentrations of water vapor and CO2 as well as their size formed [7].

7.2. Nanocarbon and Nanocoating

There exists the presence of ultrafine particulate matters (PM) carbon in CFA, which
is either present as nanoscale sooty or graphitic fullerene-like carbons. Dozier et al., 2008,
reported the presence of several types of nanocarbon materials in the CFA, especially the
ultrafine PM carbon material, from a high volatile bituminous CFA [108]. Such nanocarbons
are collected in the electrostatic precipitators (ESP units) of thermal power plants (TPPs),
where they either settle or are intermixed with bigger spheres of aluminosilicate glassy
CFA [109]. Subsequently, they produce an extremely thin covering on the external surface
of inorganic CFA particles, which appears as a nanocoating which covers glassy CFA
spherical particles in a capsule-type system [7]. The nanocarbons are commonly found
around the main stream of aluminosilicate glass CFA spheres as an ultrathin layers. Such
shells or nano-scaled coatings of carbon are formed from aggregated soot particles and
are highly porous [85]. The analysis of a carbon-loaded CFA having higher concentrations
of mercury (1–3 µg/g), Arsenic (102–103 µg/g), and Selenium (102 µg/g) carried out
using sophisticated instruments like scanning transmission electron microscopy (STEM),
HRTEM, and electron energy loss spectroscopy (EELS) showed that the nanocarbons (either
with soot-like or fullerene-like structures) comprise finely distributed nano-sized metallic
inclusions [1]. The elements and their amount in metallic were observed in the following
order: Hg < Co < Ni < As < Pb < Ti < Ca < Hg along with Se in fluctuating concentrations.
The study revealed that the major part of aluminosilicate glass spheres have a carbon
nanocoating. It is quite obvious that the thickness of the carbon nanocoating shows a
discrepancy amid various CFA aluminosilicate spherical particles captured in ESP units
that can be uneven on individual sphere surface; the deposition of such nanocarbons seem
to impede the smoothness and fluidity of the CFA particles. In their findings, the EELS
spectrum of particular metallic inclusions in the agglomerates of nanocarbon showed that
a major part of the nanoparticle-sized metals are Fe-rich. Moreover, Pb, Co, As, Se, and bits
of titanium and barium are frequently linked with Fe-rich particles inside the depositions
of nanocarbon. Further, the elemental analysis revealed the association of mercury with
the nanocarbon.

7.3. Carbon Nanotubes and Their Properties in CFA

Carbon nanotubes (CNTs) are a member of the fullerene structural family, and since
their discovery, they have been of great interest among scientists [19,110]. There is a wide
market potential of CNTs in numerous area for instance telecommunication, catalysis,
electronics, computer sciences, nano-mechanics, microscopes, and biological and chemical
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sciences [102,111]. CNTs are the most interesting carbon nanomaterials [31] and have been
extensively studied and evaluated for their diverse applications in a range of scientific and
technical fields. A CNT is a typical 1-dimensional structural allotrope of C which has a
tubular structure made up of hexagonally arranged carbon atoms. These nanotubes may
vary in length up to a few millimeters and diameter in the nanometer scale. From, the
literatures it is proven that single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) are the two basic forms of CNTs. Most of the SWCNTs
have diameters in the nano range, with a tube length of many folds longer. The SWCNT
structure is the same as that of a “single-atom-thick” layer of grapheme sheet folded into a
cylinder of seamless type [112], while the structure of MWCNTs resembles multi-rolled
graphite [113,114]. The distance among the various layers in MWCNTs is approximately
3.4 Å, which is almost adjacent to the distance amongst graphene layers in graphite [115].
In MWCNTs, each individual shell can be labelled as a single walled nanotube, which can
be either semiconducting or metallic [116]. The MWCNT behaves like a zero-gap metal due
to statistical probability and restrictions on the relative diameters of the individual tubes.

The formation of CNTs in the CFA from the Gondwana region of India, reported
by a group of investigators where the diameters of the formed CNTs vary from 18 to
24 nm. They also reported the presence of branch carbon nanotubes (BCNTs) in those CFA
whose diameter was observed to vary from 35 to 92 nm [117,118]. They suggested that
value-added products derived from such nanocarbons can be prepared using low-grade
coals. The amorphous and crystalline CNTs associated with several other elements and
nanominerals were also reported by several investigators like Dias et al., 2014; Martinello
et al., 2014; and so on [119–121]. The analysis report of HRTEM showed some weak metallic
and or support interactions with CNTs tip growth. The results also suggested that, at this
analysis scale, it is not possible to find out whether the metals are bound to the side of the
structure or within the fullerene balls. In environmental science, the encasement of poten-
tially hazardous elements (e.g., Hg, Cd, Ni, Cr, As, Co etc.) inside the MWCNTs is of huge
significance. A significant quantity of nanotube terminal ends are detectable in the CFA
mainly after 4th step [122], comprising both the terminals at hazardous metallic particles
and metallo-fullerenes, contributing a chance to inspect dimensionally confined systems.
In this study, the carbon-encased hazardous-element nanoparticles deliver chemical steadi-
ness and protects from agglomeration in elemental nanoparticles while the core metal
particles may be responsible for the specific functions that are unobtainable in bulk form.

The purification of CNTs can be further done by using various processes such as
filtration, electrochemical oxidation, ultra-sonication, gas phase oxidation, microwave
purification, magnetic separation, liquid phase oxidation, and centrifugation [123]. The
removal of impurities of CNTs enhances their wider acceptance in industries for numerous
applications, for instance, in the fields of textile [101], body armors, concrete, polyethy-
lene, bridges, fly wheels, and fire protection due to their structural properties [124,125].
Further, CNTs are widely used in solar cells, light bulb filaments [126], electromagnetic
antennae [127], and bucky paper [128] due to their ability to conduct electricity [126,129].
Due to its inert chemical property, it is widely used in sensors, filters for air and water
pollution, and chemical nanowires [130].

7.4. Carbon Nanoballs

There is formation of carbon nanoballs in the CFA where the observed nanoballs
had sizes varying from 5 to 10 nm and small areas in the size ranges of 40–100 nm2,
160–220 nm2, and 550–650 nm2. These carbon nanoballs were found to have a layered
structure like multi-walled CNTs, and these nanoballs are not common with this type of
raw or untreated coal [117]. HRTEM data revealed that most of the carbon species were
in the size range of 10–200 nm carbon nanoballs, similar to black carbon (or soot) with
concentrically arranged graphite sheets [131].

The fractal organized masses differ in size and unveil a micro-texture that is comprise
of co-centrically arranged graphitic sheets. This is a prime constituent of smoke from
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the combustion of carbon-rich organic fuels in conditions with oxygen deficiency and an
arrangement of amorphous carbon that provides a CFA-like appearance of a dark and
damp powder [132]. In pollution control devices, when the flue gas and fly ash cool down,
numerous hazardous elements and carbon-particle agglomerates form through a mecha-
nism of vaporization–condensation. The existence of these particles in CFA samples with
residues of carbon identified by crucial analysis and HRTEM or EDS advises incomplete
combustion of coal.

Figures 2 and 3 depict the TEM and HRTEM images, respectively, of carbon nanoballs
separated from the CFA from diverse parts of the world. The carbon nanoballs are spherical
in shape in Figure 2A, while in Figure 2B, it is spherical but irregular also. The sizes are well
below 100 nm in both images. Figure 3A,B shows HRTEM images of nanocarbons at the 10-
and 5-nm scales. The HRTEM clearly shows spherical to near spherical shapes and lattice
fringes of nanocarbon particles. Thus, the coal and coal CFA might be a substitute method
for nanocarbon production at less cost compared to the available harsh methods [117].

Figure 2. (A,B) TEM images of CFA carbon nanoballs adapted from Das et al., 2016 [117].
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ing lattice fringes of the carbon nanoballs at 5–10 nm adapted from Das et al., 2016 [117].

7.5. Carbon Onions

Several investigators have reported and characterized the presence of concentric,
multi-shelled nano-scaled carbon polyhedra [133], indicative of high thermal behaviors of
soot that are catalyzed by metals that alter the agglomerate of soot that is amorphous to
normal fullerenes. During this process, the fragments of the precursors are curled around
the catalytic metal, while fragments of flat sheet also form nano spherule aggregates. Such
particles have considerable importance in environmental science as they can encapsulate
elements like Cd, Hg, Co, Ni, Cr, and As inside the MWNTs that are potentially hazardous.
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7.6. Extraction of Soot and Chars from CFA

CFAs are a great source of soot and chars, which are generally unburned carbon in
CFA after combustion.

7.6.1. Chars

The carbon nanomaterials of CFA exist either in small-sized char form or in the form
of smaller particle aggregates that form large-sized particle. Chars are basically porous,
high carbon-content particles which, throughout combustion, stay in a solid or liquid phase.
The carbon residues or char may be coal particles which remain unreacted due to the coal
that transforms chemically in the absence of oxygen [55].

A typical SEM micrograph of a porous carbonaceous CFA char particle is shown in
Figure 4, obtained from the bottom CFA fraction adapted from Veranth et al. [134]. The
extracted porous char particles are irregular in shape and carbon rich, as shown by the SEM.

Figure 4. SEM image of porous char particles from the bottom CFA fraction adapted from
Veranth et al., 2000 [135].

7.6.2. Soot

Soot is a mass of ultrafine carbon-rich particles generated from gas-phase precursors.
The soot is generally identified by electron microscope and present in the form of masses
that are about 10–50 nm diameter in size. Primary soot particles which range in the size of
10–100 nm diameter can form aggregates by coagulation that are macroscopic. At elevated
temperatures, when there is insufficient time for complete oxidation of soot, the formation
of soot aggregates are produced by incomplete combustion between the end of the fuel-rich
zone and the exit of the furnace. During burning of powdered coal, they are converted
into pore-bearing, irregular char by the process of heterogeneous partial oxidation and
devolatilization [134]. In the soot, carbons include nanotubes encapsulating Hg, metal-
bearing multi-walled nanotubes, a complex particles of carbon, and structures similar to
an onion with quasi-spherical and few polyhedral morphology-like hollow centers [136].
In soot, nitrogen enrichment is allied with the fractionation of ammonia in salammoniac
formation. Zn, Pb, and Se are found in comparatively high amounts in the soot and fly
ash CNTs. Human-made amorphous or crystalline mixed complex nanominerals, and
fullerenes have been discovered with numerous geological resources in trace concentra-
tion [108,137]. Until now, several researchers globally reported the occurrence of fullerenes
which are of great interest since their discovery in natural systems. Their cage structure



Crystals 2021, 11, 88 13 of 23

was described by several investigators, recalling some possibly hazardous elements [138].
Several researchers also reported the presence of both types of CNTs in the CFA. From the
above literature, it was revealed that CFAs have soot consisting of numerous carbonaceous
nanoparticles like fullerene, CNTs, carbon onions [139], etc., which are briefed in Table 3,
whereas chars in CFA were reported to have several types of hydrocarbons as well.

Table 3. Different carbon nanomaterials extracted from CFA.

Type of carbon NMs References Efficiency/Description of CNMs

Fullerene (C60) [100,102,104,105] Hollow, spherical

Nanocarbon and nanocoating [108,109,140]
Nanoscale sooty or graphitic

fullerene-like carbons;
porous nanocoating

Carbon nanotubes [31,102,110,120]
SWCNTs and MWCNTs; diameter of

8-20 nm; amorphous and
crystalline nature

Carbon nanoballs [132] 5–10 nm

Carbon onions [133] Nanopolyhedra, onion-like, concentric

Chars [24,141] porous, carbon-rich particles

Soots [108,136] Ultrafine primary particles; aggregates
of 10–50 nm diameter

8. Properties of Carbon Nanomaterials from CFA

The chief carbon constituents in CFA are mixtures of soot and chars termed unburned
carbon, the composition of which varies from 1% to 12% and is easily observed by electron
microscope [30]. On close examination by microscopy, one can differentiate and identify
the CNTS, fullerenes, nanoballs, and carbon onions which are always associated with
alkali and heavy metals in trace amounts in the CFA. Unburnt carbons’ surface area differs
depending on the parent coal and combustion time. Primarily as microporous structures,
CFA carbon rarely exceeds 10 m2/g, with the majority of its surface area associated with
mesopores and macropores. The CFA mainly has two components namely; UC and mineral
matter, whose surface areas are 45–400 m2/g and (0.7–0.8 m2/g), respectively. Therefore, it
is quite obvious that the UCs have much higher surface areas than that of mineral matters
of CFA, so UCs can be used as an efficient adsorbent for numerous applications [142].

9. PAHs in CFA and Bottom Ash

The behavior of PAHs is mainly determined by their physical and chemical properties.
In atmospheric conditions, PAHs are semi-volatile, usually occur in the vapor phase, and are
attached to the particles depending on the individual PAH’s vapor pressure [101,102,142].
The PAHs having low molecular weight, with 2 or 3 fused rings, go through volatilization
with their prime presence in the vapor phase, whereas PAHs having high molecular weight
with more than 3 fused rings are mainly connected with particles and are adsorbed on
particulate matter [103]. The combustor halting time along with the surface area of the fly
ash particles are the main motives for enhancement of PAHs in coal fly ash.

9.1. Formation of PAHs in Coal

During the processes of combustion, organic fragments are released which initiate
cyclisation or radical condensation reactions. These reactions lead to the formation of
PAHs, which are generated as gases or fine particulate matter [143–145]. Combustion
brings about chemical and physical changes in coal structure which result in the release
of organic fractions [146]. The process is followed by cyclization or radical condensation
reactions which lead to formation of polycyclic compounds in the form of fine particulate
matter or gases [147]. During coal burning, the two possible sources of PAHs formation
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are incomplete combustion and chemical changes. The former results in the emission
of fragments primarily with the aromatic structure of the coal [13]. Here, the presence
of the phenanthrene type of aromatic compound in feed coal supports this view while
considering the majority of such compounds. The formation of a higher amount of 4-, 5-,
and 6-ring PAHs in CFA takes place through the polymerization process caused by bond
cleavage; free radical condensation occurred as a result of chemical fluctuations of unstable
hydrocarbons [148].

9.2. Extraction Method of PAHs from CFA

PAHs can be extracted from CFA using ultrasonic extraction, organic solvent extrac-
tion, supercritical fluid extraction, soxhlet extraction method, and accelerated solvent
extraction [149,150]. Furthermore, the solvent extraction method and other cleaning and
concentration stages are very time-consuming and labor-intensive [151]. Usually, the soxh-
let extraction process includes the use of various of environmentally hazardous solvents
and has a performance time of 6 to 24 hours [152].

One such method of PAH extraction from CFA is given here. For analysis of PAH,
samples were isolated by utilizing a 1:1 acetone–hexane mixture in an extraction system
of microwave (Milestone, Italy) according to the USEPA method 3546 (USEPA Method
1995) [153]. About 5 g of a sample was placed in a Teflon vessel, and 30 ml of the acetone–
hexane (1:1 v/v) mixture was added to it. The vessels were then heated in a microwave
extraction system at 120 ◦C for 30 min (Milestone, Italy). After extraction, the samples were
allowed to cool down, filtered, and cleaned using silica gel as per the USEPA Method 363 ◦C.
The extracts were concentrated to 1.0 ml with a gentle flow of molecular nitrogen [154].

9.3. Methods for Analysis of PAHs

Gas chromatography plays a vital role in the analysis of PAHs extracted from waste
material like CFA. Moreover, gas chromatography (GC) alone is sufficient alone but is
sometimes coupled with mass spectrometry (MS) [155]. The GCMS technique is relatively
sensitive and highly selective for the analysis of PAHs. If the PAHs are non-volatile,
then the molecular information is often hampered by the GC technique. In this state,
the information can be collected only for aromatic systems with 5 or 6 condensed rings
with approximately 300 molecular weight. Mastral [156] along with other investigators
reported that there are 16 types of PAHs in CFA. Further, they revealed that, out of these
16 types of PAHs, only four of them, i.e., Chy (3 ring), Fla (4 ring), DahA (5 ring), and
BghiP (6 ring), were present below the detection value, while the concentrations of the
remaining 16 compounds in the coal were much greater (1.2–956 µg/kg) than both CFA
(0.1–20.9 µg/kg) and bottom ash (BA) (0.2–3.2 µg/kg), while in the lower grades of coal,
about 13–14 mg/kg of PAHs was found. Finally, it was concluded that both coal and CFA
had relatively large amounts of compounds having 4–6 rings compared to compounds
having 2–3 rings. In bottom ash, low molecular compounds were more common than the
high molecular weight compounds [155].

9.4. Properties of PAHs Extracted from CFA

We have already seen that PAHs are organic compounds, which are mainly hydropho-
bic and relatively insoluble in water [157]. Such PAHs compounds have much higher
affinity for organic matter. This property favors them when soil or sediment is present;
then, PAHs tend to remain as solid constituents and dissolve in water very slowly. PAHs
are generally a group of universally persistent organic pollutants (POPs) which have both
mutagenic and carcinogenic properties [158]. These particulate PAHs are generally dis-
tributed across the spectrum of particle sizes according to their molecular weight. More
specifically, low molecular weight PAHs are mainly present with large-sized particles [26].
In CFA, PAHs are mainly present with carbon particles, which are present in much lesser
mass fractions of the total composition [144].
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10. Applications of CNMs, Unburned Carbon, and PAHs of CFA

The carbon fractions, unburned particles, obtained from CFA can be utilized either
directly or after purification for various purposes. For instance, the recovered carbon
nanomaterial can be utilized as an economical, potential adsorbent material replacing
activated carbon for flue gas treatment and wastewater treatment. From the various
investigations, it was found that the more the carbon content in CFA, the higher will be its
adsorption efficiency for flue gas and waste water treatment [159]. In wastewater treatment,
it is used for the nano-remediation of dyes, heavy metals, microbes, antibiotics, and other
pollutants [160,161]. It is widely used as an adsorbent for mercury, which depends on the
percentage of unburned carbon in the CFA and the nature of unburned carbon [147]. In
addition to the abovementioned applications, carbon (both burned and unburned) could
be utilized as a precious and economical source of activated carbon [162], which needs only
some surface modification and activation [79]. There are several reports where it has been
used as a catalytic agent in low-temperature nitrogen oxide reduction with NH3 [163,164].
Moreover, the recovered carbon nanomaterial can be used as value-added minerals by
using them as an economical carbon source for feedback to the furnace boiler in TPPs [1,37].

The recovered unburnt carbons are widely used for manufacturing a large number of
premium carbon products, i.e., natural or synthesized nanostructured carbon materials and
could fulfill the raw material demand of several carbon-based industries [165]. Until now,
such recovered carbon particles from CFA were successfully used as an activated carbon,
graphite substitutes [166], absorbents as well as adsorbents [167], lithium-ion batteries,
supercapacitors [168,169], environmental remediation and protection [170], and solar cells.
Moreover, there are a plenty of areas where carbon particles can be applied, but the major
areas are shown above in Figure 5.

Figure 5. Applications of CFA carbon nanomaterials.

11. Conclusions

Among all the nanomaterials, nanostructured carbon materials has gained huge
importance due to their wide allotropes, economic value, and availability. The extraction
or synthesis of carbon nanomaterials from waste-like high-carbon CFA, agricultural waste,
and other industrial wastes provides a greener approach as it is recycled and reduces
pollution. Carbon nanomaterials formed from CFAs provide an alternative source of
carbon at a very low cost. CFA has fullerenes, CNTs, CNFs, carbon onions, and other
composite materials which are mainly associated with traces of alkali metals and heavy
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metals which are captured during volatilization of the minerals in thermal power plants.
After purification, such natural or synthesized nanostructured carbon materials can be
used in place of commercially synthesized nanocarbons for energy storage devices. It
also suggests an economical and eco-friendly solution for land fill-based disposal of CFA,
which in turn can solve numerous serious environmental problems. The extraction or
removal of toxic PAHs and PCHs from CFA increases the acceptability of CFAs. Thus, the
nanostructured carbon materials hold promising applications in the future due to their
high surface-to-volume ratio, high surface energy, and better adsorption capacity.
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Abbreviations

BCNTs Branched carbon nanotubes
BD Bulk density
BPAA Bubble–particle attachment angle
CEA Central electrical agency
CF Calorific value
CFA Coal fly ash
CNFs Carbon nano-fullerenes
CNMs Carbon nanomaterials
CNTS Carbon nanotubes
ED Envelope density
EDS Electron diffraction spectroscopy
EELS Electron energy loss spectroscopy
ESCA Electron scattering chemical analysis
ESP Electrostatic precipitator
FA Fly ash
FF Froth flotation
GC Gas chromatography
GCMS Gas chromatography mass spectroscopy
HCFA High carbon fly ash
HRTEM High-resolution transmission scanning electron microscopy
IEA International energy authority
LOI Loss on ignition
MTs Million tons
MWCNTs Multi-walled carbon nanotubes
NPs Nanoparticles
PAHs Polyaromatic hydrocarbons
PCHs Polycyclic hydrocarbons
PM Particulate matters
POPs Persistent organic pollutants
SD Skeleton density
SEM Scanning electron microscope
SFT Sink-float technique
STEM Scanning tunneling electron microscope
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SVR Surface area-to-volume ratio
SWCNTs Single walled carbon nanotubes
TEM Transmission electron microscopy
TES Tribo-electrostatic separator
TGA Thermo gravimetric analysis
TOC Total organic carbon
TPPs Thermal power plants
UC Unburned carbon
XPS X-ray photoelectron spectroscopy
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