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Abstract Coal-based thermal power plants cater to a larger fraction of power
generation and supply in developing countries including India. However, after
electrostatic precipitation of finer ash particles from flue gases, a huge amount of fly
ash is produced in these plants as a solid waste. The fly ash consists of silica,
alumina, oxides of iron, calcium, magnesium, heavy metals, and organic com-
pounds. The disposal of fly ash in conventional ash ponds and landfills may further
cause soil and groundwater pollution and requires proper management. This chapter
provides a detailed review about the pollutions caused by the fly ash as well as
current strategies for their collection, treatment, and recycling. Different strategies
of recycling and reuse are reviewed and discussed including applications for con-
struction materials and in pollution abatement, thus acting as a useful resource
rather than a waste product.
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6.1 Introduction

Thermal power plants have been historically instrumental for power generation in
majority of countries, including India, and still contribute significantly toward their
economic growth. In India, these plants contribute toward more than 50% of the
electricity generation. Also, a very significant portion of this (>80%) is achieved
with coal-based thermal power plants, where the pulverized coal is burnt, and the
energy generated through this combustion is finally converted to electricity (GoI
2018). In this combustion process, different inorganic minerals present in the coal
(e.g., clay, shale, quartz, feldspar, etc.) melt and fuse together. Some of these fused
minerals get suspended with combustion gases, and after cooling, solidify into
particles (Scheme 6.1). These suspended particles in the exhaust gases are collec-
tively called as fly ash (Ondova et al. 2012) and form a significant portion of the
waste material from such power plants. For example, in India, 40% of the coal used
in thermal power plants is converted to fly ash (Pandey et al. 2011).

The generated fly ash is a heterogeneous mixture of minerals with wide variation
in physical and chemical properties that depend on the type of coal and production
process among other factors. The size of fly ash particles varies from 10−8 to
10−4 m, with different colors, ranging from gray to black depending on the fraction
of unburnt carbon present. Also, many of these minerals do not get time to
recrystallize during the cooling process, and hence fly ash contains a significant
portion of amorphous materials. Fe2O3, SiO2, Al2O3, and CaO are some typical
constituents in fly ash (Shehata et al. 1999).

Due to their diverse characteristics and compositions, a proper management of
fly ash is challenging. Further, due to the presence of trace elements, heavy metals
(Chaudhary and Banerjee 2007), and toxic organic compounds (Ribeiro et al.
2014), a direct disposal of this fly ash into different environmental matrices, viz.
water, air, and land, in an unscientific manner, creates numerous environmental
issues. Following sections discuss various environmental concerns with disposal of
fly ash and the means for proper collection and treatment. Further, various appli-
cations toward sustainable management of fly ash are also discussed.

Scheme 6.1 Schematic of the coal fly ash formation mechanism from pulverized fuel combustion
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6.2 Fly Ash as an Environmental Pollutant

In addition to various pollutant gases, viz. SOx and NOx, fly ash forms a major part
of the exhaust gases from coal-based thermal power plants and if not managed
properly may result in significant environmental pollution (He et al. 2012). This is
due to the presence of various heavy metals, e.g., As, Ba, Cr, Se, Hg, etc., and
adsorbed or deposited organic compounds (e.g., PAHs) on particle surfaces
(Chaudhary and Banerjee 2007; Ribeiro et al. 2014).

Inhalation is the most direct and important route of exposure to fly ash in
humans since a significant portion of particulate matter (PM2.5 and PM10) in the
atmosphere is contributed from coal fly ash (Kim et al. 2015). Further, such par-
ticulate matters have well-recognized health hazards including respiratory and
cardiovascular diseases as well as premature mortality (Kim et al. 2015; Davidson
et al. 2005). Coal fly ash, in particular, poses a significant health risk due to the very
heterogeneous composition and presence of multiple heavy metals and toxic
compounds. Sufficient data is now available which links the health risks to the
communities living in the vicinity of coal thermal power plants to the inhalation
exposure to the coal fly ash being emitted into the atmosphere.

The emitted fly ash further contaminates the receiving land and water bodies. For
example, a significant accumulation of heavy metals, viz. As, Cd, Cr, Ba, Hg, etc.,
in the soil was directly linked to the fly ash deposition from coal power plant in
Santaldih, West Bengal, India (George et al. 2015). Once enriched in the soil,
multiple exposure pathways (viz. ingestion, inhalation, dermal contact, and con-
sumption of contaminated vegetation, etc.) exist. In addition, the enrichment of
these toxic elements in topsoil further deteriorates the soil quality. Leaching and
runoff with rainwater is also a serious concern, and can potentially contaminate the
surface and groundwater depending on the site geology and prevalent redox con-
ditions (Spadoni et al. 2014).

6.3 Collection and Disposal of Fly Ash

A proper collection and disposal system of fly ash is important to effectively address
the associated environmental concerns. The collection of fly ash from flue gases is
normally done using electrostatic precipitators (ESP) and fabric filters (baghouses)
(Al-Hamouz 2014). ESPs are installed near the chimney, where fly ash particles are
charged at high voltage and then collected through electrostatic attraction at
oppositely charged electrodes. The separated particles are then scraped from the
electrode and collected in hoppers at the bottom (Scheme 6.2).

The collected fly ash is then transported to disposal sites either in a wet slurry or
dry form. A high concentration slurry disposal (HCSD) system is generally adopted
(Chandel et al. 2009) in which collected fly ash is fed to the mixing tank after
conditioning. A uniform slurry of this conditioned ash is made by adding required
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amount of water to achieve the desired characteristics. Ash concentration is
maintained at 60% or above (w/w) in this high concentration slurry. Afterward, the
uniform slurry is transferred through high concentration slurry disposal (HCSD)
pump up to the ash dyke through seamless pipelines, where it is disposed on a
slope. The disposed slurry spreads over a substantial area and solidifies.

A recent trend in power plants is to collect the fly ash in dry form and utilize it in
various applications as raw material. Dry fly ash from ESPs and baghouses is
collected in ash vessels. A free flow of dry ash in ash vessels is maintained using
electric heaters. The heaters maintain the temperature well above the ash fusion
temperature to prevent the formation of clusters of ash and ensure smooth func-
tioning of the conveying system. The ash is further transported to fly ash silos with
the help of compressed air. The moisture from the compressed air is removed using
an adsorbent air dryer or refrigeration air dryer. Finally, the ash is transported into
sealed vessel trucks.

6.4 Treatment

The combustion of coal during the power generation results in the heavy metal and
organic micropollutants release with fly ash. This fly ash should go through
treatment before landfilling or recycling (Eleonora and Margarida 2016). Some of
the treatment methods are discussed below in detail.

Scheme 6.2 Scheme of fly ash production in a conventional thermoelectric power plant
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6.4.1 Washing Process

Washing with water leads to removal of soluble salts. Further, the resulted solution
could be evaporated to produce salt (Francois and Criado 2007; Chimenos et al.
2005; Nzihou and Sharrock 2002). The washing with water released heavy metals
(e.g., Pb and Zn) along with the soluble salts. Wang et al. have shown the release of
*1% of Pb and other heavy metals with water, whereas another study by Weibel
et al. have shown enhanced metal removal with acid water (Wang et al. 2009;
Weibel et al. 2018). The metals in the fly ash also could be immobilized by
chemical additives, such as soluble phosphates, which react with metals and form
insoluble metal complexes (Uchida et al. 1996).

6.4.2 Leaching

Leaching process could be used to extract the metal ions from fly ash. Addition of
chemical agents promotes faster leaching of heavy metals from the fly ash. Sabbas
et al. presented the effect of pH on leaching (Sabbas et al. 2003) and showed that
pH is strongly affecting the leaching process. Three main leaching behaviors have
been shown in the literature: (1) cation-forming species and non-amphoteric metal
ions (e.g., Cd); (2) amphoteric metals (including Al, Pb, and Zn) increase solubility
under both strong acidic and strong alkaline conditions; and (3) oxyanion-forming
metals (e.g., As, Cr, Mo, V, B, and Sb) decrease solubility in alkaline ranges
(pH > 10) (Sabbas et al. 2003; Van der Bruggen and Vandecasteele 2003).

6.4.3 Electrochemical Processes

The main advantage of electrochemical processes is no requirement of additional
chemicals. Temperature, current density, mixing conditions, the distance between
the electrodes, and the pH of the solution were identified as main parameters which
affect the electrochemical treatment process. Pedersen et al. showed an electro-
chemical treatment process named as electrodialytic remediation, which could be
effectively used for the remediation of heavy metals and chlorides from fly ashes. It
has been introduced as a new possible extraction method (Pedersen et al. 2005,
2003).
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6.4.4 Thermal Treatment

This technique could be used for eliminating heavy metals through evaporation
processes where the temperature was raised (less than melting point). This tech-
nique also allows recycling of the metals at the same time of evaporation. Jakob
et al. examined the evaporation of heavy metals at 1000–1100 °C temperature. The
Pb, Cd, and Cu have shown *98% evaporation efficiencies, and the evaporated
amounts and evaporation rates were strongly influenced by chlorides (Jakob et al.
1995). Stucki and Jakob showed that under reduced condition addition of chlorine
gas can evaporate *99% of the metals present in fly ash (evaporated as metal
chlorides), and they can be collected separately as heavy metal condensates (Jakob
et al. 1996).

6.4.5 Solidification

Solidification treatments are among the most widespread processes used for waste
incineration remainders (Tang et al. 2016; Diaz-Loya et al. 2012). The principal
purpose of solidification is to immobilize hazardous components in the fly ash. The
binder materials (e.g., Portland cement) used for solidification not only hardens the
hazardous waste by chemical means but also immobilize it by making stable
complexes. These complexes are solids and either non-hazardous or less hazardous
than the original waste by encapsulating the pollutants which leads to low
permeability.

6.4.6 Chemical Stabilization

Chemical stabilization involves chemical precipitation of heavy metals into insol-
uble composites or heavy metal complex with various mineral species or chemical
agents. The main chemical agents used for stabilization include sulfides (Katsuura
et al. 1996), soluble phosphates (Nzihou and Sharrock 2002; Derie 1996; Eighmy
et al. 1997), ferrous iron sulfate (Lundtorp et al. 2002), and carbonates (Ecke et al.
2003). Chemical stabilization leads to the substantial decrease in trace metal ele-
ments (Sabbas et al. 2003; Bayuseno and Schmahl 2011; Cornelis et al. 2008).

6.5 Recycling of Fly Ash: Applications

Fly ash collected from different parts of power plants has different properties and
could be used for various applications, which are discussed below in detail.
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ESP ash/chimney ash/dry fly ash: It is best suited for manufacturing of cement and
other construction materials. In cement, fly ash could be used as cementitious
materials (Lee et al. 1999). The other construction materials can also be made, e.g.,
fly ash bricks (without clay), blocks, pavers, sheets for roofing, tiles, etc (Mandal
and Mandal 1996; Shanthakumar et al. 2008).
Bottom ash: Due to the coarse size of bottom ash, it is suitable for geotechnical
applications, e.g., landfilling, construction of barriers, road and flyover bridges, etc
(Chang and Wey 2006). Bottom ash could be also used as a substitute for the sand
in mortar and concrete after the removal of organic carbon (Chindaprasirt et al.
2009).
Pond ash: Pond ash has a medium grain size, which is mainly the mixture of ESP
and bottom ash. Agriculture, wasteland development, and forestry are the best
suited for pond ash applications, and it can also be used for geotechnical applica-
tions. Protocols have been established to construct bricks with pond ash and clay
mixture. Another important utilization of pond ash is in the manufacturing of clay
bricks. It has been shown that 30–80% of clay can be mixed with pond ash and will
result to improve quality, which reduces the breakage during transportation. This
ash is also suitable for ceramic products (Chang and Wey 2006; Ghosh 2009;
Kumar Bera et al. 2007). Fly ash could be effectively used as construction materials
as discussed below.

6.5.1 Constructive Materials

Fly ash has been highly used as a supplementary cementitious material (SCM) in
the construction of Portland cement. Fly ash use as a SCM in concrete has been
started in last century (Thomas 2007; Newman 1979), especially after the
pioneering research conducted by Davis et al. at the University of California,
Berkeley in 1937 (Dreher et al. 1997; Chindaprasirt et al. 2008; Thomas et al.
2002). In the last 50 years, fly ash use in concrete grows dramatically. In 2005,
*15 million tons of fly ash was used in concrete, concrete products, and grouts in
the USA alone (Edil et al. 2006). There are many drawbacks such as slower
strength gain, higher salt scaling, and benefits such as high strength gain, reduced
heat of hydration, and denser concrete with smooth surfaces for fly ash as con-
struction materials.

At present, more than 50% of the concrete has fly ash in the USA. The dosages
varied with the quality of the fly ash (15–40%) in the concrete. There are mainly
two types of fly ashes used in the concrete which are Class C and Class F fly ash.
Both types of fly ashes react with concrete in similar ways except that of Class C
that has enough lime to undergo self-cementing. The chemical composition of
Class C, Class F, and Portland cement chemical is shown in Table 6.1.

Lightweight construction products from fly ash have many advantages such as
low costs of shipping as compared to the non-light weight product. The reduced

6 Strategies for Collection, Treatment, and Recycling of Fly Ash … 97



cost is visible for bricks as fly ash bricks weigh one-third of the conventional
clay-fired bricks (Sharma and Dhir 2015) leading to reduced shipping costs (Rajgor
et al. 2013). The fly ash bricks may appear expensive than conventional products
but the final financial benefit should be evaluated in terms of its increased physical
properties, chemical properties, and environmental benefits. Bricks from fly ash and
clay mixture are more porous than fly ash bricks, and results in high strength than
fly ash bricks. Fly ash brick manufacturing units could be set up near thermal power
stations to make it cost-effective. These manufacturing units can get free fly ash
from the power plants. Nowadays, there is good demand for fly ash bricks. The
awareness among the people is required for better results along with government
support. This technology is eco-friendly as it reduces solid waste and dust in the
environment as well as the cost is quite comparable to conventional bricks. Fly ash
could be also used for the construction of roads. The fly ash could be used in the
earthen core which prevents the heavy metal leaching as fly ash reacts with cement
and reduces any leaching effect. Hence, chances of pollution due to the use of fly
ash in roads are negligible.

6.6 Pollution Abatements by Fly Ash

Fly ash could be used as an effective absorbent for the abatement of pollutants, e.g.,
SOx, NOx, metals, and other pollutants.

6.6.1 Adsorbents for Flue Gas

Generally, SOx emission is controlled by installing wet-type limestone scrubbers
and as a result of it, high desulfurization efficiency and easy operation can be
achieved. But this process has high water consumption resulting in wastewater
generation which needs further treatment, whereas dry-type flue gas desulphur-
ization (FGD) has advantages as no wastewater is generated in this process but it

Table 6.1 A brief description of the chemical composition of fly ash and Portland cement
(American Coal Ash Association 2003)

Compounds Fly ash Class F Fly ash Class C Portland cement

SiO2 55 40 23

Al2O3 26 17 4

Fe2O3 7 6 2

CaO (Lime) 9 24 64

MgO 2 5 2

SO3 1 3 2
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requires large amount of adsorbent. Fly ash could be effectively used for dry-type
FGD as it is available in large amount. Similar to SOx, NOx could be effectively
removed using fly ash. NOx adsorption into fly ash depends on the carbon content
and specific surface area. The unburnt carbon in the fly ash contributes maximum in
the specific surface area, which could be further activated through gasification for
the higher adsorption. For better activation of fly ashes, minerals should be removed
before the activation of fly ashes to avoid interference.

6.6.2 Adsorption of Various Types of Heavy Metals
and Fluorides on Fly Ash

Researchers have shown the potential of fly ash for heavy metal removal
(Bhattacharya et al. 2008; Gupta et al. 1998, 2011; Yadava et al. 1987). The most
studied metals are Hg, Cr, Ni, Pb, As, Cu, and Cd. Enhanced mercury adsorption
was reported after oxidizing the unburnt carbon in the fly ash at 400 °C (Li and
Maroto-Valer 2012). This confirmed the important role of oxygen-containing
functional groups in the adsorption process. In another study, Masaki et al., have
shown the effect of calcium chloride and activated carbon concentration with
synthetic fly ash on the adsorption of mercury, and best result was obtained for 5–
7% in synthetic fly ash with 1% calcium chloride (Takaoka et al. 2000). There are
many studies for removal of Cr(VI) and Cr(III) using fly ash as adsorbent and
established the effect of fly ash dosages, contact time, and pH on the removal of
chromium (Bhattacharya et al. 2008; Gupta et al. 1998; Gupta et al. 2011). Pandey
et al., have used fly ash and wollastonite (1:1) mixture for the removal of chromium
(Panday et al. 1984). Bayat et al., have shown higher adsorption capacity for Cd(II)
as compared to Cr(VI) in a mixture with fly ash and crystalline CaO in fly ash
significantly affect the adsorption of Cr(VI) and Cd(II) (Bayat 2002). Chromium
and nickel were effectively removed by low-cost adsorbent made from raw bagasse
and fly ash (Rao et al. 2002). The metal adsorption by fly ash was strongly
dependent on the experimental system, and physical and chemical characteristics of
the adsorbent and adsorbate (Babel and Kurniawan 2003).

Several studies have been reported for the removal of fluoride from waters using
fly ash (Chaturvedi et al. 1990; Nemade et al. 2002). Chaturvedi et al. showed the
effect of different concentrations, contact times, temperatures, and pH of the
solution on the removal of fluoride from contaminated water (Chaturvedi et al.
1990; Nemade et al. 2002). A column study has shown complete removal of
fluoride in 120 h for low concentration of fluoride and in 168 h with the high
concentration of fluoride (Nemade et al. 2002; Tor et al. 2009).
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6.7 Summary and Future Prospects

This chapter reviewed various strategies for collection, treatment, and recycling of
fly ash from coal-based thermal power plants. The requirement of proper ash
management system is also identified to address the related environmental concerns
with ash disposal. Certain applications where fly ash is utilized as a resource are
also discussed. Fly ash has shown potential to be used as construction material as
well as an adsorbent for pollution abatement. However, majority of the studies are
conducted at lab scale and limited information is available for their large-scale
application.

Based on the review of the literature, the following future research directions are
identified:

• Industrial scale applications of fly ash for pollution abatement have been not
established till date, so there is an urgent need to scale up the fly ash application.
In general, fly ash has low adsorption capacity and need modification to enhance
the adsorption capacity and mass production should reduce the cost effectively.

• Similarly, for construction purposes, there is a need for well-established pro-
tocols for effective use of different types of fly ashes.

• There are many other products where fly ash could be used as initial raw
materials such as geopolymers, mullite, and quartz–cristobalite–tridymite. Such
novel applications at large scale need to be further investigated for proper
utilization of fly ash.

• Full-scale application of fly ash to enrich agriculture soil is needed.
• Life cycle assessment and environmental impact assessment are required for

different fly ash products to assess long-term benefits and disadvantages.
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