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The safe disposal of coal combustion residues (CCRs) will remain a major
public issue as long as coal is used as a fuel for energy production. Both dry
and wet disposal methods of CCRs create serious environmental problems.
The dry disposal method creates air pollution initially, and the wet disposal
method creates water pollution as a result of the presence of trace and heavy
metals. These leached heavy metals from fly ash may become more hazardous
when they form toxic compounds such as arsenic sulfite (As2S3) and lead ni-
trate (N2O6Pb). The available studies on trace and heavy metals present in
CCRs cannot ensure environmentally safe utilization. In this work, a novel
approach has been offered for the retrieval of trace and heavy metals from
CCRs. If the proposed method becomes successful, then the recovered trace
and heavy metals may become a resource and environmentally safe use of
CCRs may be possible.

INTRODUCTION

Thermal power plants remain the main sources of
power generation in many countries including
India. India is one of the largest electricity con-
sumers, ranked 6th in the world. The government of
India set a target to add approximately 78,000 MW
of electricity generation by 2012. The total need for
electricity in India is anticipated to surpass
950,000 MW by 2030.1 Annual generation of coal
combustion residues (CCRs) (fly ash and bottom
ash) worldwide is estimated to be approximately
600 million tonnes, with fly ash constituting about
500 million tonnes and bottom ash 100 million
tonnes.2 Indian coal contains low sulfur, but it has a
high ash content. As such, the combustion of such
coal in thermal power plants generates huge
amounts of ash. Therefore, annual CCR generation
in India alone was 112 million tonnes in 2005–
2006.1 The CCRs consist of a very high percentage
of silica (60–65%), alumina (25–30%), magnetite,
and Fe2O3 (6–15%) that enable its use for the
synthesis of zeolite, alum, and precipitated silica.
The other important physicochemical characteris-
tics of CCRs such as bulk density, particle size,
porosity, water holding capacity, and surface area
make it suitable for use as adsorbents.2 Coal

composition, combustion conditions, efficiency and
type of emission control devices, and disposal meth-
ods are the major factors that affect the physical
and chemical characteristics of CCRs.3 The safe
disposal of CCRs remains a major public issue. A
clear policy of handling CCRs is required to ensure
the environmentally friendly disposal/utilization.

As shown in Table I, many trace elements are
found in CCRs.4–7

Among these elements, V, Cr, Mn, Sr, and Ba are
usually present in substantially higher concentra-
tions. The presence of these elements in CCRs limits
its use in place of soil as land-filling material or as
building and road materials in combination with
cement. Ahmaruzzaman2 addressed thoroughly the
different methods of fly ash utilization with more
emphasis on preparing adsorbents using fly ash for
treatment of other possible contaminant removal. A
similar review made by other researchers8,9 dis-
cussed in detail various fly ash utilization methods.
They presented limited information on recovery of
rarely available metals such as gallium and germa-
nium from coal fly ash. Recovery of alumina from fly
ash has been well documented10–13 This article
specifically focuses on analyzing the potential ways
of separating useful trace metals/minerals from coal
fly ash. This process necessitates framing an
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operational policy for safe disposal or reuse of the
CCRs to ensure no secondary pollution. The occur-
rence of secondary pollution may be reduced or
eliminated if a method is identified for complete
recovery/separation of the elements from CCRs.

COLLECTION AND DISPOSAL OF CCRs

In general, fly ash is collected by mechanical or
electrostatic precipitators from the flue gases of
power plants, whereas bottom ash is collected from
the bottom of the boilers. Fly ash is disposed of
either by a dry or by a wet disposal method. In the
dry disposal method, the fly ash is stored in silos,
and in the wet disposal method, in most of the
events, both bottom ash and fly ash are mixed to
form a slurry and stored in an artificial lagoon
called an ash pond or a holding pond. Then the
settled ash in the holding pond is dried by open
dumping. Initially, ash ponds were built to solve the
problem of fly ash from becoming airborne under the
action of strong winds. But in the process of
controlling air emissions, this strategy has gener-
ated a considerable amount of waste water. Pond
ash contains about 80% fly ash and 20% bottom
ash.14 Both dry and wet methods, the common
practice of disposal is open dumping. The ash-to-
water ratio in slurry may vary from 1:5 to 1:10 (by
weight) to facilitate smooth transportation of slurry
to the holding pond. Holding pond effluent is
discharged directly into the river15 or recycled and
reused for making slurry. If the same water is
recycled continuously for wet disposal of ash, the
water is expected to be saturated with heavy and
trace metals present in pond ash. After reaching the
saturation limit, the water is not expected to accept
any trace and heavy metals from pond ash and the
total quantity of those metals remains in the pond
ash that is disposed of by an open dumping method
along with ash from dry disposal. When the effluent
from the holding pond is allowed to flow into the
natural water courses without treatment, the con-
centrations of these trace and heavy metals in the
receiving water keep on increasing continuously
and contaminate the connected surface water
bodies.

In the United States, approximately 600 power
plants generated 130 million tonnes of CCRs annu-
ally, of which 56% is stored in surface water
impoundments and landfills; the remaining is

reused in the concrete, cement, and construction
industries.16 In 2010, the total generation rates of
CCRs from thermal power plants in EU-15 and EU-
28 were 48 million tonnes and 105 tonnes, respec-
tively. The EU-15 countries are nearing the target
of 100% utilization of CCRs in various ways, such as
construction, reclamation, and restoration.17 A
large volume of CCR effluents is generated and
disposed of into surface water bodies, and the
environmental risks associated with these disposal
practices are not well known.16 Moreover, because
of the lack of CCR waste data, the effluents that are
discharged from coal-fired power plants and per-
mitted by the national and state regulatory bodies
lack consistent monitoring and limit requirements
that are relevant to the composition of CCR efflu-
ent.18 In most countries, at least 75% of the fly ash
generated annually is dumped with no subsequent
reutilization.19

UTILIZATION OF FLY ASH

The present CCR utilization policy in India
requires minimum leaching when exposed to rain
or water despite the minimal chance of leaching due
to unfavorable leaching conditions. The quantity of
CCRs used in construction industries is limited
(maximum �15% of the quantity of cement used for
preparation of concrete). The physical state of CCRs
in their used form (i.e., in a hardened state) leads to
less permeability of water. In comparison, the CCRs
in a holding pond are directly suspended in water
for long periods under favorable conditions of leach-
ing of trace and heavy metals. This serious envi-
ronmental concern should be addressed with a
proper policy framework.

Many efforts have been made to use fly ash, such
as preparation of building and road materials and
preparation of lightweight aggregate for construc-
tion industries, mine backfill,2 and waste stabiliza-
tion20 with required strength. Complete utilization
of fly ash by these methods is not possible because of
the presence of trace and heavy metals in fly ash.
The Technology Information Forecasting and
Assessment Council (TIFAC) under the Department
of Science & Technology (DST), Government of
India, New Delhi, started a fly ash utilization
program in 1994 with its main objectives to make
fly ash a useful by-product and to reduce environ-
mental pollution and land required for fly ash

Table I. Common trace elements found in coal combustion residues (CCRs)

S. No. Elements Refs.

1. Na, K, Ca, Mg, Fe, Ni, Zn, Pb, Cu, Cd, Co, Mn, V, Se, As, Hg, B, Ba, Cr, Mo, and Sb 4
2. Zr, Cr, Cu, Ni, As, Sn, Sr, Rb, Ba, and I 5
3. Ca, Mg, Na, K, Mn, Pb, Cd, Cu, Co, and Fe 6
4. Na, K, Ca, Fe, Cu, Co, Mn, Cd, Zn, Pb, Ni, and Cr. 7
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disposal. The Ministry of Environment and Forest
(MoEF)21 issued a notification (September, 14, 1999)
to achieve an ambitious target of 100% fly ash
utilization with the following regulatory measures:
(I) No person shall manufacture clay bricks or tiles
or blocks for use in construction activities without
mixing at least 25% of CCRs with soil within a
radius of 50 km from coal or lignite based thermal
power plants; (II) every coal- or lignite-based ther-
mal power plant shall make fly ash available for at
least 10 years from the date of publication of this
notification without any payment or any other
considerations for manufacturing fly-ash-based
products and any other construction activities;
(III) the central and state government agencies of
India (such as National Thermal Power Corpora-
tion, State Electricity Boards, etc.) shall facilitate
land, electricity, and water for manufacturing
activities and provide access to ash-lifting areas
for promoting and setting up ash-based production
units in the proximity of the area where ash is
generated by thermal power plants; and (IC) Cen-
tral Public Works Department (CPWD), State
Public Works Department (SPWD), development
authorities, housing boards, National Highway
Authority of India (NHAI), and other construction
agencies, including those in the private sector, shall
prescribe the use of fly ash and fly-ash-based
products in their respective schedule of specifica-
tions and construction applications including

appropriate standards and code of practice within
a period of 4 months from publication of this
notification. The MoEF22 notification (November 3,
2009) mentioned that the thermal power plants in
India are far from achieving the target of 100%
utilization of the CCRs generated. Similarly, only
44% of total CCR is reused in the United States in
construction industries because a very small quan-
tity of CCRs can be added to cement to maintain the
required strength.23

CCRs have been used for extraction of zeo-
lites,2,24,25 mullite,26 glass-like materials,27 and
composite materials such as plastic composites28

and metal composites.29 Several studies confirmed
CCRs as potential adsorbents for removal of arsenic,
boron, cadmium, chromium, fluoride, lead, mercury,
nickel, pesticides, phosphate, zinc, color, and
organic materials from waste water.2,24 Golden
and Wilder30 proposed a conceptual commercial-
scale design to recover various raw materials such
as alumina, ferric oxide, gypsum, and alkali sulfate
salts from fly ash based on a direct acid leaching
process. Similarly, iron,31 hexavalent chromium,32

and alumina33 have been extracted from fly ash
successfully. Fly ash has also been used in agricul-
ture as a soil additive with some manure.2,24 Fly ash
from coal-fired power stations has proved to have
significant value-added potential as an ingredient in
cementitious and other construction processes.24 In
light of these many disposal options, CCRs are

Fig. 1. Proposed management plan of coal combustion residues (CCRs) of thermal power plant.

Recovery of Trace and Heavy Metals from Coal Combustion Residues for Reuse and Safe
Disposal: A Review

2415



clearly not only a potential environmental burden,
but they can also be viewed as an untapped resource
of huge potential.24 CCRs do have a potential role as
a value-added product in material preparation,
waste management, recovery of materials. and
agricultural applications. But there is a scarcity of
information on the environmental impact of fly ash
as an ingredient in the preparation of materials.2

There are many promising options of using fly ash,
but with limited studies available on the critical
comparison between fly-ash-generated products and
processes, and those derived from more traditional
routes to increase the acceptability of the fly-ash-
generated products. The acceptability of the fly-ash-
generated products can be enhanced by minimizing
the leachability of the trace and heavy metals
present in CCRs. There are no standards available
to check the environmentally safe utilization of
CCRs. Therefore, to increase the percentage use of
fly ash, to enhance the acceptability of fly ash
generated products, and to minimize the leaching
potential of fly ash, it would be valuable to identify a
method that can separate the trace and heavy
metals from the CCRs.

There are studies available on the methods for
recovering materials from CCRs such as (I) the
direct acid leaching process to obtain alumina, ferric
oxide, gypsum, alkali sulfate salts, and spent fly ash
(but the rate of return was only 20% of the
investment);30 (II) the use of an extended arc
reactor furnace to recover iron up to 90% from fly
ash;31 (III) the use of a packed bed of fly ash pellets
mixed with kaolin as the binder to recover hexava-
lent chromium;32 (IV) the use of chlorination and
chemical transport to recover vanadium, nickel, and
magnesium from fly ash of bitumen-in-water emul-
sion;34 and (V) a good number of processes to
synthesize zeolites from fly ash.2,25,35 But there is
a lack of an integrated approach by the coordination
of technologists and manufacturers for the produc-
tion of superior quality of fly-ash-based products to
meet consumer acceptability and increased
marketability.

TRACE AND HEAVY METAL CONTAMINA-
TION IN HOLDING POND EFFLUENT AND
PROPOSED SOLUTION OF THE PROBLEM

Quina et al.36 reviewed removal of heavy metals
such as zinc, led, copper, and cadmium from a
municipal solid waste incinerator (MSWI) by adopt-
ing thermal treatment methods through evapora-
tion at temperature lower than melting point,
enabling recycling of the metals. Many promising
studies have been reported in the literature about
the separation of heavy metals by thermal treat-
ment.1,37–40 The characteristics of the ashes result-
ing from sewage sludge combustion differ
significantly from those of coal fly ash due to the
much higher temperature involved in coal combus-
tion (1500�C to 1700�C versus 800�C to 900�C), and

coal is generally poor in nutrients such as phospho-
rous, which are concentrated in sewage sludge
ash.41

Nazari et al.42 have used sulfuric acid as leaching
agent for the simultaneous separation of vanadium
and nickel from heavy fuel oil combusted fly ash.
Similarly, Al-ghouti et al.43 used NH4OH solution as
solvent for nickel recovery and Na2CO3 solution for
vanadium recovery. Nayak and Panda12 also used
sulfuric acid to recover aluminum from coal fly ash.
It is proposed to find a suitable solvent(s) that can
dissolve all the trace and heavy metals to saturation
limits and treat the saturated solvent(s) by flash
evaporation to recover the dissolved trace and heavy
metals in the form of crystals and to reuse the
solvent(s) (Fig. 1). Successful implementation of an
integrated approach for extracting individual trace
and heavy metals may provide a cost-effective
recovery of the trace and heavy metals from the
concentrated crystals rather than extracting
directly from raw CCRs. The solid waste crystals
rich in elements can be a resource for the iron and
steel industries (for extraction of iron), aluminum
industries (for extraction of alumina), copper indus-
tries (for extraction of copper), and other industries
involved in producing pure elements for specific
uses. In this way, the secondary pollution from the
disposal of CCRs may be reduced as it will be
relatively free from trace and heavy metals or these
CCRs can safely be used in construction industries,
mine filling, and agriculture (the major consumers
of CCRs). Separation of the trace and heavy metals
from CCRs using this technique can lower the
environmental threats of the CCRs, and the man-
agement of the relatively small volume of the
crystals rich in trace and heavy metals may become
easier. The utilization of CCRs will be well accepted
without a stringent law and enforcement when it
becomes a resource without environmental threats.
It is true that this technique will add substantial
operating cost along with generation of solid waste
crystals rich in elements.
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