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Fly ash or coal fly ash causes major global pollution in the form of solid waste and is classified as a “hazardous waste”,

which is a by-product of thermal power plants produced during electricity production. Si, Al, Fe Ca, and Mg alone form

more than 85% of the chemical compounds and glasses of most fly ashes. Fly ash has a chemical composition of 70–

90%, as well as glasses of ferrous, alumina, silica, and CaO. Therefore, fly ash could act as a reliable and alternative

source for ferrous, alumina, and silica. The ferrous fractions can be recovered by a simple magnetic separation method,

while alumina and silica can be extracted by chemical or biological approaches. Alumina extraction is possible using both

alkali- and acid-based methods, while silica is extracted by strong alkali, such as NaOH. Chemical extraction has a higher

yield than the biological approaches, but the bio-based approaches are more environmentally friendly. Fly ash can also be

used for the synthesis of zeolites by NaOH treatment of variable types, as fly ash is rich in alumino-silicates. The present

review work deals with the recent advances in the field of the recovery and synthesis of ferrous, alumina, and silica micro

and nanoparticles from fly ash.
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1. Introduction

Fly ash or coal fly ash (CFA) is a spherical, glass-like, heterogeneous particle produced as a by-product from the

combustion of pulverized coal during electricity production in thermal power plants (TPPs). Morphologically, fly ash

particles are spherical in shape, with sizes varying from 200 nm to several microns, and structurally have ferrospheres,

cenospheres, aluminosilicate spheres, or plerospheres, and irregular-shaped carbonaceous particles . Fly ash has

almost all the elements present in geological samples—that is, metals, heavy metals, and organic contents. Though the

major composition of fly ash almost remains same throughout the world, the composition still varies based on the source

of coal, their geographical origin, furnace temperature, and the operating conditions of the boiler . As fly ash is derived

from coal, which is rich in minerals, fly ash is also rich in silica, alumina, and ferrous , which are the three major contents

of fly ash. Besides this, CFA also has minor oxides, such as rutile, K O, CaO, Na O, and phosphorous oxides, as well as

traces of Cu, Cr, Zn, Ni, and Mo oxides . In addition to this, fly ash is also loaded with several toxic heavy metals, such

as Al, Ni, Co, Cr, Cd, Zn, Mo, As, and Hg, which categorizes fly ash into “hazardous materials” , and poses a potential

threat to the flora, fauna, and the environment.

Every year, a million tonnes (MTs) of fly ash are produced around the globe, especially in the USA, China, France, and

India . Fly ash is not a serious concern for developed countries, but it poses a potential threat for developing countries

. This is because the fly ash utilization rate of some of developed countries is more than 90%; for instance, France

utilizes almost 100% of fly ash, which indicates complete recycling of the fly ash . At the same time, for a developing

country, such as India, the fly ash utilization rate is 50–60%, whereas for other developing countries, it is below 40%. The

more aggravating situation is the production of millions of tonnes of fly ash every year around the world. Even in the 20th

century, 50% of global fly ash is dumped in the vicinity of TPPs. The dumping of fly ash on fertile agricultural land as

landfills deteriorates hundreds of acres of land every year , which will ultimately lead to a negative impact on the

environment. Moreover, the rainfall on piles of heavy metal-loaded fly ash leads to the leaching of heavy metals into the

soil, groundwater, and ultimately rivers and other water bodies . This will further lead to water pollution and also

poses a potential threat to the aquatic flora and fauna, owing to the increased concentration of heavy metals.

The pollution arising from fly ash might be a negative side, but the presence of valuable minerals (silica, alumina, and

ferrous) in higher compositions is the positive side of fly ash . As fly ash is derived from coal, which has a high

amount of silica, alumina, and ferrous, these elements are also common in the fly ash after combustion . Today, with the

continuous advancement of technology and research and development, these fly ashes have found applications in the

fields of ceramics and construction, adsorbents, fertilizers, landfills, geopolymers, and metallurgy . In ceramics and

construction alone, they are used for making fly ash amended cement, tiles, pavement blocks, dike preparation, and

embankments, among others . Here, however, we are concerned with the recovery and synthesis of alumina, silica,
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and ferrous nanoparticles from fly ash. In the last decade, there has been a tremendous revolution in the field of

nanotechnology and nanoparticles, which has helped it to find applications in the field of catalysis, drug delivery, medicine,

and environmental clean-up . However, as nanotechnology is still in its infancy stage, the synthesis of nanoparticles

involves expensive precursor materials and sophisticated instruments, which makes the final nanoparticles very costly.

Therefore, the nanotechnology replaces the expensive precursor material with waste materials such as agricultural waste

(sugarcane bagasse, rice husk ash, citrus waste) and industrial waste, such as gypsum waste, egg-shell waste , red

mud, and fly ash. If nanoparticles are synthesized from any of the above-mentioned waste, then the final product will be

not only cost-effective, but also eco-friendly thanks to the minimization of the solid waste as pollution.

One such precursor material for the synthesis of silica, alumina, and ferrous nanoparticles is fly ash. Fly ash is a rich

source of ferrous (5–15%), silica (40–60%), alumina (20–40%), and calcium (0.5–15%), based on the types of coal used,

geographical origin, and operating conditions for the combustion of coal in the thermal power plant . Generally, class F

fly ashes are rich sources of ferrous, alumina, and silica, as they are derived from the higher grades of coal—that is,

anthracite and bituminous—whereas class C fly ashes have a lower content of ferro-alumino-silicate (FAS), as they are

derived from the lower grades of coal—that is, sub-bituminous, lignite, and peat. As silica is present in the highest

concentration in all of the fly ashes, most attempts have been made for the synthesis of silica nanoparticles (SiNPs) from

various parts of the globe. The most preferred method for the synthesis of SiNPs from fly ash is the alkali dissolution

method , where the fly ash is treated with 4–16 molarity of sodium hydroxides or potassium hydroxides at a

temperature in the range of 90–100 °C for 1–3 h. Another method for silica nanoparticle synthesis is the alkali fusion

method , where the fly ash is mixed with 4–16 M NaOH or KOH and fusion is done at higher temperatures of 600–1200

°C for 3–8 h in a muffle furnace. The high calcination temperature transforms the inert and crystalline minerals of fly ash

into the reactive phase of Al and Si after reacting with sodium and potassium hydroxides . The advantages of such a

method is that the new products formed after calcination have high reactivity with acids and bases, which drastically

increases the yield of silica. Further, as Al is amphoteric in nature, it can react with both acids and bases, and thus it can

be extracted by treating the fly ash with concentrated mineral acids, such as sulphuric acid (H SO ), hydrochloric acid

(HCl), and nitric acid (HNO ), by keeping 4–16 molarity of acids, at temperatures of 100–130 °C for 1–3 h along with

continuous stirring. Besides this, alumina can be extracted from fly ash by treating it with 4–16 M NaOH (keeping the

solid-to-liquid ratio 1:5) at 90–100 °C for 1–3 h along with continuous stirring . These procedures do not involve any

pretreatment for the elimination of impurities in the form of Fe, Al, Na, Ca, etc., which may contribute, to some extent, to

the final synthesized nanoparticles and make them undesirable.

2. Properties and Applications of Fly Ash

2.1. Morphological Properties of Fly Ash

Fly ash is a sphere-shaped, micron-sized (0.01–100 µ) heterogeneous material, having depositions of mainly Al, Si, Fe

and C in variable compositions on its surface, and closely resembles the volcanic ashes . The fly ash particles can be

either rough or smooth surfaced based on the type of depositions on their surface. Figure 1 show a typical fly ash particle,

which is spherical in shape, whose sizes vary from 0.2 microns to several microns (6 µ). Morphologically, fly ash particles

may have differently shaped particles, which also vary in their elemental composition viz. ferrospheres (ferrous rich

spherical particles) , cenospheres or alumino-silicate spheres  (Al- and Si-rich particles), plerospheres  (larger

spherical particles encapsulate smaller particles), plerospheres, and carbon nanomaterial —i.e., soots, buck balls ,

fullerenes  and unburned carbon, including both organic and inorganic . Figure 1a,b show fly ash plerospheres,

which are thick- and thin-walled. Both the plerospheres have trapped numerous smaller sized spherical particles, along

with gases and minerals. While Figure 1c depicts cenospheres which are spherical in shape, having mainly Al and Si,

along with carbon, on their surface, Figure 1d shows ferrospheres, which have depositions of ferrous on their surface, due

to which they have magnetic properties. The ferropsheres have rough surfaced and dendritic shape on their surface. In

comparison to ferrospheres, cenospheres are lighter in weight  and have high mechanical strength, thermal resistance

and have fireproof property . The globular shape of such microspheres is due to the precipitation of crystalline phases

during the cooling of iron aluminosilicate melt drops of complex composition . The crystallite size and the composition

of the iron-containing phases, that governs the magnetic properties of the microspheres, depend on both the melt

composition and the thermal conditions of microsphere formation . Cenospheres are more dominant structures in the

fly ash , followed by the ferrospheres, which are spherical-shaped ferrous-rich particles, whose sizes fall in the micron

range. The ferrospheres have high depositions of ferrous or Fe, which could be either rough, smooth, elliptical or molten

drop-shaped. Besides cenospheres and ferrospheres there is the third type of micron-sized spherical-shaped particles,

called plerospheres, which are less frequent in fly ash in comparison to the other two forms. These plerospheres

encapsulate several small fly ash particles, minerals and gases inside them during the formation from the molten slag at

high temperature in the furnace . Additionally, there are a large number of carbonaceous nanomaterials, such as
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fullerenes, graphene, soots and unburned irregular-shaped carbon particles in fly ash, formed due to the combustion of

organic and inorganic carbon minerals present in the coal . Such irregular or angular-shaped carbon-rich particles are

shown in Figure 2, taken through Scanning Electron Micrograph (SEM), while the bright colored particles are electron-rich

Fe, Al and Si rich region .

Figure 1. SEM micrograph of fly ash, plerospheres (a,b) cenospheres (c) ferrospheres (d) adapted from Goodzari and

Sanei  and Olga Sharonova et al. .

Figure 2. SEM micrograph of fly ash carbon rich particles adapted from Veranth et al. .

2.2. Elemental Properties of Fly Ash

The mineralogy and composition of fly ash is not constant, rather it varies from place to place, parent coal source,

operating parameters and temperature of TPPs , the extent of coal preparation and cleaning, furnace design, usual

climate storage  and handling. The mineralogical properties determine the crystalline phases of the fly ash, and their

composition varies from 15–45% in the fly ash. Generally, fly ash has silica 40–60%, alumina 20–40% and ferrous 5–15%

by weight fractions . Almost all the fly ash has mullite, quartz, magnetite, hematite and calcite as the common

crystalline minerals . Based on mineral composition and sources of coal, fly ash is categorized into two classes—class

F and class C. The major differences between these two classes of fly ash are described here. The source of class F fly

ash is anthracite and bituminous coal, whereas for class C it is younger lignite and sub-bituminous coal. The lime content

in class F is less than 20%, while class C has more than 20% of it. Ca in class F is mainly present in the form of Ca(OH) ,

CaSO  and glassy components, which is 1–12%, and in class C it is 30–40%. Class C has larger amount of crystalline
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content—i.e., 25–45%—than the class F, which has only 15–45% of the carbon . The class F fly ash has a higher

amount of alkali and sulfate than the class C fly ash. While, for cementing agent, class F requires Portland cement,

hydrated lime and quicklime, whereas class C has self-cementing properties. Class F generally requires an addition of air

entrainer, which is not required by the class C fly ash. When it comes to the application, class F is used in high SO

exposure conditions, has high fly ash content concrete mixes and is explored for the structural and HP concretes.

Whereas class C fly ash is not suitable for high sulfate conditions, limited to low fly ash content concrete mixes are mainly

used for the residential construction.

2.3. Chemical Properties of Fly Ash

The pH of the fly ash tends to vary from acidic to alkaline (4.5 to 12.0), depending on the source of coal and the number of

trace elements in them . Fly ash produced from bituminous coal, is mostly acidic even though it has higher sulfur

content, while alkaline fly ash is produced from the sub-bituminous coal, which has lower sulfur content, and has higher

Ca and Mg content than that derived from bituminous coal . Similarly the electrical conductivity (EC) of fly ash varies

between 0.177 to 14 S/m, which directly corresponds to the quantitative concentration of soluble cations and anions in the

fly ash . Likewise, mineralogy and chemical composition too depend on the various parameters of coal combustion.

Chemically, about 90–99% of the fly ash fraction constitutes oxides of silicon, aluminum, iron, calcium and titanium,

(~0.5% to 3.5%), which are made up of oxides of sodium, potassium, phosphorus, manganese and sulfur , and the

remaining fractions are the trace elements, including rare earth and radioactive elements. As per the universal rule,

smaller particles with higher surface areas than the larger ones are also applicable to the fly ash particles—hence, smaller

fly ash particles tend to accumulate a higher concentration of elements (As, Cd, Cu, Ga, Mo, Pb, S, Sb, Se, Ti and Zn) on

their surface in comparison to the larger fly ash particles . Fly ash particles have both crystalline and glassy amorphous

materials. Silicates are present in crystalline form—i.e., sillimanite and mullite, while most of the silicates are present in

the glass form. The average glass content in U.S. fly ash is 90%, while in Indian fly ash it varies from 49–69% by weight.

This indicates that Indian fly ash has more crystalline content than the U.S. fly ash.

The chemical composition of the core or interior part of the fly ash is almost masked by the depositions of elements on the

surface layer of fly ash particles . Moreover, these surface layers get depositions of various elements during

volatilization and condensation of molten slag in the furnace . It has been reported that the concentration of some of

the elements on the surface layer has many more folds than that of parent coal . All fly ashes derived from different

coal types, have oxides of Fe, Al, Si and varying carbon content.

2.4. Physical Properties of Fly Ash

Based on the percentage of unburned carbon, fly ash color may vary from tan to grey or black . The darker the color of

fly ash, the higher the carbon content . Based on the above fact, it is obvious that lower grades of coal (lignite, sub-

bituminous) having a lesser amount of carbon, will produce light —i.e., tan to buff-colored fly ash —while the higher

grades of coal (anthracite and bituminous), being rich in carbon, will produce dark colored fly ash—i.e., grey to black.

Moreover, calcium oxide content too contributes in the color of fly ash, as lower grades of coal have higher calcium

content than the higher grades of coal, and provide white shade to the fly ash . The specific surface area and the

specific gravity of fly ash tend to vary in the range of 2000 to 6800 cm  per gram and 2.1 to 3.0 g/cm , respectively .

Regarding the particle sizes of fly ash, their composition varies from one geographical area to other, and for instance, the

size of sandy particles is 2–0.5 mm and 4.75–0.075 mm in the U.S. and Indian fly ash, respectively, while the size of silt

particles in U. S. fly ash vary from 0.05–0.002 mm and 0.075–0.002 mm in Indian fly ashes. However, the size of clay

particles in both U.S. and Indian fly ashes are less than 0.002 mm. Sandy particles in U.S. fly ash are sub-divided into

very coarse, coarse, medium, fine and very fine, and their total composition in fly ash is 32.4%, whereas in Indian, fly ash

total composition of sandy particles is 35.69%, which indicates that the Indian fly ashes have 2–4% more sandy particles

than the U.S. fly ashes. The percentage of silty particles in both U.S. fly and Indian fly ash are more than 60%; however,

the U.S fly ash have marginally higher content of silty particles than the Indian fly ash. The average silty content in U.S.

Fly ash is 63.2%, whereas in Indian fly ash it is 62.39%. Clay particles in U.S. fly ash are 4.3% in comparison to Indian fly

ash having 1.91% of the clay. Hence, the U.S. fly ash has a 2–3% higher amount of clay particles than the Indian fly ash

. Variation in fly ash is also seen due to the different structural properties of the particles—i.e., cenospheres ,

plerospheres , ferrospheres  and irregular- or angular-shaped carbon particles , which are already briefly

described in the introduction section. Cenospheres have a bulk density in the range of 0.4–0.6 ton/m  and constitute up to

5% of the total weight of fly ash .
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2.5. Applications of Fly Ash

Fly ash has great importance and numerous advantages either in the bulk form or in their separate natural nanostructured

particles, which is depicted in the Figure 3. Besides, the fly ash also has a higher amount of Si, Al, and Fe that can be

used in hydrometallurgy using the environmentally-friendly approach for the recovery of minerals at an economical cost

. The bulk form of fly ash can be potentially used as a biofertilizer, as it contains a rich source of plant nutrients such

as, Na, Ca, K, P, Zn, Mg, Mn, Mo, etc. Moreover, the zeolites synthesized from fly ash can also be used for the sustained

and controlled release of the N, P, K and other minerals to the plants . In the field of agriculture,  the bulk fly

ash can be used for resource conservation, reclamation of the contaminated sites and restoration of industrial sites .

Besides agriculture, the fly ash also finds application in civil engineering   (bricks, tiles, cements, blocks), tiles ,

brick making, cements, geopolymer , landfills , mining , agriculture river embankments , fillers , panels

and composite materials  and in metallurgy for the recovery of value-added minerals. The natural nanostructured form

of fly ash—i.e., cenospheres, ferrospheres, carbonaceous particles and plerospheres, finds applications in nano-

ceramics, mechanical engineering, construction of lightweight materials  and wastewater treatment. Besides, individual

microspheres are also used for making thermoset plastics, concrete materials, nylon, material for coating , high-density

polyethylene (HDPE), and others. In, hydrometallurgy, the high content of ferrous, alumina and silica in the fly ash, which

is a waste, can possibly be considered as one of the most reliable materials for the recovery of ferrous, alumina and silica

and their derivatives . The recovery of such value-added minerals opens new horizons, as it not only reduces the global

pollution in the form of solid waste but also acts as an alternative material for Si, aluminum and ferrous .

Figure 3. Broad areas of fly ash applications.
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