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Abstract
Coal fly ash (CFA) management has become a global environmental concern due to their impact on the environment and 
the quantities of the waste generated. However, the utilization of CFA as feedstock in industrial processes is considered a 
promising option for managing the waste sustainably. The physical, chemical and mineralogical properties of CFA such as 
morphology, surface area, porosity, and chemical composition (silica, alumina, iron oxide, titania, etc.) makes it a suitable 
feedstock for several industrial processes. Few reports have attempted to summarize the utilization of the waste solely in 
individual sectors. However, little is known about the application of the waste in other sectors such as metallurgy, rare earth 
metals recovery and oil and gas. A multi-industry review of CFA utilization is needed to fully appreciate the myriad uses of 
the waste and identify new knowledge gaps. This review exposes the interconnections between different utilization options 
and identifies research gaps and new possible uses. In addition to the utilization of CFA across multiple industries, the cur-
rent work also highlights the regulations and health implications associated with management of the waste. The findings 
give insight about how existing utilization options can be improved, identifies new sectors where the waste can be applied 
and exposes knowledge gaps to enhance research in the area.

Keywords  Coal · Combustion · Residues · Coal fly ash · Waste · Utilization

Introduction

Coal, a source of fossil fuel is a vital resource needed to 
meet the global energy demand. Consequently, coal combus-
tion residues (CCRs) generation is in an annual exponential 
growth (Asokan et al. 2005). The USA (Mushtaq et al. 2019; 
Harkness et al. 2015), China (Asokan et al. 2005) and India 
(Bhatt et al. 2019a) are known to combust the largest frac-
tion of global coal mined as a source of energy in power 
plants for electric power generation, subsequently generating 
million tons of CCR as shown in Fig. 1. Among the million 
tons of CCRs globally generated per year, coal fly ash (CFA) 
forms about 65–95% (Matzenbacher et al. 2017). Therefore, 
CFA management as waste is an alarming issue that is caus-
ing environmental hazard in terms of soil, water and the air 
pollution that must be addressed (Mushtaq et al. 2019).

Hower et al. (2017) and Blissett and Rowson (2012) 
reported that about 750 million tons of CFAs are globally 
generated per year with an average utilization of about 25%, 
leaving 75% of the waste unutilized. Thus, the rate of CFA 
production far outweighs utilization (Wang et al. 2021) and 
major efforts are needed to tackle this alarming situation. 
Nevertheless, industrial applications must be investigated 
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in order to promote the recycling of the CFA output. New 
avenues and advances are being searched to sustainably 
make use of the waste to curb the adverse environmental 
and ecological effect associated with CFA generation and 
their disposal (Blanco et al. 2005, 2006). Major coal com-
bustion and coal waste production rate at the global scale 
are shown in Table 1.

One way of dealing with the CFA disposal challenge is 
to reduce the huge percentage deficit of unutilized waste by 
adding value through scientific research for industrial reuse 
and recycling (Cao et al. 2008). Thus, a way of providing 
solution to this increasingly urgent problem is utilization 
for industrial purposes. Inadequate recycling and or con-
version technologies are the major limiting factors of the 

waste utilization (Little et al. 2008). Efforts are being made 
to pay attention to high-value novel conventional research 
technologies for the conversion of the wastes into useful 
products for sustainable utilization (Mushtaq et al. 2019). 
Thus, there is the need to develop innovative utilization of 
the coal waste as raw materials for industrial application 
(Sokolar and Nguyen 2018).

Poor CFA disposal is linked to serious health hazards 
such as deoxyribonucleic acid repair mechanism compli-
cations from the polycyclic aromatic hydrocarbons when 
inhaled or consumed into living tissues (Matzenbacher et al. 
2017). These poor disposal practices are equally causing 
significant economic and environmental challenges (Dash 
et al. 2018).

Currently, there is inadequate reviews in discussing the 
technological advancements in CFA utilization across mul-
tiple industrial sectors. There is a strong need to examine 
the applications of CFA holistically to advance research in 
the area, inform stakeholders and to identify the utilization 
gaps that are unexploited. This review investigates literature 
to discuss the characterization and composition of differ-
ent types of CFAs and assesses the existing uses of CFA 
as feedstock for industrial processes. The study highlights 
the utilization of CFAs in various industries and concludes 
by reviewing the regulation and policies in CFA utilization 
and relevant recommendations to advance research in the 
various sectors investigated. The importance of this review 
article is to clarify the state of knowledge, explain appar-
ent contradictions and identify needed research on CFA 
utilization and application in various industries. This study 
achieved this importance by compiling, summarizing, cri-
tiquing and synthesizing the available information on CFA 
utilization and application in various industries. This was 
done with the purpose of making this review article serve 
as a basis for knowledge development, create guidelines for 

Fig. 1   Scanning electron micrographs image of CFA. ( Adopted from 
(Hower et al. 2017))

Table 1   Major coal combustion and coal waste production–world current scenario

Annual coal combuction was calculated based on 60% of CFA generated from 100% coal burnt (Kizgut et al. 2010); Electricity generation was 
calculated based on 15–18.75 tons of coal generates 1 megawatt of electricity (EGAT 2010); Coal fly ash was calculated based on 65–95% of 
CFA contained in ash (Levandowski and Kalkreuth 2009)

Country Annual coal com-
buction (million 
tons)

Electricity generation (megawatt) 
from coal combustion (million tons)

Coal ash pro-
duced (million 
tons)

Coal fly ash 
produced (million 
tons)

Reference

USA 208.3 11.1–13.9 125 81.25–118.75 Kizgut et al. 2010
China 250.0 13.3–16.7 150 97.5–142.5 Cao et al. 2008
India 175.0 9.3–11.7 105 68.25–99.75 Asokan et al. 2005
Europe 166.7 8.9–11.1 100 65–95 Kizgut et al. 2010
South Africa 50.0 2.7–3.3 30 19.5–28.5 Asokan et al. 2005
Australia 21.7 1.2–1.4 13 8.45–12.35 Asokan et al. 2005
Japan 14.7 0.8–1.0 8.8 5.72–8.36 Asokan et al. 2005
Israel 11.7 0.6–0.8 7 4.55–6.65 Asokan et al. 2005
Thailand 6.7 0.36–0.44 4 2.6–3.8 Chindaprasirt et al. 2009



12809International Journal of Environmental Science and Technology (2023) 20:12807–12822	

1 3

policy and practice, provide evidence, highlight research gap 
and engender new ideas for future research directions. This 
review article also provides readers with interpretations and 
highlights complexities that exist in available literature of 
CFA utilization and application. Again, this review article 
sought to identify new patterns in CFA utilization and appli-
cation in various industries that have not been previously 
recognized. This will provide readers a quick way of gaining 
some familiarity with the issues and major contributors in 
CFA utilization as well as providing useful syntheses and 
original insights. These insightful analyses in this review 
article addresses the difficulties in keeping up to date on the 
recent developments with the issues of CFA utilization and 
application due to the growing number of scholarly publica-
tions around the world.

Materials and methods

The study used literature reviews of multi-industrial studies 
on the coal fly ash to discuss the valorization of the waste 
material.

Results and discussion

Origin of coal fly ash (CFA) utilization 
and application

Coal fly ash (CFA) as a coal combustion residue of ther-
mal power plants has been regarded as a problematic solid 
waste all over the world (Yu et al. 2022). CFA utilization and 
application originated as a result of the problems associated 
with the waste’s management processes such as large area 
of land required for disposal and the toxicity associated with 
heavy metal leached to groundwater (Ghazali et al. 2019). 
Since the twelfth century till recent past, large quantities of 
coal fly ashes have been stored in the form of waste heaps or 
deposits, whose contamination poses a serious threat to the 
environment as a major source of inorganic pollution (Akhai 
and Sharma 2019). In recent decades, due to the growth 
of urbanization and industrialization, CFA have not only 
increased in quantity but also undergone changes in proper-
ties and composition (Bhatt et al. 2019b). With the growing 
energy, demand and consequent increase in the use of coal, 
the problem of CFA disposal is expected to worsen (Jain 
and Dwivedi 2014). Therefore, the problem of CFA disposal 
has become a major challenge to environmentalists and sci-
entists. At present, various treatment methods, including 
landfills, resource recycling, and incineration, have been 
applied but not widely investigated (Ghazali et al. 2019). 
In future, due to the increase in the energy demand, CFA 
production is expected to grow, making research into the 

use of this material a necessity and a large-scale application 
of this waste product may be possible for recovery of heavy 
metals, reclamation of wasteland and floriculture (Franus 
et al. 2015). However, it has been recognized worldwide 
that improper utilizations of the waste such as an enormous 
amount of fossil fuels have created various adverse effects 
on the environment, including acid rain and global warm-
ing (Ghazali et al. 2019). In recent times, there is a number 
of possible fly ash applications, on average, only 25% is 
utilized, the rest is considered a pollutant and disposed of as 
waste (Franus et al. 2015). Hence, the recent research onto 
CFA has been focused on its novel applications. In addition, 
most of the investigations on CFA utilization and applica-
tion originated from exploratory coal samples that have been 
laboratory ashed for analytical investigations, not from coal 
fly ash stockpiles (Bhatt et al. 2019b).

Characterization of coal fly ash (CFA)

CFA are mostly characterized by their physical and chemi-
cal/mineralogical properties (Jayaranjan et al. 2014) and 
these properties have been investigated as shown in Table 1. 
The production and utilization of CFA cannot be durably 
isolated from their physical and chemical properties (Eze 
et  al. 2013). CFA from different sources have different 
characteristics (Sokolar and Nguyen 2018). CFA may have 
different properties in terms of quantity and quality that is 
mostly influenced by method used in the coal mining and 
coal chemical content; properties of CFAs are not uniform in 
nature (Asokan et al. 2005). In CFA utilization, the physical 
and chemical properties are essential in order to determine 
their pozzolanic activity and reactivity (Blanco et al. 2005). 
These properties of CFA give wide freedom in planning 
their utilization and the properties can be further improved 
by incorporating value addition approaches. For example, 
the success of CFA value addition approach in sintering 
(Biernacki et al. 2008) was found to be strongly depended 
on the properties of the fly ash.

Physical characteristics of coal fly ash

CFAs exist as solid powder at room temperature and are 
composed of microscopic spheres (as shown in Fig. 1) (Dai 
et al. 2010). The physical properties that include morphol-
ogy, surface area and porosity make them effective material 
for wastewater treatment (Mushtaq et al. 2019). Other physi-
cal properties of CFA such as sphericity (as shown in Fig. 2), 
porosity, nontoxicity, lightweight, and high strength is makes 
the waste effective material for different applications (Joo 
et al. 2014). The ranges of the physical properties of CFA 
include 2.10–2.81 for specific gravity, 0.001–0.075 mm for 
particle size distribution (Prezzi and Kim 2008), 7.75 wt% 
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for moisture content, 1.12–1.28 g cm−3 for bulk density and 
1.0–9.44 m2 g−1 for specific surface area (Theis and Gardner 
2009).

Matsunaga et al. (2002) classified CFA into two types 
based on their physical properties; precipitator and ceno-
sphere. The precipitators are solid and spherical in shape 
with a density range of 2.0–2.5 g cm−3. The cenospheres 
are hollow in shape (as shown in Fig. 3) which have densi-
ties less than 1.0 g cm−3. The precipitator fly ash has been 
identified to improve various quality parameters of selected 

matrix materials, including stiffness, strength, wear resist-
ance and density while the cenosphere fly ash can be used 
for the synthesis of ultra-light composite materials due to its 
significantly low density (Matsunaga et al. 2002).

Chemical and mineralogical properties of coal fly 
ash

The chemical and mineralogical compositions of CFA dif-
fer enormously from one source to another as shown in 
Table 2. CFA contain largely silica, iron, aluminum, cal-
cium and other inorganic elements. Mineralogically, CFAs 
are typically composed of amorphous materials and crys-
talline mineral components (Dai et al. 2010). The chemi-
cal and mineralogical compositions of CFA particles have 
effect on the mechanical properties of recycled products 
(Aldahri et al. 2017; Manz 1997). The presence of certain 
elements such as quartz, mullite, calcite (Dai et al. 2010), 
corundum (Asl et al. 2018), hematite, graphite, Sillimanite 
(Flores et al. 2008), magnetite, ferrite, rutile (Vassilev and 
Vassileva 2007) are important properties that have effect in 
CFA utilization. Thus CFA is a silico-aluminate material 
consisting of SiO2, Al2O3, Fe2O3 as the major constituents 
and varying amount of CaO, MgO, SO3

− (Izquierdo et al. 
2008; Khatri and Rani 2008; Mardon et al. 2008). According 
to the (U.S., Department of Energy 2011), CFAs are poten-
tial sources of rare earth elements. However, a literature 
survey by Belardi et al. (2014) revealed that not much work 
has been done on characterization of rare earth elements 
in CFAs. Rare earth elements are useful resources that are 

Fig. 2   Microstructure of CFAs 
showing spherical, hollow 
shaped and cenospheres in 
nature.  (Adopted from (Asokan 
et al. 2005))

Fig. 3   FESEM image of cenosphere CFA.  (Adopted from (Chen 
et al. 2010))



12811International Journal of Environmental Science and Technology (2023) 20:12807–12822	

1 3

Ta
bl

e 
2  

T
he

 c
he

m
ic

al
 a

nd
 m

in
er

al
og

ic
al

 c
om

po
si

tio
n 

of
 d

iff
er

en
t g

ra
de

s o
f C

FA

C
FA

 o
rig

in
C

om
po

si
tio

n 
(%

)
Re

fe
re

nc
e

Si
O

2
A

l 2O
3

C
aO

Fe
2O

3
M

gO
N

a 2
O

K
2O

Ti
O

2
L.

O
.I

O
th

er

Sp
ai

n
45

.4
 (w

t%
)

24
.9

 (w
t%

)
5.

5 
(w

t%
)

16
.8

 (w
t%

)
1.

1 
(w

t%
)

0.
2 

(w
t%

)
1.

5 
(w

t%
)

0.
8 

(w
t%

)
2.

7 
(w

t%
)

SO
3-

0.
9 

(w
t%

)
Q

ua
rtz

 -6
.8

 
(w

t%
), 

M
ul

lit
e 

-1
7.

6 
(w

t%
), 

G
la

ss
 -6

1.
5 

(w
t%

), 
M

ag
-

ne
tit

e 
-1

2.
8 

(w
t%

)

O
ue

ra
lt 

et
 a

l. 
19

97

In
di

a
38

.5
–4

0.
9 

(w
t%

)
20

.6
–2

3.
3 

(w
t%

)
1.

3–
2.

5 
(w

t%
)

6.
6–

11
.0

 
(w

t%
)

15
.4

–2
5.

9 
(w

t%
)

1.
1–

4.
3 

(w
t%

)
0.

2–
2.

9 
(w

t%
)

0.
3–

1.
3 

(w
t%

)
C

EC
-2

.9
 

(c
m

ol
c 

kg
−

1 )
pH

- 1
1.

1

Ze
ve

nb
er

ge
n 

et
 a

l. 
19

99

D
an

is
h

39
.4

–4
0.

3 
(w

t%
)

25
.7

–2
7.

7 
(w

t%
)

2.
2–

2.
5 

(w
t%

)
8.

8–
11

.4
 

(w
t%

)
15

.1
–1

8.
6 

(w
t%

)
1.

3–
2.

3 
(w

t%
)

0.
1–

0.
3 

(w
t%

)
C

EC
-2

.1
 

(c
m

ol
c 

kg
−

1 )
pH

- 1
2.

3
Te

nn
es

se
e,

 
U

SA
54

.3
6 

(w
t%

)
28

.2
 (w

t%
)

2.
06

 (w
t%

)
8.

66
 (w

t%
)

1.
02

 (w
t%

)
0.

32
 (w

t%
)

2.
33

 (w
t%

)
1.

35
 (w

t%
)

C
-4

.0
9 

(w
t%

)
B

ie
rn

ac
ki

 e
t a

l. 
20

08
V

ic
to

ria
, 

A
us

tra
lia

2.
4 

(%
 b

y 
m

as
s)

1.
2 

(%
 b

y 
m

as
s)

30
.6

 (%
 b

y 
m

as
s)

8.
2 

(%
 b

y 
m

as
s)

16
.4

 (%
 b

y 
m

as
s)

4.
3 

(%
 b

y 
m

as
s)

0.
3 

(%
 b

y 
m

as
s)

22
.6

 (%
 b

y 
m

as
s)

 a
t 

10
00

 °C

G
up

ta
 e

t a
l. 

20
20

V
ic

to
ria

, 
A

us
tra

lia
21

.2
 (%

 b
y 

m
as

s)
4.

3 
(%

 b
y 

m
as

s)
14

.9
 (%

 b
y 

m
as

s)
6.

4 
(%

 b
y 

m
as

s)
11

.6
 (%

 b
y 

m
as

s)
0.

5 
(%

 b
y 

m
as

s)
0.

2 
(%

 b
y 

m
as

s)
36

.3
 (%

 b
y 

m
as

s)
 a

t 
10

00
 °C

Lo
ui

si
an

a,
 

U
SA

37
.7

7 
(w

t%
)

19
.1

3 
(w

t%
)

22
.4

5 
(w

t%
)

7.
33

 (w
t%

)
4.

81
 (w

t%
)

1.
8 

(w
t%

)
0.

17
 (w

t%
) a

t 
90

0 
°C

 4
 h

D
ia

z 
et

 a
l. 

20
10

Te
xa

s, 
U

SA
55

.6
1 

(w
t%

)
19

.8
7 

(w
t%

)
12

.9
3 

(w
t%

)
4.

52
 (w

t%
)

2.
49

 (w
t%

)
0.

67
 (w

t%
)

0.
86

 (w
t%

)
0.

22
 (w

t%
) a

t 
90

0 
°C

 4
 h

Lo
ui

si
an

a,
 

U
SA

58
.5

2 
(w

t%
)

20
.6

1 
(w

t%
)

5 
(w

t%
)

9.
43

 (w
t%

)
1.

86
 (w

t%
)

0.
52

 (w
t%

)
0.

05
 (w

t%
) a

t 
90

0 
°C

 4
 h

Te
xa

s, 
U

SA
48

.7
 (w

t%
)

16
.6

 (w
t%

)
1.

97
 (w

t%
)

6.
93

 (w
t%

)
3.

91
 (w

t%
)

0.
49

 (w
t%

) a
t 

90
0 

°C
 4

 h
O

hi
o,

 U
SA

55
.0

7 
(w

t%
)

28
.6

1 
(w

t%
)

19
.1

3 
(w

t%
)

6.
22

 (w
t%

)
1.

08
 (w

t%
)

0.
38

 (w
t%

)
2.

63
 (w

t%
)

1.
82

 (w
t%

) a
t 

90
0 

°C
 4

 h
A

stu
ria

s, 
Sp

ai
n

51
.5

6 
(w

t%
)

29
.2

4 
(w

t%
)

2.
6,

 1
.8

 (w
t%

)
6.

7,
 6

.8
 (w

t%
)

1.
7,

 1
.8

 (w
t%

)
0.

46
, 1

.2
 

(w
t%

)
2.

5,
 4

.3
 (w

t%
)

3.
9,

 3
.4

 (w
t%

) 
at

 9
00

 °C
 

4 
h

B
la

nc
o 

et
 a

l. 
20

06



12812	 International Journal of Environmental Science and Technology (2023) 20:12807–12822

1 3

Ta
bl

e 
2  

(c
on

tin
ue

d)

C
FA

 o
rig

in
C

om
po

si
tio

n 
(%

)
Re

fe
re

nc
e

Si
O

2
A

l 2O
3

C
aO

Fe
2O

3
M

gO
N

a 2
O

K
2O

Ti
O

2
L.

O
.I

O
th

er

A
stu

ria
s, 

Sp
ai

n
63

, 6
2 

(w
t%

)
18

, 1
3 

(w
t%

)
1.

3,
 0

.5
 (w

t%
)

2.
2,

 1
.8

 (w
t%

)
0.

6,
 0

.5
 (w

t%
)

0.
27

, 0
.2

8 
(w

t%
)

1.
4,

 1
.8

 (w
t%

)
12

.1
, 1

1.
0 

(w
t%

) a
t 

90
0 

°C
 4

 h

B
la

nc
o 

et
 a

l. 
20

06

M
on

go
lia

, 
C

hi
na

29
.4

7 
(m

as
s, 

%
)

Fl
y

51
.7

2 
(m

as
s, 

%
)

Fl
y

5.
21

 (m
as

s, 
%

)
Fl

y

2.
25

 (m
as

s, 
%

)
Fl

y

0.
15

 (m
as

s, 
%

)
Fl

y

0.
05

 (m
as

s, 
%

)
Fl

y

0.
35

 (m
as

s, 
%

)
Fl

y

1.
83

 (m
as

s, 
%

)
Fl

y

8.
58

 (m
as

s, 
%

)
Fl

y

M
nO

-0
.0

3 
(m

as
s, 

%
)

Fl
y

D
ua

n 
et

 a
l. 

20
16

O
nt

ar
io

, 
C

an
ad

a
41

.7
8 

(w
t%

)
19

.6
1 

(w
t%

)
13

.6
4 

(w
t%

)
5.

79
 (w

t%
)

3.
23

 (w
t%

)
0.

94
 (w

t%
)

1.
1 

(w
t%

)
1.

39
 (w

t%
)

3 
(w

t%
) m

ul
-

lit
e

B
ha

tt 
et

 a
l. 

20
19

a
Q

ue
en

sl
an

d,
 

A
us

tra
lia

50
 (%

 b
y 

m
as

s)
28

 (%
 b

y 
m

as
s)

6.
5 

(%
 b

y 
m

as
s)

12
 (%

 b
y 

m
as

s)
0.

6 
(%

 b
y 

m
as

s)
0.

2 
(%

 b
y 

m
as

s)
1.

5 
(%

 b
y 

m
as

s)
B

ak
ha

re
v 

20
05

C
hi

na
48

.2
 (w

t%
)

18
.4

0 
(w

t%
)

19
.6

 (w
t%

)
3.

7 
(w

t%
)

1.
1 

(w
t%

)
SO

3 -
1.

1 
(w

t%
)

Y
u 

et
 a

l. 
20

22

Pt
ol

em
ai

s 
ar

ea
36

.9
2 

(%
 b

y 
m

as
s)

13
.3

5 
(%

 b
y 

m
as

s)
29

.7
9 

(%
 b

y 
m

as
s)

7.
06

 (%
 b

y 
m

as
s)

2.
69

 (%
 b

y 
m

as
s)

0.
92

 (%
 b

y 
m

as
s)

0.
5 

(%
 b

y 
m

as
s)

Li
 e

t a
l. 

20
13

M
on

go
lia

, 
C

hi
na

51
.9

0 
(w

t%
)

37
.4

 (w
t%

)
D

ai
 e

t a
l. 

20
10

65
.1

3 
(w

t%
)

20
.5

8 
(w

t%
)

5.
38

 (w
t%

)
0.

46
 (w

t%
)

0.
24

 (w
t%

)
pH

- 8
.1

5
Ti

w
ar

i a
nd

 
Sa

xe
na

 1
99

9



12813International Journal of Environmental Science and Technology (2023) 20:12807–12822	

1 3

recovered and widely utilized for their benefits as presented 
in Table 3. Another important chemical composition of CFA 
is the Carbon component.

Aldahri et al. (2017) reported that CFAs containing less 
than 5 wt% carbon are valuable raw material to produce con-
struction products. The Carbon content of CFA as a chemi-
cal property makes it necessary to characterize CFAs into 
unburnt coal fly ash (UCFA), which is obtained from an inef-
ficient combustion of the coal (Hower et al. 2017). UCFA 
has been studied as a non-uniform, monotone entity possess-
ing some adsorbent properties (Bartoňová et al. 2011). How-
ever, UCFA has been identified with a number of limitations 
in its utilization compared to pure CFA in terms of serving 
as a precursor for cement production (Hower et al. 2017).

Class C coal fly ash

CFAs that are classified as class C fly ash contains 15–30% 
of calcium hydroxide or lime and they are produced from 
the combustion of lignite and sub-bituminous coals (Li et al. 
2013). Class C CFAs possess pozzolanic and cementitious 
properties with lower content of silica and alumina, (Gupta 
et al. 2020; Yu et al. 2022). These properties of class C fly 
ash have been identified to lead in the formation of calcium 
silicate hydrate compounds in addition to the geopolymer 
gel products in augmenting the mechanical strength of the 
hardened matrix (Diaz et al. 2010).

Class F coal fly ash

Class F CFAs contain more silica, alumina and iron 
oxide and they are produced as a result of combustion of 

anthracite, bituminous or sub-bituminous coal in a low lime 
(0–7%) (López-Antón et al. 2006). The amount of calcium 
is one main feature that distinguish between class F fly ash 
and class C fly. Class F contains higher amount of calcium 
than class C (Li et al. 2013). F-type fly ash has been found 
to contain more than 70% of SiO2 and Al2O3, thus they are 
more enriched in silica, alumina, ferric oxide, calcium oxide 
and other metal oxides. Class F are mostly being used in 
research works as solid support for loading MgO (Jain and 
Rani 2011). The chemical and mineralogical properties of 
different CFA are shown in Table 2.

Coal fly ash utilization and application

The utilization and application of CFA has been identified as 
the most promising method to manage the waste and reduce 
environmental pollution (Gitari and Akinyemi 2018; Chin-
daprasirt et al. 2009). Reusing and recycling these hazard-
ous waste through development of value-addition is helpful 
in reducing environmental pollution (Mushtaq et al. 2019). 
However, global utilization and application of CFA has been 
pegged at 15% (Sokolar and Nguyen 2018). This section 
therefore investigates CFA utilization and application in 
various industrial sectors.

Construction

About 23% of the total CFA utilization in the construction 
industry is used in producing Portland cement, concrete, 
wallboard, roofing granules, segregate for paving materials 
and asphalt filler (Tenenbaum 2009). Using CFA to partially 

Table 3   Rare earth elements 
and their applications (Belardi 
et al. 2014)

Rare earth element Main applications

Cerium Glass industry, ceramics, catalysts, metallurgy
Dysprosium Automotive industry, ceramics, permanent magnets
Erbium Glass coloring, amplifier in fiber optics, lasers for medical use
Europium Phosphors, plasma screens, surgical use
Gadolinium Magnetic resonance, computer tomography
Holmium Magnetic fields, laser for microwave equipment
Lanthanum Fluid cracking catalysts, hydrogen storage batteries, laser crystals
Lutetium X-ray phosphors
Neodymium Automotive industry, lasers, glass coloring, dielectrics, permanent magnets
Praseodymium Ceramics, telecommunication systems, medical cat scans
Promethium Beta radiation, light and portable X-ray sources, nuclear batteries
Samarium Lasers, electronic equipment, microwave technologies, permanent magnets
Scandium Ceramics, lasers, phosphors
Terbium Fluorescent lamps, X-ray phosphors, magneto–optic recording films
Thulium Lasers, portable X-ray sources, microwave technologies
Yttertbium Fibre optic technologies, lasers, thermal barrier systems
Yttrium Ceramics, phosphors, plasma screens, automotive fuel consumption sensors
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replace cement saves energy because, unlike Portland 
cement, it does not rely on heating for its cementitious prop-
erties (Sokolar and Nguyen 2018). The use of CFA in con-
crete to replace cement also reduces the emission of about 
60% CO2 that is produced in the process of cement produc-
tion as a by-product of calcination (Tenenbaum 2009).

In construction, CFA are used to optimize the strength, 
durability, and economics, reduce heat generation during set-
ting, reduce permeability to keep chlorides away from steel 
reinforcement and prevent corrosion (Sokolar and Nguyen 
2018). Acar and Atalay (Acar and Atalay 2016) discovered 
the potential use of CFAs for the production and recovery 
of cenospheres for fillers and reinforcements. However, 
depending on the different characteristics of the CFA, the 
yield and recovery potential of the recovered cenospheres 
may vary significantly in contents through density and size, 
hence there is the need to further conduct investigations into 
the recovery potentials to maximize the quality.

CFA has also been innovatively used in the manufactur-
ing of alternative binders termed geopolymer that is resistant 
to fire and acid with high compressive strength, low shrink-
age, and solidification of heavy metal wastes (Bakharev 
2005). The mechanical properties and microstructural char-
acteristics reveals that CFA-based geopolymers increases 
in compressive strength after curing at 70 °C for 24 h (Li 
et al., 2013). Presently, efforts are being made to investigate 
the consistency of the compression strength when different 
classes of CFA are used (Li et al., 2013).

CFAs that are high in carbon content and have large par-
ticle mean diameter have been identified as reject fly ash 
(rFA) (Yu et al. 2022). These rFA were previously unable 
to be used as producing cement materials due to their char-
acteristics, but current studies are developing novel ways 
to upgrade the coarse part of rFA to reuse them as cement 
systems by blending the coarse fraction of the waste with 
ordinary cement to enhance the mechanical and hydra-
tion properties of the cementitious materials. Results have 
revealed that these novel ways of upgrading CFAs in the 
construction industry is relatively cheap and drastically 
improves the overall performances of the waste containing 
cements (Yu et al. 2022).

Electronics

CFAs are potential sources of rare earths (Binnemans et al. 
2013). Rare earth elements recovered from CFAs makes 
the coal waste essential raw material in electronics and 
many high-tech components (Xie et al. 2014). Hatch (2012) 
revealed that the global demand of rare earth elements is 
about 105 kt per year as shown in Table 4 and this demand 
is expected to grow. Rare earth elements are mostly needed 
in the production of magnets, metal alloys, catalysts, pol-
ishing powders, phosphors, glass additives, ceramics and 

energy-efficient fluorescent lighting (Chakhmouradian and 
Wall 2012). There were however, efforts to fund projects 
to develop technologies needed to separate and extract rare 
earths from CFA (Erickson 2018). It has been deduced that 
if researchers can develop technology to extract them eco-
nomically, the generated revenue could offset some of the 
cleanup costs currently borne by the coal industry and some 
of the revenues could be used to fund other CFA utilization 
projects (Erickson 2018). Rare earth extraction process was 
dependent on a number of factor such as the acid strength, 
time and temperature (Wu et al. 2012). Xie et al. (2014) 
has reviewed that rare earth separation and recovery in CFA 
is possible with cation or anion exchangers and solvation 
extractants. The U.S. Department of Energy agency is cur-
rently funding many major projects in the area of rare earth 
extractions from coal wastes and their characterization in 
various coal-based materials. Additional research is required 
to demonstrate that these extraction processes are feasible, 
efficient and economical when scaled up for commercial 
purposes (Erickson 2018). Recovery efforts need to focus 
on optimizing the separation and extraction of rare earths 
from CFA with the highest concentrations of the rare earths.

Mining

CFA is widely recognized as a mineral resource because of 
its high alumina content that makes the waste a substitute for 
bauxite in mining areas (Ding et al. 2016). Alumina extrac-
tion from CFA has received a global attention but studies 
reveal that the recovery technologies have been slowly devel-
oped due to inadequate studies (Ding et al. 2016). Together 
with the environmental impact of CFA utilization that is 
now fully recognized, alumina recovery from fly ash is cur-
rently an important CFA utilization in the mining industry. 
However, innovative methods are required to for the alumina 

Table 4   Global rare earth demand in 2011 (in tonnes of 
TREO ± 15%) (Hatch 2012)

End use China USA Japan and SE 
Asia

Others Total

Permanent 
magnets

16,500 500 3500 500 21,000

Metal alloys 15,000 1000 4000 1000 21,000
Catalysts 11,000 5000 2000 2000 20,000
Polishing pow-

ders
10,500 750 2000 750 14,000

Phosphors 5000 500 2000 500 8000
Glass additives 5500 750 1000 750 8000
Ceramics 3000 1500 2000 500 7000
Other 3500 500 1500 500 6000
Total demand 70,000 10,500 18,000 6500 105,000
Market share 68% 10% 16% 6% 100%
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extraction but this is again limited by the little knowledge 
in the characteristics of the various coal fly ash produced in 
different parts of the world (Eze et al. 2013). It is therefore 
necessary for research institutions to fund and conduct more 
investigations to characterized coal fly ash from different 
production sites to enhance an optimal alumina recovery. 
Other mining utilization of CFA include dumping and refill-
ing mining cavities with the waste but environmental spe-
cialists mostly criticize this application as an environmental 
hazard. For example, it has been observed that when CFAs 
are used to fill abandoned mines and quarries, the leachates 
that are generated which are mostly toxic acids often drain 
from these sites into nearby waters or into the groundwater 
resulting in significant contaminations (Theis and Gardner 
2009).

Wastewater treatment

Pollution of water bodies with dye chemicals and heavy 
metals from industrial wastewater remains a critical envi-
ronmental problem. Research and innovation is required 
to develop plausible techniques to remove the pollutants 
prior discharge (Visa et al. 2015). Economically, pollutants 
removal using adsorbents developed from cheap but effi-
cient materials such as CFA is very attractive (Visa et al. 
2010). Shannon et al. (2010) investigated water purification 
technologies and explained that there is the need for incred-
ible studies to be carried out to develop robust and novel 
treatment techniques at low cost and minimal energy. The 
use of CFA in wastewater remediation is an essential tech-
nique to remove pollutants from wastewaters (Mushtaq et al. 
2019). Most of the commercially available adsorbents used 
for water treatment require additional separation system that 
increases treatment cost. The incorporation of CFA in adsor-
bent fabrication through polymer matrix can produce stable 
and reusable adsorbent material for water treatment without 
any need for additional separation system (Joo et al. 2014). 
The properties of CFA in adsorbent fabrication can further 
be improved by incorporating them into polyurethane mem-
brane fibers as increasing surface-area-to volume ratio could 
provide a sufficient area for interaction without agglom-
eration of nanoparticles during water treatment (Joo et al. 
2014). CFA utilization in wastewater treatment is therefore a 
potential cost effective material that could help reduce envi-
ronmental pollution (Mushtaq et al. 2019).

In the sanitation and waste management industry, dry 
materials of CFA are often added to stabilize sludge and 
as a cheaper source of adsorbents to remove heavy metals 
prior to transport into landfill storage (Khatri et al. 2010a). 
CFA utilization in wastewater treatment also provides an 
economic value and a cheaper chemical conditioning mecha-
nism when used in activated sludge technology to dewater 
sludge by destroying the colloidal frame and flocculate the 

sludge flocs. Evidences of this mechanism by Yang et al. 
(2005) has proven that sewage sludge conditioned with 
CFA had the dewaterability greatly improved; whereas an 
advanced investigation by Chen et al. (2010) after an acid 
modification of the CFA prior sludge conditioning demon-
strated superior dewatering properties. However, there is 
inadequate information on the characteristics of the resi-
dues after dewatering with the modified CFA acid and this 
exposes a research gap to determine the fate of the residues.

Another investigation in the use of CFA as microspheres 
in water treatment via a layer-by-layer (LBL) assembling 
presented an efficient photocatalytic degradation efficiency 
(Chen et al. 2018). This activity was attributed to a fast 
charge-carrier transfer, a reduction of charge recombination 
rate, an improved light harvesting and larger specific surface 
area characteristics of the CFA (Chen et al. 2018). The study 
provided insights into further investigations required for the 
synthesis of high-performance photocatalysts and structural 
design of composites from CFAs that could yield optimal 
separation properties of nanomaterials anchored as pollut-
ants in wastewater. The increasing demand for these CFA 
based porous catalysts has led to more resounding investiga-
tions as alternative materials with comparative efficiencies.

Studies have also revealed that apart from providing cost 
effective benefits in the sanitation and waste management 
industry, CFA possess unique properties of high porous 
structure, large surface area, tunable pore size and alumino-
silicate compounds that makes the waste a potential material 
to replace commercially used expensive supports such as 
pure SiO2, TiO2, ZrO2 and Al2O3 (Jala and Goyal 2006). In 
order to develop selective catalytic materials from CFA for 
various wastewater treatment applications, such as acyla-
tion reactions (Rani et al. 2013), benzylation (Khatri et al. 
2010a), oil of wintergreen (Khatri and Rani 2008), some 
types of condensation reactions studied under liquid phase 
conditions (Jain and Rani 2011), catalytic combustion of 
methane (Arandiyan et al. 2013a, 2013b) syngas production 
(Khalesi et al. 2008) and photo-degradation of RB (Wang 
et al. 2013), addition of proper catalyst promoters and con-
ducting suitable activation process needs to be extensively 
studied.

An evaluation demonstrated that, the amorphous geopoly-
mer is effective and have much higher removal efficiency 
compared to the raw fly ash as a sorbent material for copper 
(Al-harahsheh et al. 2015) and lead (Al-zboon et al. 2011). 
However, the removal efficiency is affected by solid/liquid 
ratio, temperature, reaction time, and Cu2+ initial concen-
tration (C0). Therefore, further research in optimizing these 
factors could yield a CFA product with a superior removal 
capacity for the sanitation industry. A feasibility study, using 
CFA to indigenously develop fly ash membrane in munici-
pal wastewater treatment has also been reported (Nambu-
rath et al. 2015). Reported results revealed that the fly ash 
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membranes could withstand pressures of 760 mm Hg. At a 
constant filtration rate, the membrane bioreactor was found 
to delay the fouling process as expected in an efficient mem-
brane while the membrane fouling took longer time in the 
systems to operate at higher air flowrates due to better scour-
ing action of the air bubbles. It is however crucial to further 
investigate the durability and the compression strength of the 
Fly Ash Membranes for industrial use especially as the loads 
in the wastewater industry tend to be huge and highly turbid.

The low carbonation rate and efficiency properties of 
CFA without pre-treatment makes the waste a potential 
source of highly reactive feedstock for CO2 mineral carbona-
tion or sequestration by direct mineralization in wastewa-
ters but this phenomenon is highly sensitive to temperature, 
solid to liquid ratio and gas flow rate (Ji et al. 2016). Hence, 
wide investigations are required to optimize the conditions 
to improve the CFAs ability to sequestrate CO2 by direct 
mineralization.

Chemical and pharmaceutical

The search of new applications of CFA for catalyst devel-
opment to replace homogeneous acids such as H2SO4, 
H3PO4 (Khatri and Rani 2008) and hetero-poly acids such 
as H3PW12O40 (Peng and Song 2000) in esterification reac-
tions is highly needed in the chemical and pharmaceutical 
industry. The catalytic role of activated fly ash for different 
reactions in the chemical and pharmaceutical industry such 
as oxidation, chlorination and condensation of short chain 
olefins (Ahubelem et al. 2015; Kastner et al. 2003) is well 
documented in literature. In pharmaceutical studies, CFA 
has been used to develop several solid acid catalysts in the 
synthesis of aspirin (Khatri and Rani 2007, 2008), oil of 
wintergreen (Khatri and Rani 2008), 3,4-dimethoxyaceto-
phenone (Khatri et al. 2010b) (anti neoplastic) and diphe-
nylmethane (Khatri et al. 2010a). CFA has been used as 
solid support in the synthesis of 2-mercaptobenzothiazole 
derivatives under microwave irradiation (Narkhede et al. 
2007). However, the utilization of fly ash as heterogeneous 
solid acid catalyst is not fully exploited.

Esterification products such as Acetylsalicylic acid made 
from CFA have wide applications in the chemical and phar-
maceutical industry for the production of flavors, perfumery 
chemicals and drugs (Mirafzal and Summer 2000). Acetyl-
salicylic acid is generally synthesized by esterification of 
salicylic acid with acetic anhydride using acid catalyst such 
as H2SO4, H3PO4 (Borer 2000). Result of a chemical activa-
tion of CFA using sulfuric acid followed by a thermal treat-
ment at 600 °C has being reported to be successful in syn-
thesizing nano-crystalline activated fly ash catalyst (AFAC) 
with crystallite size of 12 nm (Khatri and Rani 2008). The 
AFAC has proven to demonstrate superior characteristics of 
amorphous nature due to high silica content (81%) and high 

BET surface area (120 m2/g), making the catalyst a highly 
active product for industrial use. Rani et al. (2013) have suc-
cessfully converted CFA into an efficient solid Lewis acid 
catalyst by loading scandium triflate in a thermal and chemi-
cal activation to achieve a conversion up of 84%.

CFA has also been successfully used in the synthesis of 
a fly ash-supported cerium triflate catalyst (CFT) by load-
ing cerium triflate (7 wt%) on an efficient solid Lewis acid 
activated with fly ash with high silica content of 81% (Khatri 
et al. 2010b). The catalytic activity of the CFA product was 
very high, corresponding to high conversion (88%) of vera-
trole to 3,4-dimethoxyacetophenone. However, the increased 
concentration of silica surface hydroxyl groups on activated 
fly ash have a major influence on the quality and yield of 
the CFT and therefore further investigations are needed to 
optimize production.

CFA coated with chitosan, has been found to be effec-
tive as an adsorbent on chemical ions in aqueous solutions 
(Adamczuk and Kołodyńska 2015). Further investigation of 
the adsorption isotherms, initial concentration, pH, contact 
time, temperature and adsorbent dosage revealed that the 
CFA adsorption process was endothermic, favorable and 
spontaneous but the adsorption capacity decreased when 
temperature was increased. Similar application of CFA reuse 
in the preparation of porous fly ash/NiFe2O4 composite by 
calcination method has been reported (Sonar et al. 2014). 
The composites were used as adsorbents for the separa-
tion of Congo red dye from aqueous solution. The results 
revealed that the adsorption capacity of the CFA composites 
reached a magnitude of 23.33 mg g−1, which is much higher 
than individual fly ash, pure NiFe2O4 or other composites. 
This could be a very useful phenomenon in the chemical 
industry because the sorption data gave a good fit with a 
pseudo-second-order kinetic model (Sonar et al. 2014). 
This outcome establishes the fact that, CFA composites are 
promising adsorbents and hence the need to conduct further 
investigations in their sustainable use for the chemical and 
pharmaceutical industry and other possible applications.

CFA for industrial use could be easily regenerated and 
reused, giving similar conversion up to three reaction cycles 
(Rani et al. 2013). Literature has also shown that CFA uti-
lization in catalyst development has the potential of replac-
ing conventional environmentally hazardous homogeneous 
liquid acids, making it an ecofriendly, solvent free and a 
solid acid based catalytic process in the chemical and the 
pharmaceutical industry (Khatri and Rani 2008). However, 
further research is required to maximize the conversion rates 
to establish a sustainable and efficient industrial use.

Agriculture

CFAs are used as acid neutralizing agents in agriculture and 
as feedstock to produce sulfate fertilizers (Wang et al. 2021). 
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The advantages and disadvantages of CFA applications in 
agriculture especially to improve soil fertility have also been 
investigated (Dzantor et al. 2015). However, ecological stud-
ies and environmental impact assessments on heavy metals 
and toxic element accumulations in the crops and agricul-
tural products needs to be conducted to enable safe applica-
tion of CFAs and CFA based products in agriculture.

A greenhouse study conducted in ameliorating the low 
pH of acidic coal mine soils showed that lime and fly ash 
could significantly increase soil pH above ground plant bio-
mass and root biomass (Awoyemi et al. 2019). CFA has been 
utilized as a base for growing corn and results generated 
greater yield that was attributed to the higher water holding 
capacity of the fly (Wang et al. 2020). However, there was 
boron present in corn leaves when fly ash mix was used 
and therefore further evaluation studies in metal assessment 
needs to be conducted when using the waste to grow crops. 
Again, a study by Sale et al. (1996) demonstrated that the 
application of unweathered CFA from a western Canada 
power plant successfully increased both plant height and 
grain yield of Barley (Hordeum vulgare) which was grown 
on the mixtures of the waste in a greenhouse.

Ceramics

The production of conventional ceramics is an important 
utilization for CFA since this application uses large quanti-
ties of the waste as raw materials in the ceramic produc-
tion (Sokolar and Nguyen 2018). This then demands a wide 
research on CFA utilization in ceramics to optimize the 
industrial use and to show its promising results of their uti-
lization. A few of these studies have therefore been reviewed 
in this section.

Alumina could be harnessed from CFA to produce porous 
polyvinylpyrrolidone alumina ceramics that has been investi-
gated to exhibit higher bending strength and Young's modu-
lus compared to porous polymers (Feng et al. 2013). How-
ever, it is a challenge to retain the mechanical strength while 
a large volume of pores is introduced into ceramic struc-
tures and further investigations are needed to determine the 
quantity of CFA alumina and polyvinylpyrrolidone needed 
to produce porous alumina ceramics with optimum micro-
structure and mechanical strength. A study conducted by 
Oueralt et al. (1997) into the utilization of binary mixtures 
of fly ash to produce ceramic products with up to 50 wt% 
of mullite and 16 wt% of feldspars, demonstrated that the 
resulting ceramic bodies exhibited features that suggested 
possibilities for use in paving stoneware manufacture, tiling 
and conventional brickmaking. However, it was discovered 
that CFA sometimes contains high amounts of iron oxides or 
metals, which can pose a serious problem affecting proper-
ties and also the ceramic process, hence improved methods 
to remove excess amount of free iron oxides are needed.

CFA is also a potential source of natural alumino-
silicates which is a raw material used in the substrates 
preparation for the development of support, active layer 
and tubular composite ceramic membranes. Composite 
ceramic membranes fabricated from CFA has been found 
to show better structural characteristics, porosities and 
hydraulic permeabilities than several inorganic commer-
cial membranes and composite membranes obtained from 
other researches (Almandoz et al. 2015). The produced 
Composite ceramic membranes have been found to be 
suitable for microfiltration processes with high insolu-
ble residue rejections (100%) and high bacterial removal 
(87–99%).

Metallurgy

Studies on CFA utilization in the metallurgy industry such 
as the use of the waste in the fabrication of fillers and rein-
forcements in metal-matrix composites (MMCs) and poly-
mer-matrix composites (PMCs) have gained much attention 
(Matsunaga et al. 2002). This form of waste utilization in the 
industry can significantly reduce the material costs of com-
posites by incorporating CFA into the matrices of polymers 
and metallic alloys. However, very little information is avail-
able on the physical and mechanical properties of the fly ash 
particles to aid in the design of the composite materials. Lit-
tle has also been proven that these forms of waste utilizations 
in the metallurgical industry are environmentally friendly. 
The few studies available on CFA utilization in the metal-
lurgy industry are therefore focused on areas that lock the 
ash and its toxic contaminants away from human exposure.

Studies have also demonstrated the opportunity of gain-
fully utilizing CFA as a waste byproduct for industrial use 
while simultaneously providing a solution to its safe disposal 
(Ewulonu et al. 2016). For example, CFA has been success-
fully used as an extender in the development of protective 
and decorative industrial coatings as solvent borne, cold 
curing and two pack epoxy systems. These are to provide 
solutions to the problem of deterioration in metallic struc-
tures and components owing to corrosion and abrasion that 
is facing the metallurgy industry (Praharaj 2009). It was 
discovered that the properties of CFA that contributed to its 
usefulness as an extender shows abrasion resistance, chemi-
cal inertness, low oil absorption, and low specific gravity 
(Tiwari and Saxena 1999). Tiwari and Saxena (1999) estab-
lished that CFA can be a cost-effective substitute for con-
ventional extenders in high performance industrial coatings. 
However, the optimum results are reported to be obtained by 
using 35% fly ash in primers and 18% fly ash in enamels but 
further studies were needed to assess the optimum percent-
ages to eliminate the potential disadvantages of water-based 
coatings that may limit their applications (Reitz 2008).
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Oil and gas

Hydraulic fracturing technology increases the productivity 
of ultra-tight shale oil and shale gas reservoirs and the use of 
nanoparticles prior to the placement of larger proppants help 
prevent fluid loss into the formation, and increase the con-
ductivity of the fissures and micro-sized fractures. Recovery 
of high value proppants from CFA has been proven feasible 
in providing a long-term strategic resource worth billions 
in revenue and increased oil and gas production (Robl and 
Oberlink 2018). A study by Bose et al. (2015) in an appli-
cation of CFA as nanoproppants for fracture conductivity 
improvement to reduce fluid loss and packing of micro-frac-
tures demonstrated that these nanoparticles generate signifi-
cant conductivity and fracture permeability values ranging 
from 27 to 33 mD. Further studies are needed to investigate 
the size, nano-hardness, reduced elastic modulus, fluid loss 
prevention capabilities as well as their induced fracture con-
ductivity when CFA are used as nano-proppants to optimize 
the conductivity and fracture permeability efficiencies.

The stimulated fracture network and natural fracture net-
work provides the pathway for hydrocarbon flow from the 
matrix to the wellbore, which is critical to the success of 
oil/gas recovery from unconventional reservoirs (Robl and 
Oberlink 2018). The spherical shape and smaller sizes of 
CFA make the waste desirable to be used as propped frac-
tures that have higher magnitude permeabilities than that 
of the unpropped fractures (Snellings et al. 2012). Propped 
fractures are essentially needed in the oil and gas industry 
for fracking because as reservoir pressure depletes with oil 
and gas production, the effective stress increases, causing 
the fractures to close. The fractures are classified as macro-
fractures and microfractures. CFA as byproduct of the coal 
combustion process have been found to be more suitable 
for generating microfractures that are at the sub-micrometer 
scale, preventing conventional proppants from adequately 
penetrating those (Robl and Oberlink 2019).

This study proposes investigations into the use of fly ash 
as “micro-proppant” to prop open the microfracture, as well 
as its use as macro-fracture under effective stress condi-
tions. The use of fly ash as a “micro-proppant” may enhance 
the stimulation of smaller fractures that are not effectively 
propped using available conventional techniques. The fly 
ash could be used with the fracturing pad during the initial 
stimulation process. The “fracturing pad” is the portion of 
the stimulation design that does not typically contain any 
proppant and creates a volume of fractures, which is stimu-
lated but unpropped (Manchanda 2015). The innovative use 
of fly ash with the fracturing pad may therefore enhance 
the currently achieved fracture network by bypassing the 
macro-fractures and settling within the microfracture net-
work ultimately improving the overall stimulated reservoir 
volume (Ghanbari and Dehghanpour 2016).

Regulations and health implications of CFA 
utilization and application

Regulations classify CFA as a prescribed waste and prohibit 
its disposal in regular landfill (Gupta et al. 2020). In order to 
lower air pollution caused by coal-fired power plants, CFA 
production is regularized as the waste is separated from flue 
gas in smokestacks by precipitators (Asl et al. 2018). CFA 
ponds and coal waste landfills have been found to leach toxins 
into streams and drinking water. An Environmental protec-
tion Agency study determined that a 10-acre landfill of CFA 
would leak 0.2–10 gallons leachate per day, or between 730 
and 36,500 gallons over a ten-year period and this is an amount 
guaranteed to infiltrate the drinking water supply (Kuriakose 
and Nagaraju 2004).

Since long-term isolation from the weathering environ-
ment cannot be guaranteed, the weathering behavior of CFA 
disposal is crucial for its long- term environmental impact, 
hence current waste disposal regulations call for isolating the 
fly ash deposits in containment systems to prevent leaching of 
contaminants (Bhatt et al. 2019a). EPA regulations also sup-
ports the treatment of the fly ash through innovative ways such 
as sintering (Biernacki et al. 2008) and geopolymer matrix 
stabilization (Gupta et al. 2020) to reduce the leaching rate of 
metals in the waste during landfill disposal.

CFA reuse is mostly regulated under EPA’s Coal Combus-
tion Residuals rule in most countries, but there have been some 
failures to provide adequate safeguards for the health of com-
munities and the environment (SACE, Southern Alliance for 
Clean Energy 2020). Under USEPA’s coal ash rule, projects 
using more than 12,400 tons of CFA on the land, are required 
to make some health and safety demonstrations (SACE, South-
ern Alliance for Clean Energy 2020). Some environmental 
legislations seek to support identified innovative ways that can 
successfully reduce CFA production and promote its safe reuse 
or recycling as more environmentally friendly alternatives 
(Khatri and Rani 2008). For example, the Chinese govern-
ment has imposed much stricter regulations on the rare earth 
recovery industries suspending the issuance of new licenses, 
capping production, and clamping down on illegal operations 
and environmental hazard recovery techniques (Hatch 2012). 
Clearly, as new technologies and processing techniques in CFA 
utilization and application come on stream, both manufacturers 
and consumers need to make informed and responsible choices 
regarding the waste reuse.

Summary of CFA utilization and application

Coal fly ash (CFA) management has become a global envi-
ronmental concern due to their large global annual produc-
tion, where less than 30% of the waste are being utilized 
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due to inadequate information, challenges in the utilization 
processes and the slow rate at which viable new utilization 
options are created. Few studies have summarized CFA uti-
lization and application in the attempt to bridge the informa-
tion deficit but these reports are solely focused on specific 
individual sectors and are not enough to provide a complete 
assessment of the utilization technologies in varied sectors.

A more comprehensive step in curbing this problem is to 
provide a holistic review in varied sectors such as the con-
struction, electronics and resource recovery, mining, waste-
water treatment, chemical and pharmaceutical, agricultural, 
ceramics and the metallurgy. Besides the current and exist-
ing utilization and application of coal fly ash in the various 
sectors, highlighting other potential utilization options that 
are underdeveloped and needed to be explored is another 
stride of productively managing the coal waste.

It has been established that the characterization of CFA in 
terms of the physical, chemical and mineralogical properties 
considerably influence the technologies associated with the 
waste utilization in varied sectors. Studies have revealed that 
there is huge information deficit on the potential variations 
in the characteristics of CFA produced from diverse sources 
and this is affecting technology needed for the coal waste uti-
lization. Further investigations in the physical and chemical 
characteristics of CFA from different sources are needed to 
inform stakeholders to facilitate the waste utilization.

Studies have demonstrated that innovative studies are 
needed in the construction industry to reduce carbon con-
tents in UCFAs during the waste production to make them 
desirable for construction application. The electronics sector 
is experiencing inadequate technologies needed for the sepa-
ration and extraction of rare earths from CFA. Rare earth 
elements recovery in the electronics industry from CFA are 
underutilized due to inadequate technologies and research 
to harness these minerals from the waste such as the use of 
biological metallurgy of microbial pathway for the rare earth 
metals recovery. Again, CFA has become a useful source of 
alumina mineral resource to substitute bauxite in the min-
ing industry but the recovery processes have been ineffi-
cient due to inadequate technologies used in harnessing this 
mineral. The wastewater treatment sector has seen a wide 
CFA utilization and application of CFAs. The coal waste 
utilization in wastewater treatment promises potential cost 
effective ways of treating wastewater that could help reduce 
environmental pollution. Due to the unique characteristics 
such as high porous structure, large surface area, tunable 
pore size and alumino-silicate compounds, the coal waste 
is utilized commercially into adsorbents, catalysts, catalyst 
supports, sensors, filters, thermal insulators and electrodes 
for the pollutants removal in wastewater. The coal waste 
is also synthesized into amorphous geopolymer that have 
high adsorption efficiency and are applied for the removal 
of metals in wastewater. The application of CFA to soils 

to improve soil fertility in the agricultural sector needs to 
be further investigated to optimize the use of the waste for 
crop production. Similarly, more research is needed on the 
CFA utilization in the ceramic and the metallurgy industry to 
optimize the production of improved and enhanced products 
from the waste.

CFA is also being used by the oil and gas industry as 
micro proppant for fracking. Further investigations are 
needed to improve the use of fly ash as “micro-proppant” 
to prop open the microfracture and studies are also required 
to understand the mechanisms of its use as macro-fracture 
under effective stress conditions. These areas of utilization 
of CFA in the oil and gas industry could increase oil and gas 
recovery especially in unconventional formations.

The leaching of toxins during CFA disposal and their 
health and regulatory implications is crucial for the waste’s 
long- term environmental impact, hence current waste dis-
posal regulations call for the isolation of the fly ash deposits 
in containment systems to curb the leaching of contami-
nants into the environment. Regulation institutions are then 
supporting innovative treatment methods such as sintering 
and geopolymer matrix stabilization that aim to reduce the 
leaching rate of metals during landfill disposal. The knowl-
edge gaps identified in current study would help to develop 
technologies needed to improve the current global utilization 
percentage of coal waste into useful resources.

Conclusion

Coal ash poses potential environmental hazards due to high 
heavy metal contents that may be leached out into the envi-
ronment. Coal fly ash utilization and application in varied 
sectors such as construction, electronics and resource recov-
ery, mining, wastewater treatment, agricultural, ceramics 
and metallurgy have been reviewed in this paper. The fol-
lowing findings were made;

•	 The characteristics of CFA in terms of the physical and 
chemical/mineralogical properties are important factors 
that play a major role in the utilization of the waste.

•	 The utilization and application of CFA is the most prom-
ising method to manage the waste and reduce environ-
mental pollution.

•	 The utilization of CFAs in the construction industry as 
alternative to cement is relatively cheap and drastically 
improves the overall performances of building products.

•	 Recovery efforts are needed to focus on optimizing the 
separation and extraction of rare earths from CFA.

•	 The use of CFAs in filling abandoned mines and quar-
ries is environmentally unsuitable especially when the 
leachates drains into nearby waters or into the ground-
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water. Thus, properly engineered landfills may be used 
if necessary.

•	 The application of CFAs as nanoproppants for fracture 
conductivity improvement by reducing fluid loss and 
packing of micro-fractures in oil and gas production.

The findings presented in this study reveals that, CFA 
could be developed into a number of valuable resources for 
industrial and domestic application. This would go a long 
way to reduce the negative impact of the waste on the envi-
ronment while at the same time providing economic benefits.
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