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Abstract

Coal fly ash (CFA) is a byproduct of thermal power plant and collected from flue gases by separator. Composition of CFA
depends on the type of coal used and it has both crystalline and amorphous character. It is considered to be an environmental
pollutant and used in number of areas. CFA is a useful material and widely used in cement production and as a promising
adsorbent for water remediation. CFA used for remediation of wastewater solves problems related to water quality issues
and waste management. The physical properties such as porosity, surface area, morphology, and chemical composition
(iron oxide, alumina, silica, titania, etc.) make CFA efficient material for wastewater treatment. CFA is also converted to
geopolymer, which is used as an adsorbent and photocatalyst. Dye, organic compounds, toxic heavy metal ions, etc. have
been removed using CFA and modified CFA adsorbents. Different adsorption efficiencies have been reported for different

adsorbate and CFA adsorbents. Numbers of adsorption isotherm and kinetic models have been discussed.

Keywords Coal fly ash - Adsorbent - Dye - Geopolymer - Water remediation - Pollutants

1 Introduction

Coal fly ash (CFA), also known as pulverized fuel ash, is
finely divided mineral residue obtained from powdered coal
combustion in thermal power plants. During the process of
burning, temperature may go above 1600 °C and most of
the inorganic materials present in the coal get melted. CFA
consists of inorganic matter present in the coal and fused
during coal combustion. Materials present in CFA solidify in
exhaust gases and are collected. A series of physicochemical
changes occur in the particles, particularly the rapid conver-
sion of particles to a spherical form (0.5-100 um). CFA is of
varying composition. Only 1/4th CFA produced is utilized
(Fig. 1) (Gollakota et al. 2019).

A small percentage of CFA is used for useful purposes
but a large amount is still discharged into ash ponds. The
major utilization of CFA is shown in Fig. 2 (Yao et al. 2015).

CFA consisting fine particles, either solid or hollow, are
normally spherical in shape and mostly glassy (amorphous)
in nature. Shape and size of CFA depend on the type and
source of the coal, combustion environment, degree of
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pulverization prior to burning, uniformity of combustion,
etc. Number of value-added applications of CFA are known
(Zhou et al. 2022). Physical and chemical properties of
CFA make it useful material for producing high quality and
cost-effective bricks, blended cement, kerbstones, interlock-
ing pavers, hallow blocks and mosaic tiles (Khairnar et al.
2013). CFA is widely used in construction industry. Out of
two varieties of CFA (F and C), class C has both cementi-
tious (high CaO content) and pozzolanic properties, whereas
class F has only pozzolanic properties. CFA is used for mak-
ing blended cement, which reduces energy consumption in
Portland cement clinker manufacturing and also reduces
cost. Now-a-days CFA—based geopolymer is coming up as
a green binder and an alternative to Portland cement (Alter-
ary and Marei 2021).

Further CFA contains a large number of oxides such as
Si0,, Fe, 05, Al,05, and CaO which can be used for prepa-
ration of different ceramics. For the ceramic industry, these
oxides are considered as low-cost materials and numbers
of ceramic materials have been made by using CFA (Alter-
ary and Marei 2021). Glass—ceramics are also made from
CFA (Belviso 2018). CFA has been converted to zeolites by
alkaline hydrothermal treatment. This is similar to natural
zeolites (Kumar et al. 2001).

The fly ash which is considered to be harmful, when set-
tles on leaves, become beneficial. In agricultural field, when
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Fig.2 Applications of CFA (Yao et al. 2015)
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used as a soil modifier, it increases the moisture retaining
capacity and the fertility of soil. It also helps in root protec-
tion of plants from soil borne diseases and increases the
crop yield.

CFA is used for reclamation of sodic soils by mixing it
with press mud, which enhances the soil physicochemical
property, microbial, and enzymatic activities and the crop
growth (Singh et al. 2016). CFA is reported as a poten-
tial soil pH ameliorator and has multiple benefits for the
establishment and growth of plants via nutrient availabil-
ity, reducing metal toxicity, etc. Figure 3 shows that CFA
improves the physicochemical and biological properties as
a potential pH ameliorator (Pandey 2020).

CFA is widely used as a land fill material and in making
eco-friendly bio-compatible zeolite material which can be
used for variety of applications. It is also used as sensors for
detecting CO and CO, gases (Khairnar et al. 2013).

CFA is a cheap material and can be used as adsor-
bent for many gases such as CO,. Porous materials
generated from CFA such as zeolites, activated carbon,
and mesoporous silica, have been tested and applied with
promising results as sorbents. CFA and derived materials
are also used as CO, storage materials (Dindi et al. 2019).
Fly ash or more specifically, fly-ash-based sorbents, may

The corrected pH offers
multiple benefits for the
establishment and growth of
plants via nutrient
availability, reducing metal
toxicity, etc.

Soil
Texture

be used for the removal of NO, from flue gas. It is known
that NO, is adsorbed on a molecular sieve (zeolite) and
mesoporous molecular sieves. It is also recognized that
the use of a commercial molecular and mesoporous sieves
is not cost-effective (Sciubidto and Majchrzak-Kucgba
2019). CFA can also be used in the hydrogen storage pro-
cess (Czarna-Juszkiewicz et al. 2020).

CFA is used in an effective manner for the preparation
of porous materials. Preparation of ceramic membranes,
adsorbents and thermal insulation materials from CFA
has achieved a lot of importance because of their excel-
lent performance, low cost and important role in “treating
waste and turning waste into wealth” (Wang et al. 2021a,
b). CFA derived ceramic membranes are very efficient for
filtering applications, these can replace traditional oxide
ceramic membranes (Wang et al. 2021a, b).

Miricioiu et al. (2021) developed high selective mem-
branes for natural gas purification and separation. Mixed
matrix membranes (MMMs) using polysulfone as matrix
and MCM-41-type silica material derived from CFA as
filler were developed (Miricioiu et al. 2021). These mem-
branes have efficiently been used for CO,/CH, separation.

Composite of CFA (matrix) with Aluminium-silicate
eutectic/fly ash matrix has been used for sliding wear and

Improves soil
aeration, percolation,
and water retention,
reduces soil bulk
density, increases
. plant’s germination

i

Fly ash improves the soil physicochemical

and biological properties

Fig.3 Role of CFA in improving soil quality
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corrosion behaviors. CFA-ZnO nanocomposite has been
used for anticorrosion coating (Mathapati et al. 2021).
CFA can be converted into catalysts, which diminishes
the manufacturing costs (Asl et al. 2018).

CFA plays a very important role in the removal of pol-
lutants/contaminants from water. In recent years, CFA and
products derived from CFA are being used as low cost and
efficient adsorbents for water remediation (Gadore and
Ahmaruzzaman 2021; Aigbe et al. 2021). Zeolites, geo-
polymers and composite materials such as CoFe,O, (filler)
is a very good adsorbent for water remediation. Because, it
is magnetic, it is easy to separate the used adsorbent (Zhang
et al. 2016). Surface area, shape, chemical characteristics
of CFA and many other properties are responsible for water
remediation. Mostly CFA is alkaline and at high pH, it has
negatively charged surface. Because of negative charge on
the surface, it can remove metal ions from aqueous solution
by adsorption or precipitation. CFA contains some amount
of unburnt carbon, which acts as a good adsorbent and
can remove number of pollutants from water. It is already
reported that CFA has been used as an adsorbent for adsorp-
tion of number of metal ions, inorganic compounds and dyes
from wastewater (Yao et al. 2015). CFA could remove more
than 95% metal ions. Herbicides removal increased with
increase of CFA amount (Yao et al. 2015). For the degrada-
tion of dyes and other organic compounds from water, CFA
can be used as a photocatalyst or supported photocatalyst
based on its constituents (Gadore and Ahmaruzzaman 2021).
CFA-copper ferrite nanocomposites have been used for pho-
tocatalytic degradation of Methyl Orange (MO) dye in waste
water (Nadeem et al. 2021). In this review article, different
type of CFA and their characteristic features useful for water
remediation have been discussed in detail.

2 Physico-chemical properties of CFA

CFA contains Fe,0;, alumina, CaO, SiO, and other inor-
ganic compounds. It is a combination of amorphous and
crystalline phases. In addition, it also contains unburned
carbon. The amount of different oxides in CFA follow the
sequence as SiO, > Al,0; > Fe,0;. CFA also contains vari-
ety of transition metal oxides (Mushtaq et al. 2019). The
chemical composition of CFA obtained from different grade
coals is given in Table 1 (Gollakota et al. 2019).

Surface area, particle size distribution, porosity, and
hydrophilicity of CFA are important for water remediation
(Mushtagq et al. 2019). According to ASTM C 618CFA if
Al,05;+Si0, + Fe,0; is more than 70%, CFA is called F fly
ash, whereas if Al,0;+ SiO,+ Fe, 05 is less than 70%, CFA
is called C fly ash. Normally F-type FA is used for water
purification. Physico chemical properties of CFA are given
in Table 2 (Gollakota et al. 2019).
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Table 1 Chemical composition of CFA obtained from different type
of coals (Gollakota et al. 2019)

Compo- Bitumi- Sub-bitumi-  Lig- Anthra-
nent nous (mass%) nous (mass%) nite (mass%) cite (mass%)
Sio, 20-60 40-60 15-5 43.5-47.3
CaO 1-12 5-30 15-40 0.5-0.9
Fe,0; 10-40 4-10 4-15 3.8-4.7
MgO 0-5 1-6 3-10 0.7-0.9
ALO;  5-35 20-30 10-25 25.1-29.2
K,0 0-3 04 04 3.3-39
Na,O 0-4 0-2 0-6 0.2-0.3
SO, 0-4 0-2 0-10 -

TiO, 0.5 1.1-1.2 0.23-1.68 1.5-1.6

S 0.08-0.67 0.7 - 0.1

MnO 0.02 0.1 0.04-0.21 0.1

P,05 0.02 0.3-0.5 - 0.2

LOI 0-15 1.8-2.7 0-5 8.2

Notes: LOI means Loss on ignitions

Table 2 Physico-chemical properties of CFA (Gollakota et al. 2019)

Property Value
Bulk density (kg/m®) 900-1300
Specific gravity 1.6-2.6

Plasticity Non-plastic
Clay Negligible
Free swell index Very low
Porosity (%) 30-65
Surface area (m?/g) 5

Lime reactivity (MPa) 1-8

pH 6-8
Coefficient of uniformity (%) 3.1-10.7
Extreme particle size (mm) 0.001-0.1

In order to understand the properties of CFA, characteri-
zation of CFA particularly by X-ray diffraction and scan-
ning microscopic techniques are needed. X-ray diffraction
patterns are given in Fig. 4. The major peaks in the XRD
pattern of CFA are due to crystalline quartz and mullite
phases (Nath et al. 2016). Amorphous phases are indicated
by hump at 26=15° and 35°. Some variation in XRD pat-
terns (Fig. 4) of CFA may be attributed due to the variety of
coals (bituminous, lignite) and method of coal combustion
(pulverized coal combustion, fluidized bed combustion, the
combustion of coal alone or blended with petroleum coke/
biomass) (wang et al. 2020). CFAs have variety of appear-
ances but never exactly the same (Blissett et al. 2012). Fig-
ures 5a, b and 5c show three different types of CFA particles
(spherical, oval, and irregular) (Wang et al. 2020).



Coal fly ash: an emerging material for water remediation

Page50f32 44

Quart% } Magnetlte Magnetlte

= T JHNWJLAW

X X oy

Intensity

x .

Hematite
o D .

Hematite
. -

LyLa

Mullite .

Mullite

LYDP

10 15 20 25 30 35 40 45 50 55 60 65
26
C M: Mullite
Q: Quartz

Mullite

Intensity

Fig.4 Comparison of the XRD images of four CFAs from different
reports a Australian brown coal fly (Tennakoon et al. 2015); b Ther-
mal coal power plant Germany (Li et al. 2016); ¢ Circulating fludized

Adsorption study of different metal ions on modified CFA
under various parameters such as contact time, adsorbent
dose, and pH showed increase in adsorption with adsorbent
dose and time (Fig. 6). Metals adsorption on CFA is mainly
due to carbon content, SiO, and Al,O; as surface charge
develop on the surface of Silica, Al and Fe, which create
suitable sites for the adsorption of metal and metal hydrox-
ide on adsorbent surface. Silica surface is positively charged
at low pH and negatively charged at high pH. The zero-point
charge (pHp() of silica is generally two. This indicates that
silica and alumina in the adsorbent, above their respective
pHypc, provide negative charge, (Sahoo et al. 2013).

3 Wastewater treatment (WWT) with CFA

Number of methods using CFA for WWT have been dis-
cussed (Mushtaq et al. 2019) but most commonly used
methods are given in Fig. 7. There are variety of pol-

lutants present in water (Fig. 8) (Naseem and Waseem
2021).

B Quartz
Hematite qtz: quartz
Magnetite hem: Hema )
anh: anhydrite
Calc:calcite
oy |
4 v | |
q i mag |
) anhj .
- ! lime
£ Mullite } ncalc‘anmhu[i : "
4 || hem- ;qu d Magnetite
| + mul
H mul
% .'\J ‘ magl ', qtz
12 16 20 24 28 32 36 40 44 48 52 56 60 64 68
26
D Magnetite M: Mullite
Q: Quartz
Ma: Magnetite
> Quartz Magnetite
‘® "
g Mullite W
- L)
£
Quartz M
-
3 13 23 33 43 53 63

20

bed fly ash Xishan Thermal Power Plant China (Liu et al. 2019); d
Silico aluminous fly ash from power station, Albi, France (Benezet
et al. 2008)

Each category of pollutants can be divided into sub
categories and are removed either by CFA or modified
CFA. These are discussed below.

3.1 Organic pollutants removal by CFA

Organic pollutants may be dyes, drugs, pesticides, phenols,
disinfection byproducts, personal care products and polyaro-
matic hydrocarbons which reach into water bodies through
manufacturing industries, agricultureal sites, research insti-
tutes, hospitals, live stocks excretion etc. These organic pol-
lutants accumulate into the biological tissues, then cause
alteration in food chain, biomagnification, toxicity, liver and
bones impairment (Malik and Grohmann 2011; Rzymski
et al. 2017; Favier and Harja 2020). Each organic pollutant
is discussed separately.

Water pollution caused by dyes and their removal from
water is the major global issue. Number of methods is avail-
able for dye removal and each method has some advantage
and disadvantage. Adsorption is the most efficient and eco-
nomical method. CFA acts both as an adsorbent and photo-
catalyst for dyes (Mushtaq et al. 2019; Astuti et al. 2019).

@ Springer



44 Page 6 of 32

N.B.Singh et al.

Fig.5 a CFA with spherical
shape (Brown et al. 2011; Rubio
et al. 2008; Sow et al. 2015); b
CFA with oval shape (Brown

et al. 2011; Sow et al. 2015);

¢ CFA particle with Irregular
shape (Sow et al. 2015)
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Fig.5 (continued)
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MFA b (Sahoo et al. 2013)

\

(\dsorption{ Fly Ash

Fig.7 Coal fly ash role in wastewater treatment

CFA is reported as potential adsorbent for the adsorptive
removal of anionic dyes from aqueous solution. Maximum
adsorption capacity of CFA (2.012 mg/g for Reactive red and
1.860 mg/g for Reactive blue 171) was observed at pH 7.5 to
8.5, temperature 293 K within 60 min. Within the same time
and temperature range, maximum adsorption capacity for acid
dyes (10.937 mg/g for Acid Blue 193 and 10.331 mg/g for
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? % model fitted the data for adsorption of reactive dyes. Thermo-
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Nitrates Adsorption of RB, RR and RY reactive dyes from aqueous
solutions by CFA is shown in Fig. 9 (Kara et al. 2007).
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Fig. 9 Adsorption (%) of RB, RR and RY reactive dyes from aqueous solutions by CFA (Kara et al. 2007)
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Table 3 Adsorption of dyes on CFA (Wang and Wu 2006)

Dye Tempera- Adsorption isotherm Adsorption
ture (°C) capacity
(mol/g)
Methylene blue 25 Langmuir 14.4%x107
Rhodamine B 22 U 1.15x 1073
Egacid yellow G 22 U 52x107°
Egacid Red G 22 U 1.405x107*
Midlon Black VL.~ 22 U 33x107°
Egacid orange 11 22 U 2.364x107*
Methylene blue 22 U 1.89%1073
Methylene blue - U 3.47%1076
Crystal violet 25 Freundlich 9.76x 1073
Acid Blue 9 - U 5.43x107¢
Rosaniline 25 y 1.35%1073
hydrochloride

Congo red 20 y 4.47x107°
Acid Red 91 - U 234x107°
Acid Blue 29 - U 3.25%x107°
Acid Red 1 - U 7.26x107°
Methylene blue 30 Redlich-Peterson 2.2x1073
Methylene blue 30 i 1.4x1073

The comparative study of removal of various dyes
by CFA is mentioned in Table 3 (Wang and Wu 2006).

HO
H
Paracetamol Aspirin
OH (o]

Ciproflaxin

HO OH =

~

N

Resorcinol Quinoline

Fig. 10 Chemical structure of organic pollutants

Viraraghavan and Ramakrishna (1999) reported the use
of CFA for removal of acid dyes (Viraraghavan and Ram-
akrishna 1999). Janos and coworkers used brown CFA for
the adsorptive removal of synthetic dyes. It was observed
that adsorption decreased in the presence of solvents such
as methanol and acetone (Janos et al. 2003). Wang and his
coworkers have reported the removal of methylene blue from
aqueous solution by CFA, which was endothermic (Wang
et al. 2005a, b). Table 3 shows that the extent of adsorption
of dyes on CFA and the adsorption isotherm models depend
on the nature of dyes. Since different dyes contain different
type of charge and functional groups, the extent of interac-
tion of dyes on the surface of CFA varies and as a result, the
adsorption capacity varies.

Water pollution caused by several organic compounds
like pesticides, pharmaceuticals, phenolic compounds
(Fig. 10) is the major global concern.

Adsorption of these pollutants from water and waste
water using CFA is coming out as a cost-effective solution
(Batabyal et al. 1995; Kao et al. 2000; Adegoke et al. 2017).
Researchers have reported the use of CFA for the adsorptive
removal of quinoline with respect to contact time, CFA dos-
age and quinoline concentration. The adsorption data is best
fitted by Langmuir model. Pseudo 2nd order kinetic model
fitted the data. All this indicated chemisorption of quinoline
on CFA (Huang et al. 2019).

Cl

< Hoé;z_z{’ U‘“@

Triphenyl tin chloride

O N O ) )
LM N

Carbamazepine

Cl I I Cl

Dichloro diphenyl trichloroethane
(DDT)

NH2

OH

O2N

Nitrophenol
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Table 4 Organic pollutant adsorption on fly ash (Wang and Wu 2006; Asl et al. 2019)

Organic and petroleum compounds Adsorbents Conditions Sorption Removal efficiency
capacity (mg/g)
Phenol FA-AL, 04 pH=2, Time=2 h, Dose =200 mg 2.105 100%
Al,O5 and Fe,04 pH=5, Time=2 h, Dose =20 g/L. 14 85.6%

impregnated coal
fly ash

FA Dose=19.2 mg/g 67
Temp=20 °C
Co-FA Time =30 min 100%
Dose=0.4 g/L
Ortho methyl phenol Fe(I)/Fe(Ill) oxide = pH=11, Time=0.2 h, Dose=5 g/L. 100%
modified coal fly
ash (catalyst)
2-chloro phenol Ni-CFA pH=8
Time=0.2 h
CFA Temp=10-30 °C 0.8-1
2,4-Dichlorophenol CFA Temp=10-30 °C 22
Nonylphenol (NP) MNIPs pH=6 434.8 90%
Time=2h
Cresol CFA Temp=20-32 °C 85.4-96.4 Cresol
BTX Zeolite NaeP1 time=24 B=35%
dose=0.5 mg/g T=55%
O0-x=77%
P-x=99%
Sulfonated humic acid (SHA) BD-FA pH=3, Time=8 h, Dose=3 g/L. 392 100%
Crude oil CFA/Clay pH=8 97.6%
Time=0.33
Dose=20g

Removal of paracetamol, ibuprofen and ciprofloxacin
using CFA as adsorbent is reported and the results are
comparable with activated carbon, bentonite and sugar
cane bagasse (Deb et al. 2019). The adsorption study was
performed with respect to contact time, concentration of
adsorbate and adsorbent dose. A group of researchers have
reported the adsorptive removal of PCBs on CFA. The acti-
vation energy of the process was found between 5.6 kJ/mol
and 49.1 kJ/mol (Nollet et al. 2003). Adsorptive removal of
o-, m- and p-nitrophenols by CFA has been reported. The
effect of various parameters on adsorption was studied and
it was concluded that adsorption increased with decrease in
pH and increase with temperature (Singh and Nayak 2004).
A comprehensive list of various organic pollutants removed
by CFA are given in Table 4 (Wang and Wu 2006; Asl et al.
2019). Phenolic compounds are among the most common
organic pollutants of wastewater, and a lot of work has been
done on adsorption of phenolic compounds. Fly ash has a
good adsorption potential for phenolic compounds. Results
presented in Table 4 clearly indicate that CFA and modi-
fied CFA act as a good adsorbent with high efficiency for
removal of phenolic compounds and organic pollutants from

@ Springer

water under optimum conditions. This can be inferred that
CFA based adsorbents are suitable for removal of phenolic
compounds and other pollutants from water (Ahmaruzza-
man 2009).

Pesticides are used worldwide to increase the productiv-
ity of crops and also to control insects and pests. They are
essential for modern agricultural process due to increased
world population. However, overuse of pesticide has led to
significant amount of adverse effect on public health. Inap-
propriate usage of pesticides affects the whole ecosystem.
Hence these toxic molecules need to be removed from water
by adsorption on fly ash.

Malathion can be removed from water by using CFA
obtained from thermal power plant (Singh et al. 2010). The
time required to reach the equilibrium is 40 to 60 min at opti-
mum pH value of 4.5 and the adsorption efficiency increased
with increase in temperature. A list of various pesticides
removed by CFA is given in Table 5 (Ahmad et al. 2010;
Behrami et al. 2021). CFA has potential for removal of pes-
ticides from aqueous solutions. It serves two purposes. First
CFA is a waste material and poses disposal problems, and
second, the removal of pesticides, a toxic substance from
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Table 5 List of pestici‘des Adsorbent Adsorbate Adsorption Concentration range Conditions
removed by coal fly ash capacity (mg/g)
Fly ash Altrazine 21.0 50-100 pg/L 90 min, 25 °C, pH=7.5
Coal fly ash Methyl paratheon 0.20 2.5-500 pg/mL 24 h
Metalachlore 0.28 2.5-500 pg/mL 24h
Altrazarin 0.38 2-10 pg/mL 24h
TCB 0.16-0.83 500 mg/L 50h,25°C, pH=7
He CB 0.12-0.45 250 mg/L 50h,25°C, pH=7
Benalaxyl 0.46 10 pg/mL 2h
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Fig. 11 Different parameters for removal of dyes. a Zeta potential
variation with pH, b—f Dye conc-100 ppm; Ads dose-30 mg(R6G)
and 40 mg(MG), Temp-313 K (R6G) 308 K (MG); Eq.timwe- 50 min

environment. Removal depends on the type of pesticide,
temperature, pH of solution, source from which CFA is
obtained, concentration of adsorbate and adsorbent.
Modification of CFA was achieved by condensation of
heat and base treated CFA with 3- mercaptopropyl tri meth-
oxy silane (3-MPTS). The thiol groups on the surface was
oxidized by H,0, to sulphonic group. Different parameters
like zeta potential, pH, temperature, time, concentration of
dye and adsorbent dose on the removal of dyes is given in
Fig. 11 (Dash et al. 2018). For all adsorption study, 25 mL

v v v ¢
180 210 240 270

Dye conc.(mg L")

USRS P Y
T 90 120 150

10 20 0 40
Adsorbent dose (mg)

(R6G) and 40 min (MG); Agitation time 105 rpm (MG, r6G) (Dash
et al. 2018)

of dye solution was mixed with required amount of HATF-
SO;H and for blank study 25 mL of same dye solution was
used without adding adsorbent. From the figure, it is clear
that zeta potential decreases with increase of pH. Percent
adsorption increases with pH, adsorbent dose and time
of adsorption. However, after certain time, % adsorption
reaches to saturation value and becomes almost constant.
With rise in temperature, % adsorption increases and after
310 K, it decreases. As the dye concentration increases, %
adsorption decreases.

@ Springer



44 Page 12 of 32

N.B.Singh et al.

(a)

(b)

d

Fig. 12 Mechanism of adsorption of (a) R6G and (b) MG dyes on HATF-SO;H adsorbent (Dash et al. 2018)

The adsorption data were fitted by pseudo-second-order
kinetic and Langmuir isotherm models. Thermodynamic
parameters showed spontaneous and endothermic process
of adsorption.

The process of adsorption depends on the structures
of adsorbate, adsorbent’s surface, textural properties, and
interaction between adsorbate and adsorbent molecules. The
adsorption of R6G and MG by HATF-SO;H occurs through
weak forces (Fig. 12) (Dash et al. 2018). In basic medium,
interaction occurs between the positively charged groups of
the dyes and negatively charged —SO;H groups.

Fe;0, augmented fly ash worked as an effective catalyst
in the heterogenous Fenton process for the degradation
of persistent organic pollutant (POP) in landfill leachate
Fig. 13. The Fe;0, augmented fly ash catalyst was pre-
pared by chemical precipitation method. XRD analysis
shows the crystalline nature of catalyst and 17.1 nm as
the crystallite size. The Fe;0, augmented fly ash catalyst
showed the decrease in COD and TOC level of leachate
by 84.7% and 68% at pH 3.0, dose of catalyst 1000 mg/L,

@ Springer

0.05 M H,0, within 100 min (Niveditha and Gandhimathi
2020).

H,SO, impregnated CFA was used to treat polymer flood-
ing wastewater via heterogenous Fenton process (Fig. 14).
The H,SO, impregnation enhances the surface area from
1.521 to 11.463 mzlg, and decrease the CaO content which
is useful for increasing the catalytic efficiency and minimize
the effect of pH of wastewater. The removal of polyacryla-
mide was found 70.3% within 50 min at pH 3.0, dose of
modified CFA 20 g/L, dose of H,O, 18 mmol/L and micro-
wave pre enhancement time 7 min (Wang et al. 2021a, b).

Metal or metal oxide nanoparticles (Fe, Fe,O5, Ag, ZnO
and TiO,) can deposit on CFA surface and increase the sur-
face area so that more dyes can come in the vicinity of pho-
tocatalyst. As a result, more dyes can be degraded. Figure 15
gives different aspects of photocatalytic aspect of CFA con-
taining metal and metal oxides (Mushtaq et al. 2019).

Fly ash modified CuO (FA/CuO) has been used for the
photocatalytic degradation of methyl orange dye. 99.1%
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Fig. 14 Treatment of polymer flooding wastewater treatment by H,SO, impregnated CFA (Wang et al. 2021a, b)

removal of methyl orange dye was observed in 40 min at
temperature 303 K (Fig. 16) (Mazumder and Rano 2018).

Coal fly ash supported nano zinc oxide (CFAZ) is used to
treat ship yard process water containing triphenyl tin chlo-
ride (TPT) as major pollutant (Ayanda et al. 2015). Triph-
enyl tin is used as fungicide and antifouling agent. CFAZ
can remove 99% of triphenyl tin chloride having initial con-
centration of 100 mg/L within 60 min at 333 K, 200 rpm
stirring speed, 8 pH. Adsorption process is found exothermic
and data fitted Freundlich isotherm and pseudo second order
kinetic models.

3.2 Inorganic pollutants removal by CFA

Heavy metal ions are one of the major inorganic pollutants
which pose a severe threat to public health (Ahmed and
Ahmaruzzaman 2016). Permissible limits of industrial efflu-
ents are given in Table 6 (Ahmed and Ahmaruzzaman 2016).

Among various methods for heavy metal removal,
adsorption by CFA is one of the promising methods owing
to its easy availability and cost-effectiveness. This method is
reported as early as 1975 (Gangoli et al. 1975). Since then,
it is used extensively for removal of toxic metal ions. The
main components of fly ash are Al,O; and SiO, in which
the later has enhanced affinity towards heavy metals. When
dispersed in water, fly ash shows an alkaline behavior with
a pH range of 10-13. At higher pH value, the fly ash surface
becomes negatively charged which can remove metal ions
by electrostatic adsorption and precipitation (Ahmed and
Ahmaruzzaman 2016).

Particle size fraction of fly ash can play a very vital role
in toxic ion removal. Police et al. (2020) have reported that
fly ash having particle size <20 pm showed highest adsorp-
tive removal (99%) for U as shown in Fig. 17. It may be due
to high surface to volume ratio in this size fraction. The
lowest adsorptive removal of 95.8% was reported with size
fraction FA > 63-90 pm. The slight increase of U adsorption
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Table 6 Permissible limits of heavy metals in water (Ahmed and 100 T T T i T
Ahmaruzzaman 2016) 99 3
Metal Permissible limits for industrial discharge (mg/L) 98+ ] 1
_ ] T
WHO std Indian Standerd g7 I T
£ 96 ]
Inland surface water Inland Sur-  Public sewers e 1
face water = 954
)
& 94- g,
Mercury - 0.01 0.01 £
Arsenic - 0.2 0.2 5 %
a
Lead 0.1 0.1 1 921 1
Cadmium 0.1 2 1 91 |
Chromium - 2 3 90 r : : : T
Nickel B 3 3 FA>1251m FA90-125pmFA63-90pum FA20-63pm FA<20pm
Zine 5.0-15.0 5 15 Different size fractions of FA
Copper 0.1 0.1 0.1

Fig. 17 Effect of particle size fraction on removal of U (Police et al.
2020)
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Table 7 Metal ion adsorption

on fly ash (Wang and Wu 2006) Metal Adsorbent Temperature (°C) pH Adsorption (mg/g)
Hg?* Fly ash 30-60 5.8 2.82
Al impregnated fly ash 30-60 5.8 13.4
Fe impregnated fly ash 30-60 5.8 12.5
Pb>* Fly ash 25 6.2 4447
Fly ash-acid 25 6.0 437.0
Fly ash-washed 25 6.0 483.4
Ccd** Fly ash 20 7.2 198.2
Fly ash-acid 25 6.6 180.4
Fly ash-washed 25 6.7 195.2
Cré* Fly ash 30-60 2.0 1.38
Al impregnated fly ash 30-60 2.0 1.82
Fe impregnated fly ash 30-60 2.0 1.67
Zn** Fly ash 30-60 6.5 6.5-13.3
Fe impregnated fly ash 30-60 6.5 7.5-15.5
Al impregnated fly ash 30-60 6.5 7.0-15.4
Ni2* Fly ash 30-60 6.0 9-14
Al impregnated fly ash 30-60 6.0 10.00-15.75
Fe impregnated fly ash 30-60 6.0 9.80-14.93

was found as particle size increases (FA >90 pm), which
may be due to more unburnt carbon content in this fraction
(FA>90 pm) as compared to FA > 63-90 pum size fraction.

A comparative uptake study of toxic metal ions was
made by systematically varying the particle — size (Itskos
et al. 2010). It was observed that highly siliceous CFA was
more efficient in precipitating Cr (VI) but less effective
in retaining other ions. Reverse situation was obtained by
using high—Ca CFA which is more effective in removal
of Ni, Cu, Pb, Cd and Zn (Itskos et al. 2010). Other crucial
factors in adsorption process include pH and temperature.
pH and temperature dependant studies were carried out for
removal of Pb?* and Cu®" ions. With increase in pH, the
metal ions uptake increases. However, with increase in tem-
perature, the uptake initially increased, reached a maximum
value between 30-40 °C and then again decreased (Alin-
nor 2007). Class “F” fly ash which was obtained from Heat
and Power (CHP) Plant Brasov (Romania) has a SiO,/Al,0;
ratio of more than 2.4. It was found to be a good adsorbent
for Cd (II), Pb (II) and Zn (II) cations from mixed solution
(Visa et al. 2012) and maximum adsorption was achieved
between pH value of 5.5 to 6.6. Adsorption efficiency of
CFA for different metal ions at different temperatures and
pH are given Table 7. Among the metal ions, Pb, Ni, Cr,
Cu, Cd, and Hg are the most investigated. There are several
studies for the removal of Cr (VI). It was observed that the
removal was most effective under acidic pH and high tem-
perature. However, particle size has no effect on removal
of Cr (VI) ions. It can be predicted that the adsorption pro-
cess of heavy metals occurs through the exchange of ions,
complexation, coordination, chelation, the combination

Table 8 Effect of Mechanical activation on composition of fly ash
(Sharma et al. 2015)

Chemical component FA MFA

5h 10h I15h
Sio, 61.9 62.2 63 66
AL O, 29.7 29.6 29.5 28.2
Fe,0, 2.65 2.65 2.66 2.67
CaO 0.46 0.47 0.47 0.48
MgO 0.36 0.35 0.29 0.24
TiO, 1.33 1.32 1.31 1.28
Na,O 0.14 0.14 0.13 0.10
K,O 0.79 0.79 0.76 0.13
Other elements 2.67 2.48 1.88 0.90
LOI 2.6 2.6 2.0 1.85

mechanism, microprecipitation as well as the interaction of
the electrostatic forces. There are number of parameters such
as temperature, pH, the type of adsorption, adsorbent dos-
age, time of contact, volume treated, the size of the particles,
and co-existing ions on the absorption process, the absorbent
physicochemical features (such as the chemical, biochemi-
cal, and the ability or functionality of the texture) as well as
the possessions of the sorbate (Aigbe et al 2021; Duan et al.
2020; Darmayanti et al. 2017; He et al. 2016; Alinnor 2007;
Dasmahapatra et al. 1996).

The adsorption capacity of the fly ash can be increased
by increasing the surface activity by mechanical activation
using planetary ball mill. Using this concept, a compara-
tive study was performed on raw fly ash and mechanically
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Fig. 18 SEM micrograph of a Fly ash and b Activated fly ash (Xiyili et al.

Table 9 Adsorption capacities for Cu, Cr, Zn, Cd, Pb and As onto FA
and modified or transformed Fly ash (FA) (Mushtaq et al. 2019)

Heavy metal Adsorbent Adsorption
capacity
(mg/g)
Cu (D) Chitosan/fly ash 28.65
Fly ash geopolymer 113.41
TiO, fly ash 21.00
ZN (II) Fly ash Zeolite 18.87
Chitosan/fly ash 55.52
Hydrothermally activated fly ash 7.89
Lime modified fly ash 33.13
Cr (IIT) Chitosan/fly ash 36.22
AS (IV) Fly Ash Magnetite 19.14
Lime modified fly ash 29.71
Chitosan/ fly ash 19.10
Pb (1ID) Fly ash 48.03
Fly ash zeolite 2000.00
Fly ash geopolymer 74.48
Lime modified fly ash 26.06
Ag-Fe, 05/ fly ash 526.5
CFA nano zeolite 196.24
Cd (ID TiO,-fly ash 35.20
Fly ash zeolite 30.21
Fly ash magnetite 19.14

activated fly ash for the removal of some heavy metal ions
such as Cu (II), Mn (II), Ni (II), Pb (II) and Zn (II) from
aqueous solutions (Xiyili et al. 2017). Mechanical activa-
tion leads to increase in surface roughness and decrease in
particle size and increased silica content. Table 8 shows the
change in percentage composition of coal fly ash by mechan-
ical activation (Sharma et al. 2015). Mechanical activation
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2017)

gives rise to change in degree of crystallinity of some phases
which can be visualize in Fig. 18. As expected, activated fly
ash performed better compared to raw fly ash in terms of
removal percentage. Maximum adsorption was observed in
case of Pb (II) ion (68% in raw fly ash and 98% in activated
fly ash) (Xiyili et al. 2017).

A tentative list of metal ions removed by CFA is given in
Table 9 (Mushtagq et al. 2019). The modified CFA also acts
as an adsorbent under the conditions in which CFA acts as
discussed earlier.

Chemical treatment is another method for transform-
ing CFA for an enhanced performance. Removal of toxic
metal ions like Cr (VI) and Pb (II) ions have been studied
by utilizing chemically treated thermal power plant fly ash
with CaCO; and H;PO,. The efficiency of the fly ash was
determined by changing various parameters like pH, tem-
perature, adsorbent dose, contact time etc. The synthesized
FA samples showed good metal removal capacity (Shyam
et al. 2013).

CFA which has been etched by nitric acid and function-
alized with thioglycolic acid and 2-mercaptoethanol had
been used successfully for removal of As, Cd, Cu, Al, Mn,
Fe, Zn and Hg with 91%-99% efficiency and Pb ions with
90%-97% efficiency (Muiioz et al. 2014).

CFA can also be activated with inorganic nanomateri-
als which are highly reactive due to high surface to vol-
ume ratio. Magnetite modified CFA has been utilized for
removal of As (V) from water (Karanac et al. 2018). This
type of modification leads to easy magnetic separation of
CFA which is otherwise difficult.

In another example, Ag-Fe;0, loaded CFA was used
for efficient removal of Pb (II) ions from water (Joshi et al.
2015). Nucleation sites were provided by fly ash for metal
oxide and metallic nanoparticles which gets protonated/
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deprotonated easily. These charged sites can attract the Pb**
ions resulting in effective adsorption of the toxic metal ions.
The capacities of adsorption of some CFA-based adsorbents
are given in Table 9.

In addition to the heavy metal ions, a few inorganic ani-
ons are also well known pollutant and dangerous to animals
and plants. Most hazardous of them are fluorides and phos-
phates (John et al. 2018). The source of phosphate is from
phosphate fertilizer used in agriculture which gives rise to
eutrophication and increased mortality rate of aquatic life
(Farmer 2018). As CFA is enriched in oxides of Aluminium,
Iron, Calcium and Silica, it can be a suitable material for
adsorptive removal of anions as these metal ions can adsorb
or precipitate phosphate containing effluents.

3.3 Phosphate removal

Phosphate removal was first reported by Kuziemska (1980)
where crown CFA from thermal power plant was used as
coagulant to precipitate phosphate. It was observed that
phosphate anions were precipitated immediately after
coagulant was mixed with the phosphate containing solu-
tion (Kuziemska 1980). The coagulation process was inves-
tigated with four parameters—coefficient, initial phosphate
concentration, total alkalinity of the test and coagulant solu-
tion and out of which coefficient and total alkalinity of the
test solution were most important parameters. Removal of
phosphate can also be achieved by low calcium (approx.
1 wt% as CaO), acidic (pH approx.=4.5) type F fly ash.
The batch equilibrium experiments show removal of phos-
phate of the order of 100%—75% for 50-100 mg/L phosphate
solution (Grubb et al. 2000). The removal was based on the
formation of insoluble iron and aluminium phosphate at
low or neutral pH range. Under such acidic condition, the
phosphate retention amount is about 20%. A comparative
study of phosphate removal by slag, OPC (ordinary Portland
cement), FA (fly ash) and cement blend was reported by
Agyei et al. (2002) and revealed that slag remove the anion
faster than FA. A more efficient removal was at pH lower
than 7, higher solute concentration and higher temperature.
The adsorption capacities of fly ash, slag, OPC, OPC +slag,
OPC +1ly ash are 32, 60, 83, 78, 75 mg/g for PO43‘ respec-
tively. In another approach, CFA can be converted to zeolite
or zeolite composites and used for anion removal. A novel
hybrid adsorbent was reported by Wang et al. by combin-
ing zeolite from CFA and hydrous lanthanum oxide. It was
then used for removal of phosphate from lake water. The
process is pH dependent and percent adsorption decreases
with increasing pH. Additionally, the hybrid adsorbent can
retain few cations also (Wang et al. 2016).

3.4 Fluoride removal

Excess fluoride ion present in water causes fluorosis which
affect the teeth and bones. Number of industries discharge
water with high level of fluoride. Several technologies are
available for fluoride ion remediation (Reardon and Wang
2000). CFA has been successfully used by Chaturvedi et al.
(1990) to remove fluoride from waste water at various tem-
perature, pH and concentration. Acidic pH, low concentra-
tion and high temperature favor removal of fluoride. Calcium
hydroxide treated CFA has been used for removal of fluoride
ions from aqueous solution. The maximum adsorption was
reported to be about 89% at an adsorbate dose of 10 mg/L,
equilibrium contact time of 120 min and adsorbent dose
of 3 g/L at pH="7. The process followed a pseudo-second
order kinetics and fitted Langmuir isotherm model reveal-
ing a monolayer chemisorptions (Geethamani et al. 2014).
In another research, NaP1 zeolite was produced by wash-
ing with NaOH. The zeolite thus formed was more crystal-
line and contains more positive surface charge. Maximum
adsorption of 90% was reported at pH=6 with a contact time
of 30 min. Moreover, the adsorption increases with increase
in adsorbent dose due to availability of more surface area
and with contact time. The experimental data was found to
be consistent with both Langmuir and Freundlich isotherm
(Panda and Kar 2018).

3.5 Boron removal

Boron is present in environment as borate ion and boric acid.
Acid is used in manufacturing of cosmetics, carpet, leather
and photographic chemicals, glass, porcelain for weather
proofing, wood and fireproofing fabrics. Fly ash can be used
to adsorb boron. Boron adsorption was reported by Hollis
et al. (Hollis et al. 1988) and Oztiirk and Kavak (2005). The
adsorption which is an exothermic process is maximum at
pH=2 and 25 °C.

3.6 Radioactive element (U) removal

Radioactive elements like Uranium are extremely hazardous
to animal growth and livelihood. CFA based adsorbent mate-
rial is effectively used against removal of this toxic metal.
Raw CFA has been used for removal of uranyl ion from
waste water by Li et al. (2013) Maximum adsorption capac-
ity was reported to be 8.38 mg/g at pH=>5 within 60 min.
CFA based zeolite iron oxide magnetic nanocomposite was
used to remove U®* jons from water with almost 100% effi-
ciency under an optimized condition of pH=3, time=2.5h
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Table 10 Physico-chemical

- Adsorbent
properties of the adsorbents

SBET (mz/ 2)

CFA 15.6
CFA-HCI-RT 28.3
CFA-HCI-100 30.1
CFA-HCI-S 30.5
CFA-HCI-M1 35.7
CFA-HCI-M2 28.6

[MB]o=2.7 x 10°° M, pH = 5.2; [CV]o=2.0 X 10°°* M, pH = 5.9
[RBlo=2.4x10°°M, pH = 6.4.
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Fig. 19 Comparison of dye adsorption on various adsorbents (Wang
et al. 2005a, b)

and C; =100 ppm. The adsorption data fitted well Langmuir
isotherm with maximum adsorption capacity of 22.4 mg/g
(Fungaro et al. 2012). Along similar line, adsorptive removal
of U (VI) was reported by two types of zeolite (A and B)
synthesized from CFA. It was found that the radioactive
ion was removed with an efficiency of 90% and 99.5% for
zeolite-A and zeolite-B respectively within one hour, which
showed better removal performance of zeolite-B over zeo-
lite-A for U (VI) (Xie and Zhou 2017).

Mesoporous calcium-silicate derived from CFA was
developed for removal of several radioactive nucleotide
such as 58Co, 60C0, ey, 54Mn, 38Fe, PNb, 95Zr,99M0 and
137Cs. Maximum adsorption was observed for ®°Co which
was almost 100% removed, other ions are removed with
an efficiency of 98%-99% (Qi et al. 2015). Adsorption of
radioactive Barium (Ba) and Europium (Eu) from aqueous

solution by CFA derived zeolite containing Na-Y and SOD
was reported by Noli et al. (Noli et al. 2016). The adsorbent
showed excellent removal efficiency (~ 100%) under an opti-
mized condition of pH=4, time=2 h and temp.=31 °C.
Type F CFA produced from thermal power plant was
assessed for their ability to retain four radioactive cations
such as Cs™, Sr**, Ce** and Ce** from aqueous solution.
Unlike the previously described cases, the mechanism of
removal was reported to be formation of coordinative
bond between monovalent /divalent cation with negatively
charged alumino silicate anions present on the surface of the
coal fly ash. It was reported that Ce** and Ce** ions were
completely removed while removal of Cs™ was unsatisfac-
tory (30%) and Sr*>* was not adsorbed at all. The unsatisfac-
tory adsorption of Cs* may be attributed to its bigger radius
(181 pm) compared to the radius of Ce** and Ce** (115 pm
and 101 pm). Strontium was not adsorbed as it is leached out
(Lieberman et al. 2015).

4 Comparison of removal of pollutants
by modified CFA

CFA, CFA treated with HCI at room temperature (CFA-HCI-
RT), CFA treated with HCI at 100 °C (CFA-HCI-100), CFA
treated with HCI and ultrasonicated (CFA-HCI-S), CFA
treated with HCI and heated in microwave oven for 2 min
(CFA-HCI-M1) and CFA treated with HCI and heated in
microwave oven for 10 min (CFA-HCI-M2) have different
surface area (Table 10) and have different adsorption effi-
ciency for three basic dyes, methylene blue (MB), crystal
violet (CV), and rhodamine B (RB) (Fig. 19) (Wang et al.
2005a, b).

CFA untreated (A,), treated with NaOH (A1-A5)
(Table 11) have different morphologies (Fig. 20) and
removal efficiency for Cd** from aqueous solution (Fig. 21)
(Buema et al. 2021).

A group of researchers synthesized micro and mesoporous
silica by using CFA at different pH (13, 11, 9 and 7) and
used FA-AT13, FA-AT11, FA-AT9 and FA-AT7 for the
removal of parabens (methylparaben, ethyl paraben, propyl-
paraben, and butylparaben) from aqueous solution (Fig. 22).
The SEM pictures show a substantial change in morphology

Table 11 Method and

. Adsorbents Synthesis method FA:NaOH ratio Temperature NaOH (M) Contact
conditions of adsorbent o :
. °O) time (h)
synthesis
Al Direct activation 1:3 20 2 168
A2 Ultrasound 1:5 70 5
A3 Ultrasound 1:5 70 5 2
A4 Direct activation 1:5 90 5
A5 Direct activation 1:3 90 5 15
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Fig.20 SEM pictures of untreated and treated CFA (Buema et al. 2021)

by changing the pH. The change in pH affects the surface
area of FA-AT13, FA-AT11, FA-AT9 and FA-AT7 also.
FA-AT7 showed highest adsorption for all paraben due to
its increased surface area (Oliveira et al. 2020).

CFA modification into three different Fenton type het-
erogenous catalyst showed the variation in p-nitrophenol
removal capacity. Acid modification and Fe,O; loading
changed the physiochemical characteristic of CFA and
enhanced its removal capacity. The surface area of CFA,
MCFA powder, granular MCFA, Fe,O; granular MCFA
were found 19.2, 27, 12.3, 11.1 m2/g, respectively. p-Nitro-
phenol removal capacity of various CFA, MCFA powder,

granular MCFA, Fe,0; granular MCFA were 32.1% in
60 min, 60.7% in 40 min, 61.8% in 60 min, 80.7% in 60 min,
respectively. Out of all Fe,05/granular MCFA exhibits the
best stability and catalytic capacity and can be used at least
6 times, while the removal rate of p-NP remains at no less
than 80% (Wang et al. 2017).

5 Regeneration of adsorbent

Researchers have reported the results for regeneration capac-
ity of CFA. The regeneration capacity for sulfonic acid func-
tionalized heat and alkali treated CFA (HATF-SO;H-CFA)
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Fig.21 Removal of Cd** ions from water by CFA and modified CFA
(Buema et al. 2021)

was found maximum at pH 8 and minimum at pH 2.0. Per-
cent adsorption and desorption of MG and R6G dyes is
given in Fig. 23 (Dash et al. 2018). After third desorption
cycle 87.61% for R6G and 88.31% for MG were desorbed.

Acid treated, pulverized and sieved coal fired fly ash
(CFFA) having BET surface area 17.4 m?/g showed
excellent adsorption of heavy metal ions Cd (II), Cu (II)
and Ni (IT) in individual metal and multi metal aqueous
system (Kumar et al. 2019). For regeneration of CFFA,
0.1 N HNO;, H,SO, and HCI were used and the metal
adsorbed CFFA was kept in acid solution on orbital shaker
at 150 rpm for 24 h. Maximum desorption of metal was
achieved with 0.1 N H,SO,. Significant loss in weight of
adsorbent CFFA, and decrease in adsorption capacity were
also observed after second cycle, which may be due to,
some soluble material and functional groups form adsor-
bent washed out during acid treatment (Kumar et al. 2019).

The persulphate activated fly ash-Fe;0,-Ag nanocompos-
ite act as catalyst and showed 98.6% catalytic activity for
the degradation of Corafix Red ME4B dye. The persulphate
played a major role in the regeneration of catalyst (fly ash-
Fe;0,-Ag nanocomposite) and dye degradation as shown in
Fig. 24 (Krishnamoorthy et al. 2021).

Three-dimensional electrochemical system prepared
using CFA and red mud particles (FRPEs) is used for the
degradation of atrazine “90.1% degradation under the
optimal conditions: fly ash: red mud =3:4, FRPEs dosage
100 g/L, cell voltage 5 V, initial pH 6.8 and treatment for
30 min”. The prepared system showed good activity after
7th cycle also. The degradation process takes place at the
surface of FRPEs as shown in Fig. 25 (Teng et al. 2021).
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6 CFA derived membrane for remediation
of water

Coal fly ash derived membranes showed high merit for water
filtration (Wang et al. 2021a, b). The fly ash derived materi-
als can be used as support materials in membrane or these
can be used to prepare microfiltration membranes. The pore
size, overall porosity of membrane and flexural strength are
important factors in the quality of membrane. The mem-
brane prepared by mixing CFA with bauxite enhance the
flexural strength of membrane from 22 to 65 MPa. The
bauxite fly ash combination shows highly promising results
to prepare multiphase filtration layer with well controlled
porosity (Abdullayev et al. 2019). The variety of membranes
prepared by coal fly ash, used to treat pollutants in wastewa-
ter are given in Table 12.

7 Geopolymer for remediation of water

Geopolymers are formed when raw materials containing
aluminosilicate mineral like CFA is allowed to react with
concentrated NaOH/KOH and sodium silicate and cured
at about 90°C. During geopolymerization reaction, steps
involved are: Si and Al atoms of the precursor get dissolved
by the action of hydroxide ions, monomers are formed and
polycondensation of monomers leads to polymeric structures
(Acisli et al. 2020). The overall reaction occurs as given in
Fig. 26.

The overall process of geopolymerization of FA can be
represented by Fig. 27 (Acisli et al. 2020).

The geopolymer acts as adsorbent for removal of heavy
metal ions and dyes from water.

Number of papers published on the removal of pollut-
ants by using geopolymers as adsorbents between 2010 to
2020 as per Science Direct database are shown in Fig. 28
(Alouani et al. 2021).

Table 13 gives efficiency of removal of heavy metal
ions by conventional geopolymers under different condi-
tions (Tan Tee et al. 2020).

Adsorption and desorption of metal ions on geopoly-
mers and their pores are represented by Fig. 29 (Rasaki
et al. 2019). As shown in Fig. 29, adsorption and desorp-
tion process of metal ions on the surface of geopolymer
can be understood. In the figure uncrushed geopolymer
(i), geopolymer crushed into nanosphere shapes with
small and approximately equal radius size (ii), transfer
of metal-ions through mesopores of the nanosphere geo-
polymer (iii), accumulation of the metal-ions onto the
adsorption active sites (iv) and desorption of the metal-
ions from the surface of geopolymer via simple washing
process(v) are shown. Adsorption involves removal of
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metal ions using solid surfaces. Adhesion forces are cre-
ated between the metal ions and mesopores which is the
reason for the observed adsorption. Mesoporous surfaces
are also essential for desorption processes relevant for the
regeneration/reusability of the adsorbents. This oftentimes
is carried out through simple washing, chemical treatment,
steam washing or thermal treatment. The adsorption pro-
cess is either chemisorption or physisorption depending on
whether or not the adsorption results in the formation of
a chemical bond. Often times, physisorption adsorption
process gives favorable adsorption and offers easy regen-
eration due to the weak Van der Waal interactions involved
(Rasaki et al. 2019).

Langmuir adsorption equation fits the adsorption data
well. Pseudo second order kinetic model also fits the data.
Geopolymers adsorb dyes and metal ions spontaneously,
and entropy driven (Rasaki et al. 2019; Acisli et al. 2020).

Adsorbing anionic surfactant like SDBS “sodium dodecyl
benzene sulfonate” onto the geopolymer is a chemisorption
process (Siyal et al. 2019). Below pH 7.04 geopolymer sur-
face becomes positive and above pH 7.04, it becomes nega-
tive. At pH 2, the surface of the geopolymer becomes posi-
tive and that of SDBS is negative. Now the adsorption occurs
due to electrostatic attraction. The other forces of attraction
such as Adsorption of SDBS on geopolymer matrix may also
be due to hydrophobic and other weak forces.
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Fig. 24 Catalytic degradation of Corafix Red ME4B dye by fly ash-
Fe;0,-Ag nanocomposite and regeneration of catalyst (Krishnamoor-

thy et al. 2021)

Low cost geopolymer water pipe-lines can also be made
for water circulation and the threats of toxic effect of heavy
metals can be minimized.

CFA based geopolymer has also been used as photocatalyst
for degradation of dyes present in water. Geopolymer contains
some semiconducting metal oxides like Fe,05, TiO,, Al,O3,

and MgO, which act as photocatalyst (Fig. 30) (Rasaki et al.
2019).

Porous geopolymer composites are also used as adsorbents
for the removal of drugs and dyes (Rozek et al. 2020). Removal
efficiency for MB dye is up to 99% (Rozek et al. 2020). During
MB adsorption there is an electrostatic interaction as given
in Fig. 31 (Zhang et al. 2021a, b; Lee et al. 2017).
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Fig.25 Schematic representation of degradation of atrazine and
regeneration of FRPEs (Teng et al. 2021)

8 Zeolite for petroleum compounds removal
from water

The efficiency of CFA was enhanced by converting it to
zeolite as reported by Cardoso et al. (2015). They synthe-
sized NaP1 zeolite under milder condition using Brazilian
CFA in pressurized reactors at 150 °C and a glass reactor
at 100 °C. This zeolite was then used for treatment of acid
mine drainage for adsorptive removal of various metal
ions. It was reported that with adsorbent dose of 10 g/L
and equilibrium time of 30 min, complete removal of As
and Ni was achieved while removal of Calcium, Copper,
Iron and Manganese was > 98%, > 96%, >98% and > 98%
respectively. Other cations and anions that were partially
removed were ammonium (52%), magnesium (60%),
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Table 12 Coal fly ash derived membrane

Combination of material Pore size Pollutant Removal Reference
Fly ash ceramic, Graphite, TiO, Nanofiber 11 nm RhB, Cu(Il), Cd(II), Cd I)41.53% Zhang et al. (2021a, b)
(TNM-PFACS) and Cr(VI) co- RhB 22.44%
existed Cr (V1) 59.47%
Cu (II) 91.0%
Fly ash alumina 100 nm Total organic carbon TOC 99% and Tin 99.9% Zou et al. (2019)
(TOC) and Tin
Fly ash and Bauxite 0.48 um Oil 99% Chen et al. (2016)
Fly ash and titania 0.11 pm Oil 97% Zhu et al. (2016)
Fly ash, quartz and calcium carbonate 1.36 um Oil 97% Kanchapogu et al. 2016
Fly ash, quartz, titania 1.32 ym Oil 99.2% Kanchapogu and Pugaz-
henthi (2016)
Fly ash, polyvinyl alcohol 0.25 um Dye 90% Jedidi et al. (2009)
Coal fly ash, methocel, amijel, starch 0.25 pm Dye 100% Jedidi et al. (2011)
Coal fly ash 0.77 um Oil 95% Fang et al. (2013)

n(Si,05-Al,03)+2nSi0,+4nH,0 +NaOH- Na* + n(OH);-Si-0-Al-Si-(OH);
I

(Na*)-(-Si-0-Al-0-Si-O ) +4nH,0 —

Geopolymer

(OH), precursor

+NaOH

Geopolymer backbone

Fig.26 Chemical reaction during geopolymerization of CFA

potassium (82%) and zinc ions (79%) and sulphate ions
(85%) (Cardoso et al. 2015).

The Na-P1 zeolite was obtained using CFA by hydro-
thermal conversion method and is reported as good adsor-
bent for benzene, toluene, xylene, diesel fuel from aque-
ous solution. Figure 32 shows the SEM, EDX images and
adsorption capacity of Na-P1 zeolite. It showed 0.147 mg/g,
0.129 mg/g, 0.050 mg/g and 0.038 mg/g adsorption capac-
ity for benzene, toluene, o-xylene and p-xylene respectively
within 24 h with 0.5 g dose (Bandura et al. 2017). For diesel
fuel 910 mg/g adsorption capacity was achieved with 5 g
dose of Na-P1 zeolite in 24 h (Bandura et al. 2015). Adsorp-
tion followed pseudo second order kinetics.

A more energy consuming method for conversion of coal
fly ash to zeolite is by hydrothermal treatment which even-
tually enhances the efficiency by 2-25 times. Czarna et al.
(2018) has synthesized Na-A, Na-X and Ag-X-zeolite from
type F fly ash following hydrothermal method. Mercury
sorption studies from waste water were carried out by them
and compared with commercial zeolites like 4A and 13X.
Maximum adsorption efficiency of 90.57% was obtained
with Na-A zeolite, while that with Na-X and Ag-X zeolite
were 89.4% and 89.6% respectively. The SEM images of
synthesized and commercial zeolite are given in Fig. 33
(Czarna et al. 2018).

9 Environmental risk from CFA

CFA contains number of heavy metals in small quantities
but nearly 10 times higher than that in coal. These have
toxic effect on the environment and human being. This
has been discussed in detail by Miricioiu and Niculescu
(2020). Metals can easily leach from CFA, go into water
and soil and also contaminate air. There are many factors
such as rain, wind, pH, particle size, etc. which contribute
towards interaction of the metals with humans, reaching
significant concentration in soil and water and finally in
crops. Since these metals are toxic, may have a negative
and toxic effect. Major elements in CFA are Si, Al, and Fe
along with considerable amount of Na, K, Ca, and Ti. Al
is present normally as alumino-silicate which controls the
biological toxicity of CFA. The presence of large quanti-
ties of elements increases the edaphic characteristics of soil
resulting into enhancement of crop yield (Khan and Rashid
2019). At the same time, it also has adverse effects on envi-
ronment because of release of number of trace metals like
Mn, Zn, Mo, and Cu along with large amount of other toxic
elements (i.e. Co, Pb, As, Cr, Ni, Se). Amongst different
toxic elements in CFA, arsenic is one of the most hazard-
ous and toxic elements causing ecological problems (Wang
et al. 2020). Arsenic in CFA is responsible for skin diseases
and lung infections. Soluble salts are also present in CFA
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Fig. 27 Geopolymerization of FA (Acisli et al. 2020)

which promote pollutants to migrate into groundwater from
soils through leaching causing water pollution. Naturally-
occurring radionuclides (NORs) such as 2381y, 226Rq, 232Th,
and “°K might be present in CFA, so before using CFA
for water remediation, these aspects should be taken into
consideration (Roper et al. 2013; Turhan et al. 2010). Thus,
disposal of large amount of CFA in atmosphere, may release
large amount of toxic elements which may be responsible
for potential environmental hazard. Therefore, disposal
and reuse of CFA should be made with care (Miricioiu and
Niculescu 2020). There are ways proposed by researchers to
minimize the leaching of harmful elements from CFA and to
reduce the pollution caused by CFA (He et al. 2015; Huber
and Fellner 2018; Mutlu et al. 2018; Valeev et al. 2019).
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A group of researchers have reported that the increase in
alkalinity of CFA reduces the release of Cd, Co, Cu, Hg,
Ni, Pb, Sn and Zn metal ions (Izquierdo and Querol 2012).
The detailed studies are needed to know the environmental
effect and its prevention due to use and disposal.

10 Future direction

Fly ash is a coal combustion residue and has a great poten-
tial for water decontamination. CFA may be an impor-
tant alternative to activated carbon or zeolites for adsorp-
tion. Raw CFA normally has low adsorption capacity but
modified CFA can be a better alternative. Considering the
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Fig.28 Number of papers published on water treatment by geopoly-
mer as adsorbent during the period 2010-2020 (Alouani et al. 2021)

economics, CFA should be converted to modified CFA
and decontamination studies should be carried out under
different conditions in detail. CFA obtained from different
sources have different compositions and morphologies. A
systematic study is needed to know the effect of morphol-
ogy, composition and surface area.

11 Conclusions

CFA is obtained from power plants by burning fossil fuels.
It is basically of two types—Class C and class F. Class
C obtained by burning of anthracite or bituminous coal,

where major components are SiO,, Fe,0; and Al,O; The
class F fly ash is produced by burning of lignite and sub-
bituminous coal. It majorly contains SiO,, Fe,0;, Al,O;
and silicate glass. Composition and surface area of CFA
control the properties. CFA is widely used in construction
industry. Now-a-days CFA—based geopolymer is coming
up as a green binder and an alternative to Portland cement.
In addition, it is also used in agriculture, ceramic industry
and preparation of number of materials like zeolite. Acti-
vated carbon derived from high carbon coal fly ash is used
for hydrogen storage applications. CFA is a good adsorbent
for removal of pollutants from aqueous solutions. CFA can
also be modified and activated for removal of pollutants.
CFA derived membranes showed high potential for water
filtration. CFA reduces the cost of membrane. Aluminium
extracted from CFA into chloride solution can be used as
coagulant for water treatment. Geopolymer obtained from
CFA is also used as an effective adsorbent for removal of
pollutants. The removal efficiency depends on number
of parameters like pH, temperature, adsorbent dose, etc.
Depending on the constituents, it also acts as a photocata-
lyst or supported photocatalyst for the degradation of dyes
and organic compounds present as pollutant in water. CFA
is economical as an adsorbent but at the same time it is haz-
ardous also since it contains lot of heavy metal ions. Use
of CFA as an adsorbent is still in early stage and detailed
studies are needed.

Table13 Removal of heavy

metals by geopolymers (Tan Seopolymers from dif- Heavy metal ions Solutioon tempera- pH Uptgke capacity/
Tee et al. 2020) erent sources ture (°C) efficiency (mg/g)
LD slag Ni* 45 10 85.29
FA Cu? 30-40 - 9
CFA Pb* 45 5 67.75
CFA Cu** 45 6 152.3
FA Pb*+ - 3 118
MK Pb*+ 4 100
Ca* 75.74
Cu® 54.54
crt 10.15
MK Zn** 25 6.39 74.53
Ni* 25 7.25 4
MK Pb** - - 247
cd* 08
cu** 35
Zn* 44.73
crt 21.84
MK Mn** 30 3 72
Co™ 69.23
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