Nanotechnology for Environmental Engineering (2024) 9:207-237
https://doi.org/10.1007/541204-024-00362-z

CRITICAL REVIEWS q

Check for
updates

Emerging applications of waste fly ash for remediation
of environmental contaminants: a high-value and sustainable
approach towards utilization of waste materials

Vishal Gadore' - Soumya Ranjan Mishra' - Mika Sillanpai” - Md Ahmaruzzaman'

Received: 19 September 2023 / Accepted: 1 February 2024 / Published online: 19 March 2024
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2024

Abstract

Fly ash is a greyish-black powdery substance easily available and produced as a side product of burning any organic sub-
stance. A huge amount of fly ash is generated worldwide, and today’s world faces a severe problem of its disposal. Owing
to its various applications, researchers began utilizing fly ash as a catalyst to solve environmental problems. Due to the
presence of metal oxides in fly ash, it acts as a good adsorbent. It can be used to support semiconductor photocatalysts in
degrading pollutants from wastewater under light irradiation. The current review discusses the preparation methods of fly
ash-based materials such as impregnation, wet chemical synthesis, electrospinning, modified meta-organic decomposition,
impregnation, sol-gel, layer-by-layer assembly, precipitation/co-precipitation and hydrothermal/solvothermal technique. The
application of fly ash and related materials for photocatalytic degradation of organic pollutants and the factors that affect
the photodegradation, mechanism, kinetics of photodegradation, and approaches to make photocatalytic degradation more
efficient have been reviewed. The techniques used to characterize fly ash nanocomposites, like powdered X-ray diffraction
technique, Fourier transform infrared spectroscopy, and scanning electron microscopy, have been discussed to understand
the topic better. Furthermore, the applicability of the fly ash and modified fly ash for the sorption of volatile organics, SOx,
NOx, and mercury from flue gases has also been summarized. Moreover, the review also provides a scope for further research
in the field of photodegradation and air remediation using fly ash to develop robust and low-cost materials for environmental
remediation.
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Introduction

Ash is a powdery material generated as a byproduct of the
combustion of organic matter. It is mainly utilized by cement
manufacturing factories or disposed of in landfills. The Min-
istry of Power, Government of India, reports that more than
270 million tonnes of fly ash is generated annually. About
1670 million tonnes of fly ash have accumulated over the
years due to gross underutilization of this byproduct, accord-
ing to a report by the Joint Committee in 2021. The disposal
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of fly ash (FA) has many challenges, like the presence of
heavy metals and carcinogenic compounds leading to soil
and water pollution. Also, the soil containing FA is unfit
for agricultural purposes. Therefore, the problems related
to the disposal of FA are a major environmental threat [1].
Hence, scientists are dedicated to developing new methods
to utilize FA in an effective and greener way. Much research
in recent years has reported using FA and modified FA
as an adsorbent to remove heavy elements and dyes from
water sources. According to research, the highest adsorp-
tion capacity for sulphonated humic acid achieved with pure
fly ash was greater than 92 mg/g, which could increase to
321.8 mg/g after modifications [2]. Undoubtedly, FA has
emerged as an excellent material for wastewater treatment
owing to its greater surface area (170-1000 m%/g), higher
pore size (5-500 nm), and the presence of silicon (15-60%)
and aluminium (5-30%) oxides, which act as adsorbents for
pollutants [3].
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Various physical, chemical, and biological techniques
have been proposed by researchers for water purification and
contaminant removal [4]. Among these techniques, adsorp-
tion is an efficient and promising technique for removing
hazardous contaminants [5, 6]. Several low-cost adsorbents
like metal-organic frameworks (MOFs), activated carbon
(AC), carbon nanotubes (CNTs), and fly ash were developed
and modified for the efficient removal of toxic metals and
hazardous compounds from wastewater and flue gas (FG) [7,
8]. Typical methods of synthesis of CNTs and their selec-
tivity towards particular contaminants limit their practical
applications [9]. FA has a good specific surface area (SSA),
porosity, particle size, and other natural qualities, making
it a low-cost adsorbent without any further modifications
[10]. For instance, according to Bhattacharyya et al. [11], FA
can be utilized as an adsorbent in a plasma reactor cascade
to reduce NOx emissions from biodiesel engines. Hower
et al. (2000) showed that FA carbon effectively absorbs Hg
from flue gas. Several researchers have discovered that FA
is an effective sulphur dioxide (SO,) and volatile organic
compound (VOC) adsorbent after little modification [12].
Other researchers have also successfully documented the
one-step electrospun synthesis of fibrous membranes using
FA to adsorb volatile organics from the environment [13].

The chemical composition of FA depends on the source,
combustion technique, and storage method [14]. Some
essential nutrients in FA, like K, B, Cu, Mg, Zn, and Fe,
are highly desirable for the healthy growth of some crops
[15]. Also, the high concentration of alumina, silica, and
iron oxides is essential compounds to enhance the adsorption
capacity of FA [16, 17]. The adsorption efficiency of FA can
further be improved by alkali activation of SiO, and Al,O;
resulting in the formation of zeolites.

However, the presence of toxic heavy metals in FA could
be a source of secondary pollution. Therefore, scientists
found that apart from adsorption, FA could also be used as
a base material to anchor semiconductor photocatalysts, fur-
ther enhancing the removal of pollutants from wastewater.
The FA support for semiconductor photocatalysts solved two
major problems related to photocatalysts and secondary pol-
lution. Firstly, most of the existing photocatalysts are unsta-
ble and easily corroded in an aqueous medium. Therefore,
FA enhances the stability of photocatalysts and improves
their efficiency by adsorbing pollutants over their surface.
Secondly, forming composites of FA suppresses the leach-
ability of heavy metals, which solves the secondary pollution
problem.

Titania (TiO,) is one of the most frequently used photocata-
lysts, but it has a lower specific surface area (70—100 m?/g),
which reduces the adsorption efficiency [18]. The reaction pos-
sesses a low quantum yield due to the higher charge recombi-
nation rate [19]. The large bandgap of silica (SiO,) is similar
to TiO,, which limits its usage only under ultraviolet (UV)
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light irradiation [20]. Zinc oxide has a non-uniform structure,
reducing adsorption capacity and decreasing the photocatalytic
reaction’s efficiency. Also, ZnO is easily agglomerated under
extreme pH (below pH 4 and above pH 9) [21]. Bismuth vana-
date (BiVO,) has its own limitations, such as low adsorption
efficiency and poor charge-carrying properties [22]. Most pho-
tocatalytic reactions involve nano-powdered photocatalysts,
which require an extra step for recovery and increase the treat-
ment cost. Therefore, real-world applications of semiconduc-
tor materials still experience several disadvantages associated
with the recovery and regeneration of the photocatalyst. Many
researchers came up with the idea of co-catalyst interactions,
immobilization [23], doping [24], and forming a heterojunc-
tion with metal oxides to improve the efficiency of a photo-
catalytic reaction [25, 26]. Recently, the use of FA, activated
carbon (AC), clay, etc. for the immobilization of photocatalysts
has been widely investigated [27]. Fly ash can float, which
serves the purpose of immobility, enhances the exposure of
the photocatalyst to light, and helps improve photodegrada-
tion performance. After treatment, the photocatalyst can be
conveniently rejuvenated from the system [28].

Good research is conducted to find out more about the
characteristics and photocatalytic degradation of dyes by
fly ash nanocomposites [29, 30]. Coal fly ash (CFA), rice
husk ash (RHA), and volcanic ash (VA) are easily avail-
able and were generally investigated as supporting materials
for photocatalysts to make them more efficient at degrading
pollutants owing to their larger surface area, high stability,
reusability, and high silica and alumina content [31, 32].
Numerous FA-based photocatalysts with different physico-
chemical features were prepared and examined for pollutant
degradation in water. Due to the high adsorption capacity
of the fly ash and the photocatalyst's degradation efficiency,
these nanocomposites are particularly effective [33, 34]. Pro-
cesses like hydrothermal and sol-gel are some of the ways
to prepare nanocomposites.

This paper summarizes fly ash's photocatalytic efficiency
and adsorptive capacity and related materials to degrade
organic contaminants from wastewater and remove toxic
gases from the environment. This article aims to deliver a
fundamental understanding of FA-based photocatalysts and
fly ash as an adsorbent for toxic pollutants from flue gases.
This article also summarizes the synthesis of FA-based
materials, their properties, characterization techniques, and
the photodegradation mechanism of organic contaminants
and dyes.

Scope of the review

Various review articles published to date deal with the
photocatalytic properties of FA and related materials for
the removal of dyes [29, 35]; however, to the best of our
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knowledge, no review has been published highlighting the
photocatalytic activity of fly ash nanocomposites for the
degradation of organic contaminants from water, discuss-
ing the mechanism of degradation and application of fly ash
in the elimination of toxic gases from the environment in
a single article. The review article summarizes the utiliza-
tion of CFA, RHA, bottom ash, and VA to degrade organic
contaminants from wastewater, synthesis techniques, the
pros and cons of various synthesis techniques, characteriza-
tion methods of FA-based materials, factors affecting the
photocatalytic process, the mechanism of the degradation
of dyes, and the application of fly ash in sorption of toxic
gases. This review will help the readers synthesize potent fly
ash nanocomposites for environmental remediation. Finally,
the challenges and new prospects for designing fly ash-based
nanocomposites have been discussed. Over previous years,
there has been an exponential increase in the articles pub-
lished in the field of environmental remediation reporting
the use of fly ash as support.

Synthesis of fly ash nanocomposites

Following coal combustion, the bottom 20% of the ash is
referred to as bottom ash, and the remaining 80% is trans-
ported as fly ash. An electrostatic precipitator is utilized to
collect fly ash electrically, and fabric filters are employed as
mechanical collecting devices. Fly ash may be collected with
99% efficiency using electrostatic precipitators.

The literature reported the use of RHA, CFA, and VA for
the support of photocatalysts. The catalyst type determines
the preparation method and the pollutants to remove [36].
It is well known that the adsorption and photodegradation
efficiency of nanocomposites are affected by the morphology
to a great extent. During the synthesis of nanocomposites,
several factors, such as reactant concentration, reaction time,
temperature, and use of surfactants and solvents, affect the
size and morphology of the nanocomposites [37]. During
hydrothermal synthesis, the reaction temperature and the
time have a major role in controlling the sample's morphol-
ogy, while in the sol—gel and precipitation technique, the
choice of reactant and stirring speed affects the nanoparticle
morphology. The surfactants prevent nanoparticle agglom-
eration, and their concentration affects the particle size.
By adjusting these variables, scientists may optimize the
synthesis process and produce nanocomposites with cus-
tomized morphologies. The following are some standard
methods for synthesizing nanocomposites of FA:

Hydrothermal technique

Hydrothermal technique produces nanocomposites with
large crystalline sizes (~40 to 50 nm), smaller particle
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Fig. 1 Sol-gel method to synthesize FA-based nanocomposites [47]

sizes (2-50 nm), and a wide range of morphologies (quan-
tum dots, nanosheets, nanorods, nanoflowers, nanospheres)
depending upon the reaction conditions [38, 39]. A mixture
of metal salt and fly ash is dissolved in water. The solution
is transferred to a Teflon-lined autoclave and subjected to
high temperatures ranging from 100 to 220 °C. The great
purity of the produced sample is due to the nucleation and
crystallization reactions that occur inside the tube [40].
Mushtaq et al. [41] fabricated MnFe,O,/FA nanocompos-
ite using manganese chloride tetrahydrate and ferric nitrate
nonahydrate as precursors via a hydrothermal technique at
180 °C for 18 h. The prepared nanocomposite was highly
efficient and showed 100% degradation of methylene blue
within 30 min.

Sol-gel method

Sol-gel is ideal for producing metal oxide nanoparticles
[42]. It is one of the most basic approaches for making
nanoparticles [43]. The condensation of metal sols forms
a three-dimensional network gel with strong recurring
metal-oxygen—metal links. Afterwards, the gel is dried
for future use [44]. Water has been used as a solvent; how-
ever, this process has since expanded to include organic
solvents [45]. The sol-gel approach [46] can be used to
dope FA with metals and non-metals. Figure 1 illustrates
a sol-gel method to synthesize FA-based nanocomposites
[47]. Iron-doped TiO, was decorated over FA via a sol-gel
method for the removal of methylene blue [48]. Iron and
titanium precursors were dissolved in 90 mL ethanol and
10 mL acetylacetone solution. The resultant mixture was
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then added to the ethanol solution, followed by ferric
nitrate, and the pH was adjusted to 5 by adding HNO;.
After stirring for 1 h at room temperature, 2 g polyethylene
glycol was added to the above mixture and stirred for 1 h at
50 °C in a water bath. Then, an appropriate amount of FA
was added, and the mixture was again attired for another
1 h. The resultant sol was allowed to age for 24 h. The
precipitate was filtered, dried, and calcined at 120 °C for
2 h, forming Fe-TiO,/FACs.

Meta-organic deposition (MOD)

The MOD approach is commonly used to make BiVO,
nanocomposites [22]. The precursors are dissolved in a
non-polar solvent, and the non-polar ligand covers the
photocatalyst's polar centre. As a result, the resultant sam-
ple is very stable and water resistant [49]. Zhang et al. [22]
examined the production of BiVO,-coated fly ash ceno-
spheres (FAC) for improved photocatalytic degradation
efficiency. Typically, a solution of bismuth nitrate was pre-
pared in acetic acid through stirring for 30 min. Another
solution of vanadium tri-isopropoxide was prepared in
acetylacetone. Both the solutions were mixed to obtain
a Bi:V ratio of 1:1, and the resulting solution was stirred
for 1 h at room temperature. Then, FACs were added to
the above solution and stirred for another 3 h to obtain a
homogenous mixture. The resulting precipitate was dried
at 110 °C and calcined at 500 °C for 2 h to obtain the
final product. Silane was used to modify the organofunc-
tional properties of FAC's surface in order to facilitate
the deposition of BiVO, film. Pt ions were added to the
BiVO,-FAC to boost efficiency [23].

Precipitation and Co-precipitation

This is a new approach for precipitating many components
at once [62]. However, this method results in irregular mor-
phology and particle size of the produced materials and
often leads to impure materials [S0-52]. Inorganic salts are
precipitated by adding a stoichiometric amount of acid or
alkali to the final solution, which is then heated in a small
volume of oxygen to convert metal into metal oxides [66,
67]. Okte and Karamanis [37] prepared ZnO-FA for congo
red (CR) degradation from an aqueous stream. Briefly, a
solution of zinc nitrate was added into a solution of sodium
carbonate and the predetermined amount of FA through
magnetic stirring for 12 h. The precipitate was then centri-
fuged, dried and calcined at 500 °C for 5 h to obtain ZnO/
FA nanocomposite. Further, Shaban et al. [53] synthesized
a NiO,-containing nanocomposite using the precipitation
process.
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Electrospinning

Electrospinning is a sophisticated method for creating
nanofibers with diameters ranging from 10 nm to several
micrometres [54]. A spinneret is used to pass the molten
polymer through, and a high voltage is supplied in the
solution. The molecules are charged, forming a hollow
tube, and the solution evaporates as the voltage rises, leav-
ing a solid nanofiber behind [55]. Saud et al. [56] reported
the fabrication of TiO, nanofibers/FA nanocomposite by
electrospinning method. Titanium precursor was mixed
with acetic acid for 10 min, followed by the addition of
appropriate amounts of polyvinyl alcohol, ethanol, and
FA. The mixture was stirred for 6 h at room temperature
before electrospinning at 15 kV. The resulting nanofibers
were calcined at 600 °C for 3 h to obtain the final product.

Layer-by-layer assembly method (LBLA)

LBLA stands for layer-by-layer assembly method. Elec-
trostatic attraction is used to coat the templates with thin
films of opposite charges in this process. The salt solution
is nebulized, followed by atomization. To obtain the final
product, the residue was dried up and decomposed [57].
This process is utilized to produce oxide-based nanocom-
posites since it is easy and produces consistent film coating
[58]. For instance, Cui et al. [59] reported the fabrication
of Tiy ¢;0,/FA nanocomposite by the LBLA method. First,
the FA is treated with polyethylenimine for 60 min through
stirring to charge the FA surface negatively, and then, it
is collected by centrifugation and dried. Then, a predeter-
mined amount of negatively charged FA was mixed with
a solution of Ti; 4,0, and stirred for 60 min. The result-
ing precipitate was washed with distilled water and dried
before being treated with a poly(diallyldimethylammonium
chloride) solution. The same process was repeated several
times to obtain layered Ti; 9;O,/FA nanocomposite.

Incipient impregnation approach

This method is cost-effective and straightforward, requir-
ing no specific apparatus and producing no secondary pol-
lutants. Fly ash nanocomposite can be impregnated with
metal ions. Calcination can be used to reactivate the dried
product [60, 61]. Xu et al. [62] extracted SBA-15 from FA
and impregnated it with Co and Mn via an impregnation
method. Typically, a known amount of SBA-15 was stirred
with appropriate amounts of cobalt nitrate and manganese
nitrate and the resultant solid mixture was collected, dried,
and calcined at 500 °C for 2 h.
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Green synthesis

There has been a rise in awareness over the past decades,
and as a result, the need to employ green chemistry con-
cepts has appeared in chemical research. Green synthe-
sis methods have had a significant impact on the cost of
nanomaterial production as well as pollution reduction.
Natural products have been used to synthesize nanoma-
terials, which has helped to reduce costs and pollution.
Proteins, cellulose, honey, and other natural products are
readily available and inexpensive. During the preparation
of nanomaterials, the natural compounds could be used
as precursors, solvents, or surfactants. Natural products
can effectively alter the size of particles and the shapes
of nanoparticles due to their complex structure and char-
acteristics. As a result, greater research into the role of
these organic compounds in the green fabrication of nano-
particles is needed. Recently, Yadav et al. [63] utilized
egg shells as a source of calcium to fabricate CaMn,0,/
FA nanocomposite. The egg shells were washed and cal-
cined at 800 °C for 4 h to obtain CaO. Then, appropri-
ate amounts of CaO, manganese acetate, and FA were
immersed in distilled water, followed by the addition of
NaOH solution at constant stirring for 4 h at 80 °C. The
precipitate was then washed, dried, and calcined at 550 °C
for 2 h to obtain CaMn,0O,/FA nanocomposite.

Because of its easiness, which does not necessarily
involve the use of complex machinery or particularly high
working temperatures, sol-gel is the most often used tech-
nique to synthesize metal oxide nanoparticles because the
particles of desired morphology could be creased with
some slight adjustments. The hydrothermal or solvother-
mal processes benefit from being a reliable approach, but
they require high temperatures, and the particle size of the
prepared composite may be altered by the temperature,
reactant and solvent choices. The necessity for a costly
hydrothermal autoclave, which demands extra safety pro-
cedures prior to usage, is one of the significant disadvan-
tages. Precipitation and co-precipitation are innovative
approaches that have the benefit of precipitating more
than one component while allowing the particle size to
be changed. However, the final product must be calcined
and milled, which reduces the sample's purity [64]. Addi-
tionally, the green synthesis method is a trending research
topic that involves using natural products to minimize the
use of harmful chemicals during nanocomposite synthesis
and helps minimize environmental pollution. Moreover,
not much research has been conducted to investigate the
green synthesis of fly ash-based nanocomposites and to
understand the method of incorporating nanomaterials
in fly ash. Thus, the green synthesis procedure should be
motivated in future research.

Characterization and structure of fly ash
nanocomposites

Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is an analysis technique for examining
the characteristics of functional groups on the samples' sur-
face, which is significant for the removal of contaminants
in wastewater. The FTIR pictures of RHA and FACs-based
nanocomposites are shown in Fig. 2. The presence of dif-
ferent functional groups and bonds could be depicted using
FTIR. The O-H (3300-3000 cm™"), H-OH (1692 cm™),
Si-OH (1095 cm™), and Al-O-Si (600-500 cm™") bonds
are easily identifiable in the FTIR spectrum of FA. After
coating with the photocatalyst, the peak intensity associated
with Si—O-Si and Al-O-Si in both rice husk ash and fly ash
cenospheres diminishes, implying the development of novel
functional groups amid FA-silica and photocatalysts [65].

X-Ray diffraction pattern

Figure 3 shows the X-Ray diffraction (XRD) peaks of RHA
and FACs-based nanocomposites. The XRD pattern of
RHA-10Sn [49, 68] has a strong peak at 26 =23.4°. For
TiO, and ZnO included RHA, a comparable peak was iden-
tified at 26 =23°, confirming the occurrence of the amor-
phous nature of silica and crystalline phases of quartz in
RHA-based photocatalysts [69]. The characteristics of RHA-
10Sn were examined by Adam et al. [61], who discovered
that the crystalline phase has no identifiable silica peak, sig-
nifying that Sn is evenly distributed over RHA.

All sharp diffraction peaks in the XRD pattern of TiO,
integrated FACs (Fig. 3b) confirmed the existence of Mul-
lite M (3A1,05-2Si03) and quartz Q, while a broad peak
at 20=124.0° suggested the existence of amorphous alu-
minosilicates in FACs [70]. The next peak in TiO,-FAC at
20=25.3° is of anatase, which is required to keep TiO,
immobilized on FA and maintain the photocatalyst stabil-
ity [71, 72]. The usual size of photocatalytic nanoparticles
is believed to be between 10 and 30 nm [73].

Scanning electron microscopy (SEM)

Burning rice husk produces rice husk ash, which may be
purchased cheaply from boilers that use rice husk for pore
production [75]. RHA mostly comprises crystalline silica
with no additional metallic oxides [76]. Figure 4 shows SEM
images of raw RHA, acid-treated RHA, and base-treated
RHA.

Raw RHA comprises finely structured crystal-like phases
that resemble rolled-up peaks, as shown in Fig. 4a. Treat-
ment of RHA with acid causes pores to develop on the
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Fig.2 FTIR images of (a) RHA-based photocatalysts [66], (b) Pure FACs, and (¢) TiO,-FACs [67]

surface of RHA because specific particles are fragmented
as the surface is damaged (Fig. 4b). After alkali treatment,
on the other hand, just a few pores remain [53, 77] (Fig. 4c).
Figure 5 displays SEM images of TiO,-RHA and RHA-10Sn
photocatalysts, indicating that photocatalysts supported on
rice husk ash are generally porous, with spherical and uni-
formly implanted photocatalyst particles on the RHA sur-
face. The rough morphology of the treated RHA provides
active sites for pollutant adsorption and a larger surface area,
which increases the photocatalytic efficiency.

The structure of FACs is preserved throughout doping,
and practically every photocatalyst has identical surface
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properties. During the coating of FACs with metal oxide
layers, certain pores form on the surface, increasing adsorp-
tion efficacy [48, 80]. ZnO-FACs have a completely different
morphology from TiO,, BiVO,, and CeO,-supported FACs.
It has a flower-like surface with clusters of various sizes
[81].

Volcanic ashes (VA) are microscopic powdered particles
generated from erupted volcanoes that were also used to
support several photocatalysts [82]. Figure 6a depicts the
morphology of raw VA's surface. VA is often made up of
tiny prismatic porous assemblies of varying sizes ranging
from a few nanometers to several micrometres [74]. As
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Fig.3 XRD pattern of (a) RHA [74] and (b) FACs [70]-based photocatalysts

demonstrated in the SEM image of TiO,-doped VA [70]
and illustrated in Fig. 6b, doping has no major impact on
surface morphology.

The morphology and characteristics of FA-based nano-
composites significantly affect the efficiency of the material
because the reaction occurs entirely at the material's surface.
Morphologies like nanosheets, nanoflowers, and nanofib-
ers have a larger surface area, providing more active sites
and increasing adsorption efficiency. The porous surfaces
of rice husk ash, FACs, and VA provide more significant
active sites for photocatalyst deposition and adsorption of
contaminants [83]. Fly ash nanocomposites have a better
surface-to-volume ratio due to their smaller particle size.
This enhances the adsorption capacity of the nanocomposite
while also increasing its photocatalytic efficiency by generat-
ing reactive oxygen species to boost the photodegradation
of organic pollutants [22, 84]. Most of the photocatalysts
showed a porous uniform spherical particle settled on the
surface of FA. In the case of metal oxide nanocomposites,
the SEM data show that the metal oxide films are evenly
spread across the surface of fly ash particles.

Several studies reported highly stable photocatalysts,
which show a removal efficiency of over 80% even after
several successive cycles. It may be due to the fact that the
structural integrity of the photocatalyst is maintained, and
hence, the photocatalyst does not undergo photo-corrosion
or decomposition easily. It is concluded that fly ash is an
excellent adsorptive support to immobilize the photocata-
lyst on its surface to shield the surface-active sites against
destruction, the synergistic contribution of adsorption, and
generation of photogenerated reactive species for better pho-
todegradation efficiency [85]. The decrease in the photo-
degradation efficiency after successive cycles is due to the

change in mesoporous-microporous structure or decrease in
the active sites due to leaching and lower stability of the
photocatalyst [86].

Photodegradation of pollutants

Dyes have remained a significant water contaminant since
their use in textile industries. Most organic dyes and other
pollutants, including Cu, As, Cr, and Zn [87], are found in
untreated textile waste and are known to cause diseases in
animals and humans [88]. Some of the common dyes found
in industrial wastewater include methylene blue, methyl
orange, crystal violet, scarlet red, acid orange, acid red, and
eosin Y. These dyes are non-biodegradable and raise the
biological oxygen demand of the sample. Dyes block the
sunlight from reaching the aquatic plants and hinder plant
growth [89]. Dyes such as congo red, acid red 337, remazol
black, and entrazole blue are carcinogenic [90]. Even low
concentrations in the ppm range can form brightly coloured
compounds in water, obstructing the photosynthesis process
of underwater plants [91] and lowering the food-producing
ability of aquatic plants [92, 93] by limiting sunlight from
entering the water. Table 1 illustrates the performance of
several FA-based materials for the photocatalytic degrada-
tion of organic pollutants.

While there are several strategies for removing dyes
from wastewater, including adsorption, biodegradation, and
coagulation, as well as a variety of effective adsorbents for
dye adsorption, these processes do not break down dyes and
move them to another phase, necessitating the use of addi-
tional treatment methods to avoid secondary pollution. As
aresult, researchers began looking for alternative strategies
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Fig.5 SEM images of (a) TiO,-RHA [77], and (b) RHA-10Sn [79]
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Fig.6 SEM image of (a) raw VA [74] and (b) TiO,-doped VA [70]

for degrading dyes into smaller compounds that do not cause
secondary pollution. Researchers have developed a novel,
improved oxidative method called photocatalysis for dye
degradation that generates reactive oxygen species that oxi-
dize dyes into CO, and H,0 [94-96].

Methylene blue (MB)

MB is a significantly hazardous dye that causes methe-
moglobinemia by the oxidation of haemoglobin (Hb) and
reducing Hb's capacity to transport oxygen at higher dos-
ages. Because of its easy degradability due to the presence
of electronegative nitrogen atoms alongside sulphur atoms
in the heterogeneous ring structure, it is used as a model dye
to research dye photodegradation [97].

Cui et al. [59] examined the breakdown of methylene blue
using Ti 9;0,-CFA produced using the LBLA technique and
UV irradiation in a study. After 60 min, the dye concentra-
tion was lowered to half. Esparza et al. [82] found increased
photodegradation effectiveness of TiO,-VA. They examined
the elimination of methylene blue under ultraviolet irradia-
tion and at pH levels ranging from 3 to 10 using a hydro-
thermal approach to generate anatase TiO,-impregnated VA
nanocomposites. The findings revealed that 100% of the dye
could be degraded within 30 min and that the photodegrada-
tion is unaffected by solution pH.

The degradation of MB in nitrogen-doped TiO,-FACs
produced by the sol-gel technique was investigated at vari-
ous calcination temperatures [83]. The degrading efficiency
of 25% N-TiO, is 10% greater than that of N-TiO,/FACs
and 40% higher than that of basic TiO,-FACs. Furthermore,
the materials calcined at higher temperatures resulted in
improved photocatalytic performance.

CeO,-doped fly ash cenospheres generated by the
enhanced pyrolysis method were studied to degrade methyl-
ene blue from water samples under visible light [98]. Within
300 min of irradiation, 60% of the dye was eliminated, and
the degradation followed first-order kinetics.

Wang et al. [48] evaluated the degradation efficiency of
Fe-doped TiO,-FACs synthesized by the sol-gel technique to
pure TiO,-FACs under visible light at various Fe®* ion con-
centrations. The research reported that doping TiO,-FACs
with 0.01% Fe** jons boosts TiO, photocatalytic degradation
effectiveness by 33%. Doping with Fe,O, further improves
photocatalytic efficiency [99]. The degradation of MB in
Fe,0,-TiO,/FACs was investigated under visible light. After
60 min of irradiation, the nanocomposites demonstrated an
enhanced photodegradation efficiency of 86.81%. Further-
more, altering Fe,0,-TiO,/FACs with hydrogen peroxide
improved the photocatalytic efficiency even more. When
compared to Fe,05TiO,/FACs, the improved FACs were
2.25 times more efficient. Huo et al. [100] also found that
after modifying TiO,-FACs with H,0,, the photocatalytic
effectiveness increased by 42.5%, which can be exploited in
practical applications.

The degradation of MB in pure BiVO,, BiVO,-FACs,
and 2 wt % Pt@BiVO,-FACs produced by the MOD tech-
nique was examined under visible light irradiation [22].
BiVO,-FACs had a 2.5-fold greater photodegradation rate
than pure BiVO,. After 120 min of irradiation, BiVO,-FACs
degraded MB at a rate of 62%, while pure BiVO, degraded
at a rate of 33% under similar conditions. Under identi-
cal conditions, doping BiVO,-FACs with Platinum ions
increased the degradation of methylene blue to 93%.

Kalpana and Selvaraj [101] used wet chemical synthesis
to create amine-doped ZnS-Ag/FA to degrade methylene
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Table 1 Photocatalysts with fly ash as a support

Dye pollutants ~ Photocatalyst used Operating conditions Removal efficiency (%) References
- of FA supported photo-

Dye con- Light source Photocatalyst Phc?todt?gra— catalyst

centration dosage (mg) dation time

(ppm) (min)
Rhodamine B BiOBr/FACs 15 Visible 100 80 83 [64]
Rhodamine B Fe/N-TiO,-FA 8 Visible 200 240 81 [134]
Rhodamine B Zn/TiO,-RHA 0.47 Visible 25 100 95 [116]
Rhodamine B AgCl/TiO,/FACs 12.5 Visible 210 180 95 [117]
Methyl orange  TiO,-LFA/H,0, 3.27 uv 200 30 79 [105]
Methyl orange  TiO,-FA/H,0, 327 uv 400 300 90 [106]
Methyl orange ~ ZnO/FA 3.27 uv 100 10 100 [37]
Methyl orange ~ C-TiO,/FA 20 Visible 100 90 99 [54]
Methyl orange ~ Cu-TiO, 10 uv - 30 100 [107]
Methyl orange ~ PPY/Fe;O0,-FA 10 Visible 100 240 78.8 [109]
Methyl orange  g-C;N,/N-TiO,/FACs 20 Visible 300 180 72.2 [111]
Methyl orange  BiVO,/FACs 10 Visible 200 360 82.2 [110]
Methyl orange  S,N,Co/TiO,/FMS 20 Visible 200 60 65 [20]
Methylene blue  N/TiO,-FACs 20 Visible 1800 540 58 [98]
Methylene blue  Fe/TiO,-FACs 0.01% 20 Visible 1800 - 50 [48]
Methylene blue  Fe,05/TiO,-FACs/H,0, 2 Visible 100 60 86 [99]
Methylene blue BiVO,-FACs 10 Visible 200 300 90 [22]
Methylene blue  ZnS/A-FA 3% 12 uv 50 90 100 [101]
Methylene blue RHA-10Sn10Ti 12 uv 20 240 99 [68]
Methylene blue  TiO, nanofibers 10 uv 20 120 100 [56]
Methylene blue FA geopolymer 1.3 uv 200 30 92.79 [103]
Methylene blue  TiO,-RHA zeolite 20 uv 100 180 99.4 [104]
Methylene blue Pt-BiVO4/FACs 10 Visible 200 120 93 [23]
Methylene blue ZnO-FA polymer 10 uv 15 120 100 [81]
Indigo carmine = GR-FAG 10 Visible 100 90 90 [121]
Acidred 1 Co-LFA 10 Visible 100 60 99 [112]
Bemacid rot TiO,-FA 30 uv 500 120 90 [113]
Bemacid Blau  TiO,-FA 30 uv 500 240 90 [113]
Congo red Ni,0;/MCM-48 (RHA) 5 Visible 20 360 94 [53]
Brilliant green ~ CeO,/Zeo/NaX 10 Visible 100 180 100 [118]
Reactive Red 45 TiO,-FA 30 uv 100 90 90 [114]
Sky blue 5B Mn/CuO-GR-FAG 20 uv 100 100 100 [120]

blue under UV radiation at various pH levels and investi-
gate its antibacterial capabilities. The dye was completely
removed in 90 min, according to the research. The reaction is
pH dependent, with a pH of 9 achieving optimal efficiency.
In addition, ZnS-Ag/FA is particularly effective against S.
Aureus and E. Coli elimination.

Adam et al. [68] synthesized several Sn- and Ti-loaded
RHA nanocomposites and examined the photodegradation
of MB from water samples under various pH levels. The
photodegradation efficiency of RHA-10Sn10Ti was almost
100%, per the pseudo-second-order kinetic model. At pH
4, the degradation efficiency rose to 88%, up from 54% at
pH 2, and the reaction was pH-dependent. Furthermore, the
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maximum efficiency was obtained at higher pH; above pH
10, the removal efficiency was nearly constant. The results
are comparable to those of El Qada et al. [102], who deter-
mined the optimal pH to be 11. Sauda et al. [56] attempted
to evaluate the removal of MB using TiO,-FA nanofibers
produced by electrospinning. After 2 h of UV light irradia-
tion, complete degradation of MB was accomplished.
Zhang and Liu [103] studied the photocatalytic degra-
dation of MB under UV irradiation using a fly ash geo-
polymer having a typical pore diameter of 50 nm, and
outstanding degradation efficiency of about 93% was
attained owing to the synergistic effect of adsorption and
photodegradation. Although the adsorption results matched
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pseudo-second-order kinetics, MB degradation followed
third-order kinetics. The degradation efficiency is depicted
in Fig. 7 under different conditions.

The ability of TiO,-impregnated zeolite to remove MB
from water samples and the outcome were compared to
anatase phase TiO, [104]. In the case of TiO,-zeolites, the
highest removal efficiency was found to be 99.4% in a short
span of 30 min, while only 82% photocatalytic efficiency
was achieved after three hours with anatase TiO, under vis-
ible light. The UV-visible spectrum of photodegradation of
MB employing anatase and zeolite is shown in Fig. 8 [104].
The authors discovered that doping photocatalysts with Fe,
N, and Sn using polyethylene glycol as a surface activating
and capping agent could significantly increase photodegra-
dation performance.
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Fig.7 MB photodegradation efficiency at various conditions (Repro-
duced with permission from Elsevier) [103]
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Methyl orange (MO)

MO is a typical volumetric analysis indicator that can cause
serious gastrointestinal upset if consumed. Several research-
ers investigated the photodegradation of MO using FA-based
nanocomposites.

Okte and Karamanis [105] examined the photodegrada-
tion of MO under UV irradiation using TiO, anchored on
lignite prepared by using the sol-gel method. The findings
showed that the reaction was following pseudo-first-order
(PFO) kinetics, with around 50% of the original dye con-
centration degrading after half an hour of irradiation with
25% TiO,-FA. Under comparable conditions, further acti-
vating the photocatalyst with H,O, reduced the original dye
concentration to almost 80% in 30 min. Similar findings
were reported by Visa and Duta [106], who found that after
modifying TiO,-FA with H,0,, the degrading efficiency
of methyl orange could be increased to over 90% just after
300 min. Furthermore, Okte and Karamanis [37] prepared
ZnO-FA nanocomposites after a year to evaluate MO pho-
todegradation. Within 10 min of ultra-violet irradiation, the
photocatalyst demonstrated outstanding photodegradation
efficiency of around 100%.

An et al. [54] examined the photodegradation of MO in
carbon-doped TiO,-FA under UV irradiation, and the results
exhibited that almost 100% of the 20 ppm dye could be
removed within 90 min of irradiation. Kanakaraju et al. [107]
used the sol—gel technique to synthesize Cu-doped, base-
modified TiO,-FA. They examined the photodegradation
of methyl orange under UV and Visible light irradiation to
improve the degradation efficiency of TiO,-FA. The unique
photocatalyst effectively degraded 100% and about 99% of
the dye in UV and visible light radiation in just 30 min while
maintaining the initial dye concentration of 10 ppm. The
photodegradation efficacy of TiO,-FA could be improved by
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Fig.8 UV-visible spectrum of MB in (a) anatase TiO, and (b) TiO,-zeolite with respect to irradiation time (Reproduced with permission from

Elsevier) [104]
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doping with transition metals such as phosphorous (1%) and
molybdenum (1%); the photocatalyst shows enhanced activ-
ity in visible light irradiation owing to a decreased bandgap
energy from 3.29 of pure TiO, to 3.20 for P/Mo co-doped
TiO, [108].

The photodegradation of MO employing Fe;O, nano-
particles anchored on polypyrrole and FA produced via the
sol—gel technique was investigated in visible light irradiation
[109]. The photodegradation efficacy of PPY/Fe;0,-FA was
determined to be about 79% in 4 h. The degradation of MO
in novel BiVO,-FACs generated by the MOD technique was
also investigated under visible light. It had an 82% photo-
degradation efficiency after 360 min of irradiation, but pure
BiVO, showed only 40% degradation efficiency [110]. Zhao
et al. [111] examined the photodegradation properties of a
ternary nanocomposite of g-C;N,/N-TiO,/FACs for the deg-
radation of methyl orange, and the degradation efficacy was
compared to that of N-TiO,-FACs and pristine g-C;N,,. The
results revealed that g-C;N,/N-TiO,/FACs could degrade
almost 72% of MO after 180 min, which is 1.3 times more
than N-TiO,-FACs and about 3.5 times greater than g-C;N,.

Other dyes

Under UV irradiation, Giribabu and Swaminathan [112]
investigated the photodegradation of Acid Red 1 (AR1) from
wastewater using cobalt-doped lignite fly ash. At an ideal
pH of 2.5, the photocatalyst was successful in eliminating
99% of the dye in 60 min. The process is a pseudo-first-
order reaction, according to kinetics research. Under UV
irradiation, Visa and Duta [113] investigated TiO,-FA for
degrading Bemacid Blau (BB) and Bemacid Rot (BR). The
material demonstrated outstanding degradation efficacy of
nearly 90% after 2 h for BR and 4 h for BB. Due to its larger
size, BB takes a long time to degrade as compared to BR.
Gilja et al. [114] examined the degradation of Reactive Red
45 by irradiating it under ultraviolet light using TiO,-FA.
The photocatalyst exhibited the maximum photocatalytic
efficiency of 90% after 90 min at pH 3. Wang et al. [115]
examined the photodegradation of rhodamine Blue (RhB)
and Reactive Brilliant Blue KN-R using nitrogen and iron-
doped TiO, on FA-forming adsorbent (FFA) synthesized
via the sol-gel technique. The photodegradation of KN-R
and rhodamine B is pseudo-first order, with the Langmuir
model best fitting the adsorption data. At a pH of 4, the
photocatalyst effectively degraded about 97% of KN-R after
1 h of UV light irradiation and roughly 80% of RhB after 4 h
under visible light.

Chen et al. [116] examined the photodegradation of
RhB using floating zinc- and nitrogen-doped TiO, cal-
cium silicates (ZTRH) nanocomposites prepared via the
sol—gel technique and exposed to visible light. In under
100 min, ZTRH was able to degrade roughly 95% of RhB.
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The photodegradation of RhB was also examined in float-
ing FACs-supported AgCI-TiO, films [117]. Under vis-
ible light irradiation, the photocatalyst was able to remove
nearly 95% of the dye in about 180 min. Lin et al. [64] used
FACs to support BiOB1/BiOI photocatalysts and exam-
ined the degradation of RhB underneath visible blue light
to improve the photodegradation efficacy of FACs. Within
30 min, 99% removal efficiency can be reached. Shaban et al.
[53] examined the elimination of CR dye using MCM-48/
Ni,O5;-RHA produced via precipitation. The photocatalyst
successfully eliminated 94.1% of the dye while maintaining
the initial concentration of 5 ppm.

The degradation of Brilliant Green (BG) was investigated
using CeO,-supported CFA zeolite NaX (CeO,/Zeo-NaX)
[118]. About 100% of 10 ppm dye could be degraded at
pH 10. Zhang et al. [119] were the first to inspect the deg-
radation of dyes from water samples by graphene-loaded
geopolymer (GR-FAG). Sky Blue 5B degradation was inves-
tigated using manganese-doped copper oxide-loaded GR-
FAG. Under visible light, the photocatalyst could remove
100% of the dye. Zhang et al. [120] examined the utilization
of graphene-loaded geopolymer to remove Indigo Carmine,
the most extensively used dye in the textile industry. 1.0GR-
FAG eliminated around 90% of the initial dye concentration
under visible light.

Other organic compounds

Various organic and pharmaceutical pollutants in industrial
effluents include phenols, bisphenol A (BPA), oxytetracy-
cline, and other dyes. Under UV-visible irradiation, FACs
degrade these compounds with an efficiency of more than
80% for the majority of pollutants.

Sun and Zhang [110] evaluated the influence of H,0O,
on the degradation efficiency of BiVO,-FACs (BFACs) for
the photodegradation of phenol. Within 150 min, BFACs
exhibited a 20% deterioration rate of 15% greater than pure
BiVO, under visible light. However, after adding 1 mmol/L
of H,0,, the degradation rate increased significantly to
78% in 150 min. The degradation of BPA using 1:3 polypyr-
role (PPY)-Fe203/FACs was reported by Dagar and Narula
[109]. Within 240 min, the photocatalyst achieved the maxi-
mum degrading efficiency of 75%.

Lu et al. [121] conducted a unique investigation of the
degradation of enrofloxacin from water samples employing
magnetic floating FACs. The degradation rate could reach
up to 75% in 1 h of visible light. Furthermore, the authors
also investigated the degradation of tetracycline (TC) [122]
in multi-antibiotic solutions containing oxytetracycline
(OTC) and ciprofloxacin (CIP) employing poly-o-phe-
nylenediamine (POPD)/TiO,/FACs as supporting material
for molecularly imprinted photocatalyst (MIP). The photo-
degradation rate of TC under visible light could reach 77%.
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The photodegradation rate of tetracycline was determined to
be 3.3 min~' in a multi-pollutant system, demonstrating that
the prepared photocatalyst has robust selectivity and high
efficiency in degrading tetracycline in the aqueous form.

Factors affecting degradation of dyes
Light source

The degradation efficacy is determined by the photocata-
lyst's bandgap and the irradiation source [101]. When pho-
tocatalysts with a broader energy gap are irradiated with
UV light, they have a much better degradation efficiency,
whereas photocatalysts with a lesser bandgap need visible
light irradiation [123]. Many studies are still underway in
this field, intending to lower the energy gap of photocatalytic
nanocomposites such that increased photodegradation effi-
cacy can be achieved by doping with other elements. When
exposed to visible light, Coronado et al. [66] successfully
prepared CeO2-FACs for improved photocatalytic activity.
Because of the presence of fly ash, the bandgap is somewhat
pushed towards the visible range between 450 and 800 nm,
improving the photocatalytic activity compared to pristine
CeO,.

The solution pH

The pH of a solution has an important impact on the forma-
tion of intermediate radicals and dye ionization [124]. The
generation of OH' radicals, the ionization of dyes, and the
physicochemical properties of the dyes are largely affected
by the solution's pH. Depending on the pH, the dyes may be
cationic, anionic or neutral in an aqueous medium. There-
fore, the pH range for photocatalytic degradation depends
on the dyes and photocatalytic nanocomposite with respect
to pK, values and the theory of zero-point charge; therefore,
some photocatalytic reactions show pH dependence [125].
According to Peng et al. [126], anionic dyes are quickly
photodegraded at lower pH, but cationic dyes comparatively
require a higher pH to degrade. A rise in the pH of the solu-
tion from 3 to 9 enhanced MB degradation, but photodegra-
dation efficiency decreased by increasing pH. The surface of
the photocatalyst becomes positively charged at lower pH,
resulting in electrostatic repulsions between dye cations and
photocatalyst, thereby reducing the adsorption capacity. Pro-
tons also compete along with dye-cations for adsorption on
the photocatalyst surface at lower pH [101]. The photocata-
lyst’s surface becomes negatively charged when the pH of
the solution rises, increasing electrostatic attraction towards
the dye cations and thereby enhancing dye adsorption and
photodegradation capacity. Furthermore, at greater pH, the
availability of OH™ ions is greater, causing more holes to

react with them, resulting in the production of OH™ radicals.
However, beyond pH 11, the photodegradation efficiency
drops because the OH™ radicals are adsorbed by the dyes on
the photocatalyst surface.

Initial concentration of dye

With a constant time of irradiation, the influence of initial
dye concentration on photocatalyst degradation efficiency
was examined. A higher dye concentration was associated
with a decreased degradation efficiency in most cases [94].
This is because, at increasing dye concentrations, the photo-
catalyst’s surface becomes saturated with the dyes, inhibiting
the generation of OH' radicals and lowering the photodegra-
dation efficacy [95, 101]. Similarly, a greater initial dye con-
centration limits reactive sites on the photocatalyst surfaces,
resulting in an extended contact time for an identical amount
of dye degradation at a lower initial dye concentration. The
intermediate ions formed during a photocatalytic process
disperse gradually on the surface of the photocatalyst, deac-
tivating the active surface sites, according to Ren et al. [96].
Furthermore, increasing the initial dye concentration causes
the reaction mixture to become opaque, favouring light scat-
tering and reducing the photocatalyst's light-harvesting prop-
erty, lowering photodegradation efficiency [127]. Further,
Mishra et al. [128] reported that higher dye concentration
often leads to photolysis rather than photocatalysis, slowing
the reaction rate. The degradation efficiency of rose Ben-
gal dye declined after increasing the initial concentration
[129]. The degradation slumped to 96.2% when the dye con-
centration increased from 5 to 200 ppm. The decrease was
attributed to the increased opacity of the solution and the
blockage of the photocatalyst's active sites, which reduced
ROS production.

Photocatalyst loading

The effect of photocatalyst loading must be investigated
since it significantly impacts the cost and applicability of
photocatalysts in industrial applications. Esparza et al. [82]
looked at the effect of photocatalyst concentrations rang-
ing from 0.5 to 20 ppm on MB degradation. The research
reveals that as the concentration of photocatalysts increases,
so does the degradation efficiency. The results were in
accordance with Wang et al. [43] for the discolouration of
MB using platinum-doped TiO,-FAC. The rise in degrada-
tion efficiency with increasing photocatalyst concentration
is attributed to an increase in the number of active sites,
which boosts adsorption efficiency and improves the light-
harvesting properties, resulting in the generation of reactive
oxygen species, improving the photocatalytic process [130].

On the other hand, Begum et al. [131] found that the
degrading efficiency remained constant after an optimal
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photocatalyst concentration. In addition, if the photocata-
lyst concentration is raised above a certain point, the pho-
tocatalyst begins to agglomerate, reducing the transpar-
ency of the solution and, as a result, reducing the amount
of light reaching the photocatalyst [131]. A reduction in
light absorption reduces the creation of OH™ radicals,
which impacts the production of superoxide radicals, low-
ering the reaction's degradation rate [91]. Thus, employ-
ing the photocatalyst in the right proportion is critical to
reducing internal collisions between photocatalyst mol-
ecules [132].

Calcination temperature

Calcination temperature significantly impacts a photo-
catalyst's dye degrading efficiency. Because tempera-
ture affects the morphology and size of TiO,, the pho-
todegradation performance of TiO,-doped FA based is
substantially determined by the calcination temperature.
Li et al. [98] developed nitrogen-doped TiO,-FACs and
investigated the effect on photodegradation efficiency for
MB degradation at various calcination temperatures. The
results showed that as the calcination temperature rose to
450 °C, the photodegradation efficiency increased while
the rate of photodegradation declined above this tempera-
ture. Another study by Zhu and Wang [133] found that
beyond 350 °C, titanium dioxide transformed into amor-
phous anatase, increasing the photocatalyst's degrading
efficiency.

The decline in the photodegradation efficiency beyond
650 °C was due to the development of larger-sized rutile
TiO,, which increased the energy gap [56, 135]. Based on
these findings, the optimum calcination temperature for
TiO, nanocomposites was set at 300-400 °C.

Fig.9 Schematic diagram of the
MB degradation mechanism by
TiO, supported on FA [105]
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Mechanism of dye degradation

Okte and Karamanis [105] proposed a schematic diagram of
the mechanism for the photodegradation of methylene blue
(MB) dye by fly ash-supported TiO, photocatalyst. When
TiO, is immobilized over FA support, the dye molecules
that are adsorbed on the surface of FA are spontaneously
transferred to the surface of the TiO,. The photocatalyst gets
excited when the light of energy greater than the bandgap
energy of the photocatalyst is incident on the photocatalyst.
The mechanism of methylene blue (MB) degradation as a
model dye using TiO,-fly ash is shown in Fig. 9. The pho-
tocatalytic efficiency depends upon the dye concentration,
surface area of nanocomposite and target contaminant, the
angle of contact, and the percentage loading of photocata-
lyst on FA [136]. TiO, is anchored on FA, which aids MB
adsorption and raises the dye concentration on the TiO,
surface and thus FA enhances the photocatalytic activity of
the photocatalyst. When the light energy (hv) larger than
the energy gap 3.2 eV is used to activate TiO,, the transfer
of photogenerated electrons from the valance band (VB) to
the conduction band (CB) occurs, which generates a posi-
tive hole in CB [137]. The electrons react with the trapped
oxygen molecules on the TiO, surface, forming peroxide
radicals that react with adsorbed dye molecules.

On the contrary, holes in the CB oxidize MB, forming
hydroxyl radicals upon interaction with adsorbed water
molecules. FA also aids in the retention of free radicals on
its surfaces, enhancing the pace of MB breakdown on the
TiO, surface [138]. Finally, the photocatalyst produces a
sequence of reactive radicals that decompose the dye into
CO,, H,0 and other reduced molecules [43]. The increased
degradation efficiency was attributed to the synergistic effect
of the photocatalyst's combined adsorption on fly ash and
photodegradation [138].
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Reusability and stability of fly ash
photocatalysts

It is critical to prevent secondary pollution by renewing and
reusing the material, lowering treatment costs, and saving
resources. Fly ash is waste material, and utilizing waste mate-
rial for useful purposes such as environmental remediation will
add value to the waste product. It will be cost-effective com-
pared to commercial catalysts. Moreover, FA nanocomposites
are highly reusable, which further reduces treatment costs. As
aresult, it is essential to evaluate the prepared photocatalyst's
stability. After the initial treatment, the nanocomposites are
utilized in another process. Photocatalyst regeneration methods
include acid washing, filtration, and washing [98]. Calcination
is another efficient way of maintaining photocatalytic activity
that can be used in conjunction with other regeneration tech-
niques. A high calcination temperature causes the adsorbed
materials to burn, which reopens the pores and regenerates the
catalyst [105]. Hence, it becomes necessary to investigate the
safety factor of the synthesized photocatalyst for cost-effec-
tiveness. The prepared nanocomposite photocatalyst is filtered,
dried, and reused for several cycles after the first treatment.
The literature suggests that the prepared ash-based photocata-
lysts can be reused for a few successive cycles. Further, calci-
nation could be an additional step, followed by other regenera-
tion techniques to maintain the photocatalytic efficiency of the
nanocomposites. According to the literature, the calcination
temperature varied within the range of 400-500 °C to remove
the pollutants accumulated within the cavities and active sites
of the photocatalysts [43].

According to the literature, studies claim high stability and
reusability of the fly ash nanocomposites [22, 43, 85]. This
can be attributed to the fact that once the structural integrity
of the photocatalyst is preserved, the photocatalyst cannot be
easily corroded or deactivated during a photocatalytic reac-
tion. Additionally, ash could be used as a support to anchor
and stabilize the dispersion of photocatalysts onto the adsor-
bent surface, protecting the surface binding and catalytic sites
from degradation. The combined effect of adsorption over fly
ash and the generation of photoinduced charges caused the
degradation of contaminants. However, a slight decrease in
the photocatalytic activity after a few cycles could be due to
the disruption of the microporous structure of fly ash and the
reduction in the surface-active sites.

Removal of air contaminants

FA's high porosity, large surface area, suitable pore size, and
other properties make it an inexpensive adsorbent that may
efficiently reduce environmental pollutants through simpler
processing [139]. Various reports analyse the applicability

of fly ash and its nanocomposites for removing toxic gases
from the environment. This section briefly discusses the uti-
lization of FA and its adsorbents for the sequestration of gas
contaminants from the air.

Removal of volatile organics

Volatile organic compounds (VOC) are a class of organic
hydrocarbons that are generally produced as the byprod-
uct of the combustion of fossil fuels, paint, refining, and
other chemical manufacturing industries [140-142].
Anthropogenic volatile organic compounds have dramati-
cally increased during the past few decades as a result of
the industry's rapid development. These organic gases have
more than 300 chemical forms, including alkanes, aromatics,
esters, and aldehydes [143]. Several compounds, including
the probable carcinogens benzenes and formaldehyde, are
toxic to people at even trace levels [144]. The paint industry
is the largest producer of xylene and aliphatic hydrocarbons,
both hazardous to the ecosystem [145]. Ozone, peroxide,
nitro-aldehydes, and other photochemical smog chemicals
are produced in sunlight by photochemical interactions
between VOCs and NOx, harming human health and caus-
ing secondary pollution. These compounds also have an
adverse effect on the respiratory system and eyes. It was
also claimed that fly ash removed several gaseous organics.
Unfortunately, relatively few studies on eliminating volatile
organic compounds using FA were documented in the lit-
erature. Successfully synthesizing polyurethane fibres with
various concentrations of FA, Kim et al. [146] examined
the adsorption of chloroform, benzene, toluene, xylene, and
styrene on these fibres. They discovered that polyurethane
fibres with 30 wt% FA had the lowest fibre diameter and the
greatest SSA compared to other fibrous membranes. This led
to the highest sorption capability. Moreover, the sequence
of the following VOCs adsorbed by fibrous membranes was
styrene > xylene > toluene > benzene > chloroform. This
is because the adsorption of volatile organics is affected
by several factors in addition to SSA and fibre diameters,
such as polarity, chemical structure, morphology, pore size,
presence of functional groups, electronic and steric effects,
and temperature [147, 148]. Due to their instability, aromatic
chemicals with lower ionization potential are typically sim-
pler to absorb by FA fibre membranes [149].

Fly ash was used by Peloso et al. [150] to remove tolu-
ene fumes from the air. In order to evaluate the impact of
some geometric, physical, and chemical characteristics of
FA on toluene recoveries, the sorption of toluene vapours
on FA has been specifically studied. The impact of particle
accumulation and chemical activation on total porosity, the
sorbent's SSA, and the adsorption phenomena suggested that
fly ash products might be produced with an acceptable level
of sorption performance. Fly ash that has been thermally
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activated showed similar good results for toluene vapour
adsorption [151]. The pyrolysis created a liquid oily frac-
tion with good calorific value, a gas with a high hydrogen
content, and a carbonaceous dry matrix with favourable
microstructural features. It was then put to use for the suc-
cessful adsorption of toluene vapour [152]. Rotenberg et al.
[153] reported the adsorption of aromatic hydrocarbons and
m-xylene on FA and reported the adsorption kinetics. The
adsorption mechanism involved the intercalation of gases
into the pores of FA. Further isotherm studies revealed that
the adsorption efficiency does not depend on the tempera-
ture. However, the adsorption rate reduces with increasing
vapour pressure. They proposed that the diffusion process
governed the adsorption process.

Eiceman [154] looked into the adsorption of polycy-
clic aromatic hydrocarbons (PAH) on FA and found that
adsorption is quick, isotherms are nonlinear, and irrevers-
ible adsorption happens at concentrations lower than 30 pg
PAH/g fly ash. However, The adsorption methods for PAH
are essentially controlled by vapour pressures at concen-
trations higher than 30 pg/g. Using an HPLC method, the
adsorption of PAHs on diverse FA samples from burning
Australian bituminous and brown coals was investigated
[155]. The Freundlich equation can best capture the sorp-
tion data according to analyses of a number of standard
isotherms. According to a correlation analysis between
fly ashes' physiochemical features and PAHs' adsorption
capacity, the residual carbon content is the key regulating
factor. Recently, Liu et al. [156] investigated the synthesis
of CeO,/MnO,-supported organic acid ligand-treated FA
(Ce-Mn-OFA) for removing volatile organics. For benzene,
toluene, m-xylene, and ethylene, the Ce-Mn-OFA catalyst
had the maximum catalytic activity, reaching 90% conver-
sion at 283 °C, 237 °C, 216 °C, and 264 °C, respectively.
The ensuing modifications to the fly ash characteristics sig-
nificantly increased Ce-Mn-oxidation OFAs and adsorption
activity, increasing the catalyst's capacity for volatile organic
compound removal. Reports suggest that the incorporation
of MnQO, into FA through ball milling caused an increased
SSA and high catalytic efficiency, reaching more than 90%
towards the removal and oxidation of toluene [157].

Removal of oxides of nitrogen

The occurrence of unburned carbon content and properties,
such as its high porosity and high SSA of FA, can adsorb
a small quantity of NOx [158]. This carbon is a precursor
to AC, but during combustion in a power plant furnace, it
underwent devolatilization [159]. As a result, the FA can be
easily modified to activate the internal carbon, increasing
its adsorption capability. The optimal approach for activat-
ing carbon is chemical demineralization, which is generally
employed in combination with methods like activation by
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steam and physical separation since fly ash enriched with
carbon contains a high amount of ash [160]. In their study on
the adsorption of NOx by unburned carbon from FA, Rubio
et al. [160] discovered that after 10 h, the conversion curves
of NO on various FA samples achieved a steady state. Due
to its higher carbon content, surface area, and porosity, the
enriched-carbon FA also demonstrated strong NO abatement
capability. For the purpose of removing NOx from flue gas,
Izquierdo et al. [12] synthesized Cu and Fe exchange type Y
zeolites from FA. According to Rubel et al. [161], carbon-
rich combustion ash products may reduce NOx and Hg emis-
sions as a result of ion-pair interaction between NO* and
O, at the surface of the carbon, which leads to the conden-
sation of NO, in micropores. Also, after a certain quantity of
Hg is adsorbed, it changes the pore surface of the adsorbent
materials, generating the ideal pore size for adsorbing NOx
[162]. Moreover, Rubel et al. [161] demonstrated that the
adsorption of NOx enhanced the surface area of adsorbents.

NO elimination has also been done using AC made from
unburned carbon found in CFA [163]. It was noted that in
order to create AC that is more suitable for environmental
remediation applications in the gaseous phase, the mineral
matter must be properly removed from unburned carbon
in fly ash prior to activation. Fly ashes were mechanically
sieved to get the carbon-rich fraction, and the mineral con-
tent was then demineralized using the standard methods of
HCI and HF. The sample was activated using steam at a
temperature of 900 °C in order to increase pore size. A novel
material for the adsorption of NO by ammonia employing
AC as a sorbent at low temperatures was carried out in order
to examine the usage of unburned carbon as a raw material
for the manufacture of AC for the remediation of flue gas.

Another study investigated the effect of injecting FA into
the discharge region on NO elimination [164]. Several com-
binations of NO, N,, O,, and with and without water vapour
were combined with fly ash. Many studies have been con-
ducted on NO elimination techniques utilizing nonthermal
plasma chemical processes. Investigations were also con-
ducted to see how adding fly ash might affect the elimination
of NO utilizing short-pulsed discharge plasmas. The use of
four distinct gas mixtures:

N, + NO (1)
N, +NO + 0O, )
N, + NO + H,0 3)
N, +NO + O, + H,0 “

-in the presence and absence of fly ash was explored [165,
166]. Fly ash was used to investigate the NO (NO +NO,)
removal because it applies to actual circumstances in
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coal-powered thermal power plants. Fly ash was present, and
while it somewhat decreased the NO removal rate for dry
gas combinations, it significantly boosted the NO removal
rate for wet gas mixtures. The elimination of NOx from flue
gases released by thermal power plants is said to benefit
from the inclusion of fly ash, which also contributes a small
amount of moisture to the mixture [167].

Furthermore, the effects of FA addition and water vapour
on the conversions of NO in flue gas were investigated [158,
168]. Nevertheless, little research has been done on the
effects of water vapour and FA addition on the NOx and
SOx gas efficiency improved by pulsed corona discharge
[169]. According to experimental research, positive pulsed
corona discharge can speed up the conversion of NO and
SO,, and the radicals OH and O, as well as the active species
0;, HO,, H,0,, and others, have a major impact on how well
NO and SO, is converted. The efficiency of SO, conversion
is increased by adding water vapour, whereas NO conver-
sion is constrained. The addition of low FA concentration
improves the conversion of NO and SO, but is significantly
reduced by the addition of a high amount of FA. The chem-
osorption capacity of the FA surface is strengthened by the
combined impacts of water vapour and FA addition, which
significantly improves the conversion of NO and SO,. More-
over, the efficacy of NO and SO, conversion is considerably
influenced by the particular input energy. Under the tested
conditions, measured NO and SO, conversion efficiencies
were roughly 60% and 90%, respectively.

There is evidence that water vapour considerably impacts
the elimination of both SO, and NO [170]. Under critical
circumstances, the adsorption of SO, was reduced; however,
it was found to increase as the quantity of adsorbed water
increased steadily. According to Jozewicz and Rochelle, this
behaviour is comparable to that shown for a spray dry flue
gas desulphurization method at a temperature of 60—70 °C,
where the sorption of SO, increased with increasing rela-
tive humidity [171]. According to Tsuchiai et al. [170], the
reaction processes varied according to the degree to which
the H,O molecules covered the surface of the material.
They proposed a theory to explain the occurrence, postu-
lating that SO, molecules dissolve in water and combine
with Ca(OH), to form Ca(SO;)-xH,0, which then adheres
to water layers.

Investigating SO,'s impact on NO removal, Brown et al.
[172] proposed that the synthesis of compounds with sul-
phur and nitrogen is the cause of the high reliance on remov-
ing NO in the presence of SO,. According to Tsuchiai et al.
[173], NOx molecules are substituted by SO, molecules as
calcium consumption of the adsorbent increases. The mate-
rial was reported to accomplish high calcium utilization at
an extended reaction period of 15 h under high concentra-
tions of SO,, and NOx compounds were found to be replaced
by SO, molecules. As the adsorbed NO is largely substituted

for SO, throughout the 15 h reaction period, it is advised that
the highest NO adsorption be shifted to a lower SO, content.

Recently, Zheng et al. [174] examined the removal
of NOx using CFA between 50 and 850 °C. The authors
reported that at temperatures between 50 and 350 °C, NH;,
NO, and O, co-adsorbed on the surface of CFA, and the
presence of NO and O, inhibited the physical adsorption of
NH; and encouraged its chemosorption. CFA facilitated NH;
oxidation by O, and NO reduction by NH; at 450-850 °C.
Oxygen caused the oxidation reaction to predominate and
impede the reduction reaction. The FTIR spectra depicting
the adsorption of 500 ppm NH; and NO after 30 min at vary-
ing temperatures are illustrated in Fig. 10. In a study, Wang
et al. [175] synthesized manganese oxide-supported FA via a
sol—gel method and examined the catalytic oxidation of NO.
The outcomes demonstrated that the catalytic efficiency of
the catalyst was considerably influenced by the particle size
of the catalyst, Mn loading, calcination temperature, and the
reaction temperature of NO. It was discovered that 500 °C
was the ideal temperature for calcination. The NO catalytic
oxidation at a temperature of 290 °C produced the best cata-
lytic oxidation, with a reaction rate of almost 78%, when
the FA particle size was between 100 and 200 mesh and the
Mn loading was 8 weight percent. According to SEM data,
the sol-gel technique produced manganese oxide particles
with sizes between 100 and 200 nm that were fairly uni-
formly loaded on the FA.

A novel CFA supported Gd-Mn-Ti via a sol-gel tech-
nique for catalytic conversion of NO by NH; [176]. With
a large temperature window, the developed 0.2Gd-Mn-Ti/
CFA catalyst exhibits above 90% de-NOx efficiency from
120 to 330 °C. The causes can be attributed to the fact that
adding the optimum amount of Gd can increase acid sites,
enhance the redox environment, raise the amount of surface
Mn**, and increase the amount of chemically adsorbable
oxygen. Also, the interactions between the Gd-Mn-Ti com-
posite oxides and that between the active ingredients and the
carrier contribute to the good reaction activity. Several Mn-
Fe-supported FA catalysts were also reported for catalytic
reduction of NOx with an efficiency of more than 90% [177].
In a study, Qi et al. [178] fabricated Mn;0,-impregnated
FA using the impregnation method and studied the removal
of NO. The findings demonstrate that catalysts with an Mn
concentration of 25 wt% and calcined at a temperature of
400 °C displayed a NO conversion efficiency of more than
80% at 160 °C.

Interaction of NO with FA
Recently, Li et al. [179] reported the removal mechanism
of NO using AC/FA-CS adsorbent, as illustrated in Fig. 11.

The authors reported that the gaseous NO is initially con-
verted to adsorbed NO over the FA surface through van
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Fig. 10 FTIR spectra after the adsorption of (a) NH; and (b) NO showing the drifts in the IR peaks with varying temperatures (Reproduced

with permission from Elsevier) [174]

Fig. 11 Mechanism of denitrification process by AC/FA-CS under
microwave field (Reproduced with permission from Elsevier) [179]

der Waals interactions. However, the adsorbed NO is
unstable and is easily oxidized to NOx by the oxygen-
containing functional groups through the energy released
by the breakdown of C=C bonds. The carbon media in the
adsorbent acts as an active adsorption site for NOx and
helps capture NO. Secondly, the adsorbed NO is oxidized
to NO, (N*) or N,O5 (N*%) [180]. The NO, is the interme-
diate product of NO oxidation, which CaO adsorbs in FA-
generated CaNOj;. The adsorbed N,O5 forms Ca(NOj),,
the major product of the denitrification process. However,
the generated CaNO; and Ca(NO3), could block the adsor-
bent's active sites, resulting in a decreased adsorption effi-
ciency after a few consecutive adsorption cycles.

@ Springer

Removal of oxides of sulphur

The increasing rates of acid rain could be attributed to the
increasing amount of sulphur and nitrogen oxides in the
environment emitted by industries, vehicles, and thermal
power plants. Furthermore, SO, and SO; are hazardous
gases that lead to the creation of acid particulates that can
enter human lungs and get into the bloodstream. Elimination
of oxides of sulphur and nitrogen from flue gases is a global
threat that needs to be addressed among environmental
issues to prevent the pollution of clean air. Flue gases gener-
ated from thermal power plants are treated using ammonia-
based De-NOx and calcium-based De-SOx processes. These
procedures are reliable and efficient but have high up-front
and ongoing expenditures. As a result, there is a growing
need for a FGD (flue gas desulphurization) system that is
less complicated and more affordable.

Flue gases can be desulphurized using one of three
methods: wet, semi-dry, or dry. For the removal of SO,, the
wet-desulphurization process is particularly effective, and
gypsum (CaSO,-2H,0) is produced as a useful byproduct.
Unfortunately, a significant amount of water is needed, and
wastewater treatment is expensive. Semidry procedures are
also efficient and use less water compared to wet processes,
but it is challenging to implement this process in all circum-
stances because a significant amount of water is still required
to attain a high rate of desulphurization reaction. Due to
the need for a lot of water to remove SO,, wet and semi-
dry methods are inappropriate everywhere. Consequently,
an affordable dry desulphurization method that requires
little water and yields CaSO, as a useful byproduct is pre-
ferred [181]. By reacting SO, with solid CaO and creating
CaSO, as a byproduct, Allen and Hayhurst [182] created a
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technique to reduce sulphur dioxide emissions, as seen in
the following:

CaO + SO, + 1/20, - CaSO, (5)

Several studies have investigated the adsorption of
SO, from the air using FA and its composites [183, 184].
Although commercial activated carbon has been widely
used for the oxidation of oxides of sulphur, it is prohibi-
tively expensive for large-scale pollutant removal. Numerous
researchers have observed that combining FA with Ca(OH),
or CaO can result in an adsorbent with a higher SO, absorp-
tion than hydrated lime [185, 186]. As a result, CFA could
be used instead of commercial AC as a low-cost adsorbent
for dry-type FGD. Because FA is an abundant byproduct
of all thermal power plants, using it as a source of silica
offers both economic and environmental benefits. The poz-
zolanic reaction occurs in all situations when FA or silica
react with CaO or Ca(OH), in a hydration method, forming
hydrated calcium silicates. FA treated with Ca(OH)2 has
been reported to be a reactive adsorbent for SO, removal
[187].

To improve desulphurization efficiency, Ca(OH),/
FA materials have been studied for SO, adsorption [188,
189]. Matsushima et al. [181] used a circulating fluidized
bed with Ca(OH),/FA sorbent to accomplish a significant
SO, adsorption without humidifying and the production
of primarily CaSO,; 83% SO, adsorption efficiency was
achieved, the byproducts produced had a high CaSO, con-
tent, and 350 °C was found to be the optimized reaction
temperature for desulphurization. Davini et al. [188, 190]
also reported desulphurization using a mixture of FA and
Ca(OH),. Their investigation proved that Ca(OH),/FA mixes
were an appealing, low-cost solution for SO, reduction.
Davini [191] also investigated the adsorption of SO, and
NOx from flue gases using AC produced from FA. A mix-
ture comparable to commercial AC was reported to have
properties similar to commercial AC for removing SOx and
NOx from industrial flue gas.

Recently, Li et al. [179, 192] systematically proposed a
greater effectiveness and low-cost catalytic sorption method
based on the synergetic exploitation of microwave-assisted
FA and carbide slag (FA-CS) for desulphurization (De-SOx)
and denitrification (De-NOx). The mechanism of SOx and
NOx removal is illustrated in Fig. 12. Complete removal of
SO, from flue gas was achieved within 41 min of treatment.
Authors reported that the reversible oxidation and reduc-
tion of the coexisting K**/K'* in the K,O/FA-CS and K,0,/
FA-CS catalysts were also beneficial for the catalytic activa-
tion that promoted the conversion of S** to S®*. Moreover,
in the K,O/FA-CS and K,0O,/FA-CS catalysts, the SO, was
oxidized to SOx by the active oxygen (O’) given by the redox
pair K>*/K'*, where the newly created SOx was easily mixed

to produce the unstable sulphur complexes in the De-SO,
process. CFA, CaO, and waste gypsum were used as the
raw ingredients in a one-step wet impregnation procedure to
create a low-cost and highly activated calcium-based sorbent
(ACS) for the removal of SO, [193]. With a 100% removal
efficiency at 150 °C, the ACS’s SO, adsorption capacity
with CFA/Ca0O/CaSO, was high, reaching up to 44.26 mg/g.
Furthermore, the production of adsorbed NO, or nitrate spe-
cies with potent oxidizing capabilities might further increase
the SO, removal efficiency of the ACS in the presence of
NO. As aresult, the ACS has the advantage of using CFA to
remove sulphur dioxide, making it a sustainable sorbent. In
a recent study by Qi et al. [194], FA modified with Ca(OH),
showed increased adsorption of SO, compared to FA modi-
fied with NaOH in an electrostatic precipitator. The FA/
Ca(OH), showed an adsorption capacity of 31.44 mg/g,
which was almost 142 times higher than that of raw FA.

To establish the influence of the reaction temperature,
water vapour pressure, and presence of NO in flue gas,
the removal of SO, from flue gas by the absorbent made
from CFA, CaO, and CaSO, was researched under vari-
ous reaction conditions [170]. With a rise in NO content
up to 500 ppm at 130 °C, an increase in the SO, removal
efficiency was observed. When the water vapour pres-
sure rose, the SO, adsorption increased until a monolayer
of water molecules formed. The SO, removal abruptly
dropped, and calcium sulphite replaced calcium sulphate
as the major product at higher moisture content. With
an increasing SO, content, the NO adsorption efficiency
also increased. Moreover, NO removal increased as the
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Fig. 12 Simultaneous desulphurization and denitrification mechanism
by CFA/CS composite under microwave field (Reproduced with per-
mission from Elsevier) [192]

@ Springer



226

Nanotechnology for Environmental Engineering (2024) 9:207-237

water vapour pressure rose and significantly decreased
when the amount of adsorbed water exceeded the mon-
olayer coverage. The adsorption of oxides of sulphur
and nitrogen from flue gas by using sorbents made from
Ca(OH),, CaSOy,, silicic acid, and A1(OH); was reported
by Tsuchiai et al. [195]. As the silica content of the adsor-
bent grew up to 40%, the adsorption rates of SO, and
NO also increased. The development of ettringite was
only detected by the XRD for the adsorbent having SiO,
content below 30%, whereas the formation of calcium
silicates is indicated to be prevalent in high silica content.
In their study, Lee et al. [196] examined the impact
of different variables on the desulphurization activity of
adsorbent made from CFA, CaO, and CaSO, as well as
the SSA, reaction temperature, and feed concentrations
of NOx and SOx. It has been noted that while SO, con-
centration fell, the adsorbent desulphurization efficiency
increased with increasing SSA, temperature, and NO con-
tent. During the flue gas desulphurization process, they
[197] also used other types of ash (CFA, bottom ash, oil
palm ash, and incinerator ash), and the adsorbent was
made by combining the ashes with CaO and CsSO, using
the water hydration method. It has been determined that
the best sorbents for absorbing SO, are those made from
oil palm and CFA. The main byproducts of the hydration
reaction are calcium aluminium silicate hydrate com-
pounds, according to an X-ray diffraction spectrum and
SEM analysis of the sorbent, which revealed that it was
made up of a substance with high structural porosity.

Interaction of SO, with FA

The catalytic oxidation and removal mechanism of SO,
by AC/FA-CS was reported by Li et al. [179], as shown
in Fig. 13. Initially, SO, is adsorbed on the surface of AC
and is then oxidized to SO; by adsorbed oxygen on the
surface of the adsorbent (Fig. 13a). Then, the CaO in FA
adsorbs SO, from flue gas, and SO; forms the surface of
the AC and gets converted into CaSO;. Furthermore, the
oxidized SOj; could also react with CaO, forming CaSO,
(Fig. 13b). Here, the microwave frequency is absorbed
by the catalyst to excite S atoms in SO, to bind to the
AC surface effectively. Microwave energy catalyses the
oxidation of SO, to SO; which could not be achieved
under normal conditions [198]. The authors suggested
that the enhanced removal of SO, could be attributed to
the effective oxidation of S**~S*% by microwave irradia-
tion. Sulphur trioxide has stronger reactivity with the
alkaline CaO, and both can react spontaneously to gener-
ate CaSO,. However, CaSO, formed by the reaction of
S*6 could block the adsorbent's active sites, decreasing
the catalyst's removal efficiency.
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Fig. 13 Mechanism of desulphurization process by AC/FA-CS under
microwave field (Reproduced with permission from Elsevier) [179]

Removal of mercury

Due to its devastating effects on both human health and the
environment, mercury (Hg), particularly elemental mercury
(Hg"), extracted from thermal power plants, has received
much attention. Fly ash is a promising adsorbent that can
be used in the method of adsorbent injection to remove
Hg’. Mercury has thus been identified as a potential envi-
ronmental contaminant. Regulations on mercury emissions
from electric utilities have been established by the European
Commission and the U.S. EPA, respectively. There are three
categories of Hg emission control systems (precombustion,
combustion, and flue gas), with the flue gas Hg removal
technology being the most used. Mercury that has been oxi-
dized may be removed from the flue gas by current flue gas
pollution control systems such as the bag filter, electrostatic
precipitator, and wet FGD. Nevertheless, they don’t appear
to be very effective at removing elemental mercury.

The goal is to convert mercury into oxidized mercury and
mercury that is attached to particulates so that it can be suc-
cessfully removed moving forward. Due to its high removal
effectiveness, AC is typically used for removing Hg from
flue gas. Because of its high price, AC cannot be used on a
wide range [199]. According to studies, the unburned carbon
in FA can bind elemental mercury. As a result, FA carbon
may be used as a cheap sorbent to remove elemental mercury
from gases rather than expensive AC. The unburned carbon
removed from FA is a waste product. Any effective use of
such substance would be favourable to the entire FA benefi-
ciation process from a financial and ecological standpoint.
In order to remove unburned carbon from FA, scientists at
Pennsylvania State University have created a procedure that
is both efficient and affordable [200]. According to a prelim-
inary investigation, certain unburned fly ash carbon exhibits
specific properties for removing Hg’. These results gave rise
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to the idea of using unburned carbon as a cheap sorbent in
place of pricey activated carbons to remove Hg from gases,
such as utility flue gas. Several factors, including the com-
position of FA and SSA, the material's morphology, sur-
face pore volume and size volume, and flue gas compo-
nents, influence the removal of Hg® by FA [201].

Numerous studies demonstrate that FA composition is
crucial for Hg® elimination [202]. Using raw FA, Wang
et al. [203] achieved a 60% Hg® adsorption efficiency in the
flue gas. Compared to the effects of CaO and MgO, adding
Al, O3, TiO,, and Fe,O; boosts adsorption efficiency more.
Fly ash contains iron species, such as magnetospheres, that
facilitate the adsorption of Hgo, and when the Fe content
rises, the ability to remove Hg? also rises [202]. Recently,
a number of kinetic models were put up to forecast how
homogeneous mercury oxidation in flue gas will behave and
perform. Nevertheless, occasionally, the catalytic actions of
the suspended FA particles prevent these models from doing
so correctly. The reaction of Fe,O5 contained in FA in the
presence of HCI was then identified using a heterogeneous
kinetic model. Mercury oxidation efficiency was found to
be catalytically active in Fe,0j3, increasing it to 89.5% at
100 °C.

Fly ash has a relatively low Hg® adsorption capacity
when compared to AC. Hence, numerous strategies have
been investigated to increase fly ash's capacity and stability
for Hg® removal [204]. Lately, FA modification using Co,
Mn and Fe oxides has been used to eliminate elemental mer-
cury from flue gas. According to Xing et al. [205], including
Fe and Mn improved the performance of FA adsorbent in the
presence of O,. Due to the oxidation of mercury by enrich-
ing well-dispersed Co;0, on the FA surface, co-modified
FA created by the wet impregnation method proved suc-
cessful in Hg” removal [206]. Nowadays, commercial halo-
genated ACs are thought to be the best mercury sorbents
available. There are additional financial and environmental
benefits to replacing fly ash with AC. Investigations into the
capabilities of various fly ash samples treated with CaCl,,
CaBr,, and HBr revealed that the mercury removal effective-
ness was in the following order: HBr > CaCl, > CaBr, [207].
Mercury species, including HgCl,, HgS, and HgO, are fre-
quently adsorbed by unmodified fly ash, but HgBr-modified
fly ash mostly adsorbed HgBr, and HgO [208].

Song et al. [209] examined the Hg’ removal behaviour
of HBr-modified FA in a fixed-bed reactor and found that it
performed noticeably better at removing Hg" than unmodi-
fied FA. As efficient active sites, the metal and halogen ions
in metal halogens enhanced Hg’ removal efficiency [210].
Due to the presence of Cu’* and Fe* cations, the load-
ing of CuBr,, CuCl,, and FeCl; on FA could successfully
facilitate the removal of Hg® from flue gas [211]. Based on
CuCl,-modified FA, a novel magnetic catalyst (CuCl,-MF)
was created, and a removal efficiency of 90.6% could be

achieved with 6% CuCl,. When HCI was added to the flue
gas, the innovative catalyst demonstrated exceptional resist-
ance to SO, poisoning [210]. The addition of NO to fly ash
that has undergone HBr modification may improve Hg®
adsorption in an entrained flow reactor. This improvement
may be caused by the interaction between HBr and NO when
O, is present [212]. A good adsorption performance was
shown when linked bromide and on-line mechanically modi-
fied FA were used to remove mercury at a thermal power sta-
tion. The coupled bromide and FA showed superior adsorp-
tion compared to intrinsic FA and manually modified FA.
According to the findings [213], high temperatures were bet-
ter for Hg® removal, and iodine-modified FA performed bet-
ter at Hg” adsorption than bromine- and chlorine-modified
FA [214].

Fly ash's ability to adsorb Hg® increased by 15 to
25% when an external magnetic force (EMF) was applied,
according to He et al. [215]. This rise was brought on by
the energy level splitting of mercury brought on by electro-
magnetic fields (EMF) and the magnetochemistry action of
magnetic elements in FA. By virtue of its magnetic proper-
ties, FA could also be used to separate sorbents. Fly ash was
used to create (Fe, ,Mn; ¢), s0, by Yang et al. [216], who
attained an adsorption capacity of > 1.5 mg/g between 100
and 300 °C. The results of treating the magnetic sorbent
FeMnOx made from FA with non-thermal plasma showed
an increase in Hg0 removal efficiency compared to raw
FA [217]. To further improve the effectiveness of its Hg®
removal, Shi et al. [218] transformed fly ash utilizing non-
thermal plasma in the air. The carbonyl and ester groups
considerably favoured the Hg0 removal from the sorbent. To
remove Hg’ from simulated flue gas, MnO,-CeO,/palygor-
skite-FA catalysts were created by supporting MnO,-CeO,
to palygorskite (PG)-FA [219]. The findings demonstrate
that the MnO,-CeO,/PG-FA catalyst exhibited outstand-
ing and persistent Hg” removal activity, which was mostly
attributable to the synergistic effect of MnO,-CeO,'s cata-
lytic oxidation activity and PG-adsorption FA's capability.
At 140 °C, the Mng-Ce, s/PG-FA catalyst with a loading
of 8.0% MnO, and 0.5% CeO, demonstrated the best Hg’
removal efficiency of over 95%. Pyrite (PY) and acid-mod-
ified fly ash (AC-FA), which has a stronger Hg® removal
effect than AC-FA, were combined to create the pyrite-
modified fly ash (PY + AC-FA) for mercury removal [220].
About 92% of the mercury removal was achieved at 50 °C
with 20 wt% loaded PY/AC-FA. The adsorption process was
found to follow a quasi-second-order kinetic model attrib-
uted to chemosorption. Furthermore, based on TG-DSC
results, it was inferred that Hg® is adsorbed on the surface
initially and then oxidized to HgS by the FeS, present in
the pyrite-modified FA. The weight gradually decreased as
the temperature rose, reaching 15.2 mg at 420 °C in the
end. This suggests that the adsorbed Hg® on the surface of
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PY + AC-FA starts to evaporate at its boiling point. Xin et al.
[221] extracted magnetospheres, modified them with H,S
(S-MS) and employed them for mercury sorption. The selec-
tive catalytic oxidation of H,S resulted in the deposition of
elemental sulphur, which has a high affinity for Hg®, on the
surface of the adsorbent. The authors investigated the impact
of sulphidation temperature on the adsorption capacity of
the adsorbent. The adsorption results revealed 80% removal
of Hg" in the 50-75 °C temperature range with the S-MS
adsorbent treated at a sulphidation temperature of 150 °C for
30 min. The abundance of sulphur species that are capable
of binding Hg" led to the immobilization of the gaseous Hg’
by S-MS as stable mercuric sulphide (HgS). The amount of
secondary Hg contamination from the industrial waste was
reduced because the leaching ratio of Hg from wasted S-MS
in wet electrostatic precipitator effluent was almost as low
as 1%. The cost analysis reveals that the magnetosphere-
based mercury removal technique outperformed commercial
AC injection technology in terms of operating costs. As a
result, the S-MS showed significant promise for Hg® adsorp-
tion due to its unique properties, including excellent Hg”
adsorption capability, reduced environmental hazard, and
recyclability.

Few researchers have looked at using zeolites made from
FA to remove Hg" from flue gas, despite the fact that zeolites
have been known to be effective at removing a variety of
gaseous pollutants. To create zeolite from fly ashes obtained
from coal for the removal of Hg, Wang et al. [222] pre-
sented a new technique called the supercritical hydrothermal
method. The outcomes showed that synthetic zeolites have
effective Hg® removal capabilities. Ma et al. [223] devel-
oped magnetic zeolites from FA using a similar technique
to extract Hg from flue gas. The findings demonstrated that
the Hg" adsorption process followed the Eley—Rideal mecha-
nism, with an efficiency of 92%. Studies have also shown
that the presence of magnetic materials in FA can activate
the catalytic oxidative capacity, enhancing Hg" adsorption.
The amount of Hg? oxidation increased with the amount of
Fe;0, in the FA. In recent research, zeolites fabricated using
class F and class C fly ash and modified with Fe and Ag
nanoparticles were employed for the removal of elemental
mercury from the flue gas [224]. The schematic illustration
of a simultaneous zeolite synthesis and modification process
is shown in Fig. 14. Compared to Fe-modified zeolite, Ag-
modified zeolite showed excellent performance and stability
up to 350 °C towards the removal of Hg® from flue gas.

Interaction of Hg with FA
Research has shown that several FAs are affixed to mercury
and its compounds in the flue gases. The removal of mercury

is based on its oxidation to HgO or HgCl, by different func-
tional groups on fly ash surfaces. Several inorganic species
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like SO, and Fe,O; which oxidize mercury, favour its
removal. However, the adsorption interaction of Hg with FA
is still not validated, and some variables need to be explored.
Zhu et al. [225] investigated mercury adsorption onto dif-
ferent types of modified fly ash and reported the interaction
mechanism of Hg with FA. FA modified with FeCl, reacted
with elemental mercury to form HgCl and HgCl,, removing
mercury from flue gas. The laboratory-based experiments
showed that the presence of unburned carbon in the FA plays
a major role in retaining mercury on the surface of the FA.

Furthermore, the role of unburned carbon and its struc-
ture (anisotropic, fused, porous) on mercury uptake must
also be investigated. FA could be a potential material for
the removal of different compounds of Hg depending on
the nature of mercury compounds, but the variation in the
removal efficiency could be due to the anisotropic nature
of the unburned carbon. The physiochemical interactions
between carbon and mercury may be responsible for mer-
cury adsorption on FA. The oxygen-containing functional
groups [OH/C-0O, C=0, C(0)-0O-C, and (O-C=0)-0] pre-
sent due to the unburned carbon oxidize elemental mercury
and result in the adsorption of mercury over the FA surface.
The active sites on the unburned carbon acted as primary
adsorption centres having a high affinity for mercury com-
pounds, which further act as primary sites for multilayer
mercury adsorption [226]. The adsorption isotherms and
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the characterization techniques revealed that the adsorption
of Hg is higher at those sites containing oxygen-containing
functional groups. Oxidized activated carbon at 400 °C
showed a higher affinity for mercury compounds compared
to pure activated carbon, signifying that oxygen-containing
functional groups are essential for mercury adsorption [201].

Conclusion

This review has summarized the research on the prepara-
tion, characterization, and photodegradation of organic
compounds and the adsorption of toxic gases utilizing fly
ash. FA-based photocatalysts are a new sector of FA usage,
and a new era of photodegradation of organic molecules has
emerged as a possible method for wastewater treatment. Due
to its high SSA, adequate pore size, high porosity, high CaO
content, and surface functional groups, FA can be employed
as the basis material of various adsorbents to treat air and
water pollutants. FA contains unburned carbon, which is
essential for removing various air pollutants. The sorption
capacity can be increased by turning the unburned car-
bon into AC. Fly ash nanocomposites are very effective at
adsorbing pollutants from the air and water, including heavy
metals, poisonous organic dyes, VOCs, SOx, and NOx. This
review discussed the mechanism of the photocatalytic degra-
dation of dyes and the applicability of FA for removing toxic
pollutants from the flue gas. As a result, efforts should be
made to establish procedures to use CFA for environmental
remediation effectively.

Future prospects

The development of FA-based photocatalysts has revolution-
ized the use of FA for water remediation. More research is
needed, however, to improve the photodegradation effec-
tiveness of FA-based photocatalysts. Doping can be used
to solve the problem of a greater bandgap, but the proper
dopant must be chosen. Although TiO, is the most com-
monly studied photocatalyst, there are still several additional
photocatalysts that, when utilized for dye photodegradation,
can make a significant difference in the rate of photocatalytic
degradation.

Most of the researchers focused on the degradation of
dyes by using fly ash-based photocatalysts. Still, very little
research is available on the photocatalytic degradation of
other organic contaminants. Photocatalytic degradation of
other emerging organic contaminants, such as phenols, pesti-
cides, persistent organic pollutants (POP), and pharmaceuti-
cal compounds using fly ash-based photocatalyst systems,
can be an interesting topic for further studies. In a multi-
pollutant system, hazardous pollutants cannot be removed

due to TiO,’s extremely selective character. More studies are
needed in order to alter TiO,-FACs to adsorb and degrade
numerous different pollutants in a multi-pollutant system.

There are scarce data available on the percentage loading
of photocatalyst nanoparticles on fly ash support. Therefore,
budding researchers should pay more attention to this area of
research in the near future. Also, no pilot study is available
on the use of fly ash photocatalysts for real industrial waste-
water. However, Ashour et al. [166] successfully adsorbed
100% copper, zinc, and iron from industrial wastewater,
maintaining a flow rate of 200 L/h. Therefore, fly ash pho-
tocatalysts should also be examined on a pilot scale.

The highly effective adsorption and catalytic oxidation
of mercury have been reported on carbon-, metal-, and
natural mineral-based composites. The unsolved issues
with Hg removal include the following: (i) how to improve
the anti-poisoning properties of Hg? catalysts against co-
existing gases like SO, and NHj; (ii) how to create inno-
vations that effectively prevent the elimination of toxic
components produced during the removal process; (iii) how
to establish interaction mechanisms for Hg" oxidation in
homogeneous and heterogeneous reactions. In addition, it
is recommended that particulate matter, NOx, and SO, be
simultaneously removed in order to control mercury emis-
sion. So, there should be further research into investigating
economical mercury removal technologies. Further research
should thoroughly assess these materials' biocompatibility,
environmental protection, and ecotoxicology.

FA modification and the creation of fly ash-based molec-
ular sieves may become more difficult and expensive at the
same time, which could pose a problem for large-scale appli-
cations. Maintaining a good balance between cost control
and performance enhancement is important. The main issues
that need to be resolved in the future are the creation of
less expensive modification techniques and easier molecu-
lar sieve production procedures. To modify and create new
fly ash-based adsorbents with more highly active sites and
developed porous structures, some current efficient green
advanced oxidation technologies and new methods for syn-
thesizing porous materials are suggested.

We are all aware that the presence of SOx/NOx/CO,/H,S/
CO/VOC:s pollutants in flue gas has a detrimental impact on
the efficiency and stability of the adsorbents, which raises
the cost of operation. Hence, creating fly ashes-based, more
resistant adsorbents would be advantageous. Cerium and
lanthanum are two rare earth elements that cannot be cor-
roded easily. Studying the composite adsorbent of FA and
these rare earth metal components is thus needed. Several
transition metal oxide combinations have also been shown
to be effective corrosion resistance for creating more stable
fly ash-based adsorbents.

Lastly, the adsorption mechanism of SOx, NOx and
mercury compounds on the FA still needs to be explored

@ Springer



230

Nanotechnology for Environmental Engineering (2024) 9:207-237

to understand these pollutants' interactions with the adsor-
bent. Understanding the interaction mechanism will help the
new scientists develop new and modified adsorbents based
on FA with enhanced adsorption capacity to remove these
pollutants effectively and selectively.
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