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ABSTRACT

In this study, a comprehensive literature review is conducted with regard to recent advances in
using recycled fly ashes as alternative and cost-effective reagents than as wastes in the advanced oxi-
dation of wastewaters. Fly ashes are powdery solid residues that are produced in enormous quanti-
ties in coal/lignite-fed power stations and also from waste incineration. Novel applications of these
industrial by-products in the field under examination, toward sustainable use of resources and cir-
cular economy, are discussed and summarized. Since fly ashes contain useful metal oxides, they can
actually be considered as alternative catalytic agents in wastewater treatment, depending on their
surface properties and the elements solubility rate in the aqueous media. Beyond the possible con-
tribution of these secondary materials to the oxidation of wastewaters, their potential for concurrent
beneficial adsorption of substances present in the effluent to be treated also enhances the significance
of the current scientific work. For that purpose, fly ashes and several fly ash-based composite cata-
lysts were examined for their effectiveness in advanced oxidation processes that are summarized in
three main categories, namely photocatalysis, Fenton/Fenton-like oxidation, and combined mech-
anisms. Principal system parameters affecting the degradation of wastewaters were considered,
including the dosage of each catalytic agent used, the initial dye concentration, the solution pH, and
the reaction time and temperature.
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1. Introduction

Wastewaters contain in many cases harmful and/or toxic
pollutants that pose serious environmental issues. These pol-
lutants are often present in various types of effluents, such
as municipal, pharmaceutical, textile, and chemical industry
wastewaters. Most common compounds found include phar-
maceutical (e.g., cephalexin, levofloxacin, and pentoxifylline
(PEN)), organic compounds (e.g., phenols, dioctyl phthal-
ate (DOP), and dichloroacetic acid), and textile (azo) dyes
(e.g., methylene blue (MB), Rhodamine B (RhB), and acid
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orange 7 (AO7)). The degradation of pollutants with poor
biodegradability is an important challenge nowadays. In
that sense, various research efforts are destined toward to the
development of facile, efficient, and environment-friendly
methodologies for wastewater treatment [1-6].

Advanced oxidation processes (AOPs) represent a prom-
ising category of wastewater treatment methodologies that
have to do with the complete decomposition (degradation) of
dangerous pollutants into inert and nontoxic derivatives. In
general, this is realized by the in-process production of reac-
tive species, such as free hydroxyl radicals (*OH), superoxide
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anion radical, hydrogen peroxide, and singlet oxygen. All
of the aforementioned reactive species have a quite strong
oxidation potential, and, consequently, enhanced ability
to oxidize the pollutants. Certainly, hydroxyl radical is the
dominant and most efficient reactive radical in advanced
oxidation. Organic pollutants generally interact with *OH
via either the subtraction or the addition of hydrogen. In
this way, a carbon-centered radical occurs. Subsequently,
this radical reacts with molecular oxygen, forming a peroxyl
radical that further reacts toward oxidation products such
as alcohols, aldehydes, or ketones. Alternatively, *OH may
form a radical cation by subtracting an electron from various
electron-rich substrates. This can immediately hydrolyze in
aqueous media, yielding an oxidized product. The oxidation
products are often less toxic and more susceptible to biore-
mediation toward CO,, water, etc. AOPs can be categorized
in three main categories, depending on the advanced oxida-
tion mechanism used: (1) photocatalysis (UV/TiO,, UV/H,0,,
UV/TiO,/H,0,), (2) Fenton and Fenton-like, and (3) alterna-
tive and combined mechanisms (photo-Fenton, nonthermal
plasmas, sonolysis, radiolysis, etc.). Generally, AOPs’ effi-
ciency depends on the specific method applied, the physi-
cochemical properties of the pollutant, and the operating
parameters/conditions. In terms of practical applications,
advanced oxidation is used in industry, hospitals, and waste-
water treatment plants. AOPs have low installation costs
but they have relatively high operating costs. This is due to
chemicals and energy requirements [7]. In order to limit these
drawbacks, AOPs are commonly employed as a pretreatment
in combination with a biological treatment. Moreover, the
combination of various AOPs procedures is a rather efficient
way to reduce operational costs and to enhance the pollutant
removal efficiency [7-10].

AOPs have attracted much attention lately not only
by the global research community [9-13], but also by our
research group [14-17]. The increasing interest related to
the advanced oxidation of wastewaters is illustrated by the
increasing number of publications over the last 15 years, as
shown in Fig. 1.

R I,

w

(o)

o
1

B00 mrmimmimimimm i i
250
200 mimimimmim e i e R

150 -

100 -rmrmimimimimimimimimiman

Number of Journal Publications

50

N2
%
3
07
2
%
2

Fig. 1. Journal article results from the last 15 years using Scopus,
using the keyword “advanced AND oxidation AND wastewater.”

Up to now, various catalytic materials/systems have
been tested with regard to their effectiveness in AOPs.
For instance, Fe(IlI)/TiO,-montmorillonite photocatalyst
was tested in a photo-Fenton-like process [18], while TiO,/
Ti electrodes were used in a photocatalytic process [19].
Furthermore, in the framework of circular economy, using
waste to treat various types of wastewater is gaining atten-
tion. Interestingly, fly ash (FA), coming from various sources,
such as coal/lignite power plants, waste and agricultural
products incineration, seems to have many advantages for
its usage in AOPs: high availability, different surface chem-
istry (Ca or Si), high surface area, high absorption capacities,
and low cost. In that sense, various systems using FA were
fabricated and applied to AOPs [20-22].

In this work, recent advances in employing recycled
FAs and ash-based composites as substitute and cost-
effective reagents than as wastes in wastewater treatment are
reviewed and summarized, in order to assess their poten-
tial for use in viable and efficient remedial alternatives to
conventional procedures.

Our literature review was based on 64 selected journal
articles from the last 5 years. Their distribution is shown in
Fig. 2.

2. FA-based advanced oxidation of wastewater

Various advanced oxidation mechanisms have been pro-
posed using FA-based catalytic materials. These mechanisms
may be summarized in three main categories: photocatalysis,
Fenton/Fenton-like, and combined mechanisms.

2.1. Photocatalytic oxidation

In various studies, researchers attempted the photocata-
lytic removal of organic pollutants:

Giri Babu et al. [23] studied four different FAs as a cata-
lyst for the degradation of Acid Red 1 using UV irradiation.
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Fig. 2. Selected articles used in this study based on Scopus search
using “fly ash based advanced oxidation wastewater” keyword,
from years 2013 to 2017. One publication was included from 2018.
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These FAs were collected from different thermal power
stations located at various places in India and having dif-
ferent chemical compositions. Three of them were from
lignite-based thermal power plants and one from a coal-fed
power plant. One FA is classified as Class F, two as Class C
and the other one is not conforming to ASTM C618 classifi-
cation. In 60 min duration, the dye degradation efficiency at
optimal parametric values of pH 2.5, initial dye concentration
of 10 mg/L, and catalyst dosage of 1.0 g/L using various FAs,
that is, from Salam Power Plant, Barmer Lignite Power Plant,
Kutch Lignite Power Plant, and Neyveli Lignite Thermal
Power (NLTP) plant were found to be 40%, 60%, 67%, and
95%, respectively. The contribution of adsorption alone was
18% at the above-mentioned optimal conditions. Among
the above four FAs, the NLTP one was proved to be most
efficient.

In advanced oxidation of wastewaters via photocatalysis
employing FAs as alternative catalytic agents, the foremost
catalyst used is FA/TiO,. Malakootian et al. [24] used a pho-
tocatalytic process as a suitable method for o-chlorophenol
removal. Specifically, they studied the photocatalytic effi-
ciency of FA modified with TiO, nanoparticles in the removal
of o-chlorophenol. The removal efficiency using a composite
catalyst composed of modified FA and TiO, reached 98.9%,
while the removal efficiency by TiO,/UV without using FA
was 78.7%. In another work, Andronic et al. [25] developed
materials with photocatalytic and adsorption properties for
advanced wastewater treatment, targeting reuse. Making use
of TiO, as a well-known photocatalyst, Cu,S as a Vis-active
semiconductor, and FA as a good adsorbent, dispersed mix-
tures/composites were prepared to remove pollutants from
wastewater. Experiments using the new catalysts were car-
ried out both at laboratory scale (in two solar simulators) and
real scale. The radiation intensity was shown to significantly
affect the phenol degradation rate. The composite mixture
of TiO, and FA is two to three times less active than sol-gel
TiO,. Photodegradation kinetic data on the highly active TiO,
were compared for pollutant elimination. Photodegradation
of dichloroacetic acid was fast and complete after 90 min
in real scale, while after 150 min, imidacloprid and phenol
removal was 90% and 56%, respectively. Moreover, Shi et al.
[26] developed a new type of composite photocatalyst TiO,/
CFA by hybrid slurry procedure. The increase of catalyst
loading improved the photocatalytic activity of TiO,/CFA.
Nevertheless, during the wastewater treatment procedure,
superfluous TiO, grains broke easily away from CFA when
the loadings were too high. This is not favorable for TiO,/
CFA photocatalyst reuse. The optimal loading of TiO, was
about 50%. Degradation efficiency was maintained above
70% without any decrease when the composite photocatalyst
was reused for up to six times.

Other studies refer to the production and testing of
nanocomposite TiO,/FA photocatalysts. Visa et al. [27]
reported the synthesis, characterization, and adsorption
properties of a novel nanocomposites obtained using the
hydrothermal method. Specifically, nanocomposites were
produced by combining FA-TiO, slurry and a surface mod-
ifier, hexadecyltrimethylammonium bromide (CTAB). The
advanced (photocatalytic) oxidation properties of the nano-
composites were tested in multipollutant synthetic waste-
waters loaded with copper cations and two industrial dyes

(acid dye Bemacid Blau and reactive dye Bemacid Rot). The
nanocomposite catalyst achieved high removal efficiencies
of more than 90%, both in adsorption and in photodegrada-
tion experiments, in optimized conditions. In another work
of Visa et al. [28], a TiO,-FA composite was developed based
on interaction of the constituents in alkaline solution via
low-temperature hydrothermal methods, in order to obtain
nanocomposite catalysts. By combining FA with TiO,, the fol-
lowing advantages appeared: (1) the TiO, crystallites grew
on the support (active FA); (2) pollutant molecules migrated
to the surface of TiO, and then were degraded by photocatal-
ysis; and (3) activated FA substrates were regenerated in situ.
The photocatalytic property of the composites was evaluated
by MB and surfactant (dodecylbenzenesulfonate) degrada-
tion under UV and visible irradiation. The adsorption tests
were made on heavy metal (Cu®') cation. Properties of com-
posites were correlated with the adsorption/photocatalytic
activity of the samples.

Some other studies are dedicated to the utilization of
different forms of nano-TiO, in FA/TiO, nanocomposite cata-
lysts. Saud et al. [29] prepared FA-doped TiO, nanofibers by
electrospinning process for the removal of organic pollutant
and microorganism from water. Calcination of electrospun
nanofiber mats composed of titanium tetraisopropoxide,
poly(vinylpyrrolidine) and FA in air at 600°C led to creation
of good morphology FA/TiO, nanofiber. In fact, synthesized
nanofibers revealed a distinct performance in adsorption and
photocatalytic activity for decomposition of MB, and anti-
bacterial activity against Escherichia coli, due to combined
effect of TiO, and FA. Results indicated that as-synthesized
composite nanofibers exhibit great potential for water puri-
fication. Furthermore, in order to address the problem with
titania distribution and recovery, Cui et al. [30] fabricated a
series of Ti,,, O,/CFA photocatalysts (Ti,,,O,/CFA-n, n =24,
6, and 8) by assembling Ti,,, O, nanosheets on coal fly ash
(CFA) microspheres, via the layer-by-layer assembly (LBLA)
process. By the LBLA procedure, Ti O, nanosheets were
successfully immobilized on the CFA. In this way, a nota-
ble change in the CFA characteristics was observed. The
photocatalytic activity of Ti , O,/CFA was evaluated by MB
photodegradation, under UV irradiation. The best photocat-
alytic activity was achieved in the Ti ,O,/CFA sample that
was irradiated for 60 min, having a decolorization rate above
43%. After photocatalytic procedure, Ti ,O,/CFA could be

0.91 2
easily separated and recycled from aqueous solution. Ti,, O

nanosheets were shown to be still anchored on the CFA.O'91 :

Several studies also utilize an additional photocatalytic
constituent in order to enhance the activity and efficiency of
FA/TiO, (nano)composite catalysts. In that sense, more
sophisticated photocatalytic systems were produced. In a
recent study, Fan et al. [31] investigated various activated fly
ash cenosphere (AFAC) supporting TiO,-coated ZnFe,O,
(TiO,/ZnFe, O /AFAC) photocatalysts, prepared by sol-gel
and hydrothermal methods. They found that the main com-
ponents of spherical AFAC were mullite (Al Si,0,,) and SiO,.
Moreover, the crystallite size of the TiO,/ZnFe,O, nanocom-
posite was less than 10 nm and its specific surface area was
162.18 m*/g. The TiO,/ZnFe,O, nanocomposite had a band-
gap of 2.56 eV, which would photodegrade 95% of RhB
under visible light within 75 min. When hybridized with
0.02 g AFAC, the TiO,/ZnFe,0,/0.02 g AFAC photocatalyst
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with a bandgap of 2.50 eV could remove 97.1% of RhB and be
reused three consecutive times with minor decrease in pho-
tocatalytic performance. However, the photocatalytic effi-
ciency decreased to 91.0% on increasing the dosage of AFAC
to 0.30 g. The mesoporous structure of all photocatalysts and
the strong adsorption ability of AFAC contributed to the
notable performance. Furthermore, Zhao et al. [32] produced
ternary photocatalysts using an in-situ hydrolysis proce-
dure, toward stability and photocatalytic efficiency enhance-
ment. These catalysts were composed of g-CN,/N-TiO,/
FACs. When TiO, was anchored on FAC, it was easily to be
separated from the aqueous solution. In this way, it could be
repeatedly utilized. The degradation rate was more than 68%
even after seven times photocatalyst reuse. The synergistic
effect between N-TiO, and g-C,N, could be reflected to the
bandgap values of 2.75 eV of the g¢-C,N /N-TiO,/FAC cata-
lyst. The composite of g-C,N,/N-TiO,/FAC had an ideal pho-
tocatalytic activity of 72.2% under visible light for 180 min. It
was about 1.3 times of N-TiO,/FAC and 3.5 times of g-C.N,.
The improvement of the photocatalytic effectiveness could
be attributed to the synergistic effect of SiO,, Fe,O,, and TiO,
constituents. In another study, Yang et al. [33] prepared
HPW-CS/TiO,/FACS photocatalysts for degradation of tetra-
cycline (TC) hydrochloride. Specifically, they used molecular
imprinting technology in combination with photodegradation
technology to synthetize HPW-CS/TiO,/FACS photocatalysts.
The novel photocatalyst could not only exhibit high photo-
catalytic activity but also be easy to reuse, because the fly ash
cenospheres (FACs) were adopted for carrier. The compound
photocatalyst was characterized by various analytical tech-
niques. Meanwhile, the effects of the amount of heteropolya-
cid, dosage of chitosan (Cts), and calcination temperature on
the photocatalytic activity of the photocatalyst were investi-
gated. Moreover, Hou et al. [34] used floating solid FACs as
the carrier to prepare AgPO,/ZnFe,0,/FACs composite
materials using sol-gel and liquid phase deposition meth-
ods. The material photocatalytic activity was studied in visi-
ble light using MB as the goal pollutant. Compared with
single powder catalysts, Ag PO,/ZnFe,O,/FACs composites
had the highest photocatalytic efficiency and could float
in water, because FACs are lightweight and hollow.
Furthermore, the composite materials can absorb high
amounts of light energy and are conducive for catalyst recy-
cling and reuse. Recycling experiments demonstrated that
the Ag PO, /ZnFe,O,/FACs catalyst retained high photocata-
lytic activity after five times of recovery. In another study,
Liu et al. [35] developed a cube-like Ag@AgCl-doped TiO,/
FAC composite (denoted Ag@AgCl-TiO,/FACs) that was
successfully synthesized via a two-step approach. The RhB
photocatalytic degradation rate with Ag@AgCI-TiO,/FACs
was 1.56 and 1.33 times higher than that with AgCI-TiO,/
FACs and Ag@AgCl, respectively. The RhB degradation rate
with Ag@AgCl-TiO,/FACs was nearly 100% within 120 min
under visible light. Analysis of active species indicated that
O, and h+ dominated the reaction, and OH participated in
the photocatalytic reactions as an active species. A mecha-
nism for the photocatalytic degradation by the Ag@AgCl-
TiO,/FACs was proposed based on the experimental results.
Moreover, Fan et al. [36] prepared V-doped TiO,/FAC
photocatalytic composite materials by sol-gel method with
FAC as a carrier, tetrabutyltitanate as titanium source, and

ammonium metavanadate as vanadium source. The photo-
catalytic activity of the samples was studied using degrada-
tion of dimethylformamide (DMF) as organic pollutant. The
TiO, loaded on FAC surface was found to be anatase. It was
also shown that doped V exists in the form of V* and V> in
the TiO, lattice, and that the doping of V could promote TiO,
response to visible light (red shift) and improve the photo-
catalytic activity of the catalyst. However, excessive V dop-
ing would lead to the decrease of photocatalytic activity. It
was determined that when the optimum doping amount of V
is 1% and the dosage is 0.5 g, the removal rate of DMF solu-
tion with the concentration of 50 mg/L and pH = 3 reaches
88.2%, after 30 min dark reaction and 180 min photocatalysis.
Interestingly, the degradation rate of DMF solution still
remains above 65% even in the fourth reuse cycle, which
shows good photocatalytic activity and stability. In another
study, Zhao et al. [37] successfully synthesized V-TiO, FACs
by sol-gel method. The V-TiO,/FA catalyst was found to
mainly preserve its anatase phase after calcination at 500°C.
The photocatalytic activity was evaluated by the degradation
of Direct Fast Scarlet 4BS under UV light. The degradation
rate of V-TiO,/FA was higher than that of TiO,/FA, and
reached up to 98.7% after UV irradiation for 90 min.
Therefore, the V-TiO,/FA catalyst prepared appeared to pos-
sess enhanced photocatalytic properties. Furthermore, Wang
et al. [38] developed novel photocatalysts consisting of TiO,-
coated hydroxylated FACs by using a sol-gel procedure. For
further formation of Pt-TiO, films (PTF) supported on
hydroxylated FACS photocatalyst, Pt was deposited on these
TiO,/FAC particulates, via photoreduction. The photocata-
lytic activity of PTF was evaluated via MB photodegradation.
The best photocatalytic activity for MB decomposition was
achieved via calcination at 450°C and 1.5% Pt/TiO, mass ratio
and with 3 g/L catalyst concentration. The MB photodegra-
dation by PTF in aqueous solution was more efficient at
rather alkaline conditions. Moreover, the addition of anions
in relatively small concentrations improved the photocata-
lytic efficiency of PTF, due to the improvement of MB
adsorption. Nevertheless, this effect appeared to be weak-
ened as the anion concentration was increased. Regarding
the catalyst recycling tests, calcination of the used PTF con-
tributed to the photocatalytic activity regain. Furthermore,
Duta and Visa [39] successfully produced hydrothermally a
ternary composite catalyst consisting of FA, TiO,, and a cat-
ionic surfactant. The photocatalytic activity and efficiency of
this novel composite catalyst was evaluated in the removal of
Bemacid Red (BR) and Bemacid Blue (BB) dyes in alkaline
conditions (pH ~ 10.6). The adsorption effectiveness was
shown to be strongly dependent on the substrate micropores
characteristics. Photodegradation efficiency was 77% for BB
and 93% for BR after 240 min under UV irradiation.
Additionally, Huo et al. [40] prepared porous-TiO,/FAC pho-
tocatalysts via sol-gel with a traditionary surfactant CTAB as
template. The as-prepared porous photocatalysts were fur-
ther modified by poly-o-phenylenediamine (PoPD) with
photo-induced method. The photocatalytic activity was
investigated via degradation of ciprofloxacin (CIP) antibiotic
wastewater under visible light. The porous structure
appeared to be well formed on the surface of TiO,/FACs,
and photocatalytic activity was apparently enhanced with
modified PoPD. The degradation of CIP with PoPD/
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porous-TiO,/FACs could reach 71.36%, being improved by
about 36% compared to that with TiO,/FACs as the photocat-
alyst. Thus, it was clearly shown that the properties of porous
microstructure and PoPD modification could effectively
increase the photocatalytic activity. Moreover, Song et al.
[41] reported the development of a novel composite photo-
catalyst, composed of carbonized Cts and Fe-N-codoped
TiO, floating catalyst (layer-by-layer) that was supported on
FACs. A rather simple sol-gel method was used for the pho-
tocatalyst preparation. The Fe-N codoping lead to bandgap
constriction, while the carbonized Cts layer increased the
adsorption capacity of the photocatalyst and also its visible
light absorption capability. Both photocatalysts, Fe-N-TiO,/
FAC and N-TiO,/FAC, exhibited excellent performance in
RhB photodegradation. Specifically, the RhB photodegrada-
tion efficiency of Fe-N-TiO,/FAC-Cts, measured after 240 min
under visible light, was found to be approximately 1.5 and
2.09 times higher than that of Fe-N-TiO,/FAC and N-TiO,/
FAC, respectively. It was also shown that the floating photo-
catalyst may be reused up to three times without any notable
decrease on RhB photodegradation effectiveness. Yu et al.
[42] immobilized transition metal ions on TiO,/FACs with
PoPD. The photocatalytic activity of M-POPD/TiO,/FACs
was studied in the degradation of TC, oxytetracycline (OTC),
CIP, TC hydrochloride, and chloromycetin, in simulated
wastewater under visible light. M-POPD/TiO,/FACs could
effectively increase the separation rate of photoelectrons and
holes in the cycling system and improve the photocatalytic
activity for the degradation of antibiotics. The as-prepared
M-POPD/TiO,/FACs were more suitable for TC degradation
that reached 71.7%. In another work, Lu et al. [43] prepared a
novel photocatalyst by using TC as the molecular template
and POPD/TiO,/FACs as support. In this way, the molecu-
larly imprinted photocatalyst (MIP) possessed the specific
recognition ability toward TC, was synthesized via the sur-
face imprinting technology and the photo-induced method,
and had hollow spherical structure. Its photocatalytic activ-
ity was evaluated by degrading 20 mg/L TC solution under
visible light, and photodegradation could reach 77%. In
addition, MIP showed the strong ability to selective recogni-
tion and photodegradation of TC in the ternary solution con-
taining TC, OTC, and CIP. The coefficient of selectivity (k_,..
aiy) Of degradation of TC relative to OTC and CIP was 1.67
and 1.25, respectively. Study of the TC photodegradation
mechanism indicated that TC was degraded step by step and
finally decomposed to CO,, H,O, and other gaseous compo-
nents. Moreover, Lv et al. [44], prepared nano-TiO,/FA beads
composites by hydrolysis-precipitation method, using TiCl,
as the titanium source and urea as the precipitating agent.
With the use of (NH,),CO and (NH,),SC as the N and S
source, respectively, N and S codoped TiO,/FA beads com-
posite materials were elaborated by grinding them together
according to a certain proportion and calcined at 500°C for
2 h. The UV-Vis absorption spectra showed that the absorp-
tion edge of undoped composites is 390 nm, while that of
doped composites red-shifts to 500 nm. The photocatalytic
activity of the composites was evaluated by degradation of
methyl orange (MO) under visible light. After irradiation for
1 h, the degradation rate with N, S codoped-TiO,/FA beads
composite material can reach 65%, while the degradation of
undoped sample and P25 were just 10% and 6%,

respectively. The composite also showed excellent recy-
cling properties.

Some works report the production of novel FA-based
photocatalysts by combing FA with Zn- and Cd-based
oxides and sulfides (e.g., ZnO, ZnS, and CdS). One work
of Kalpana and Selvaraj [45] investigated the production of
a ZnS enwrapped amine functionalized FA nanocompos-
ite photocatalytic system (ZnS/A-FA) via a wet chemical
route. The nanocomposite system photocatalytic activity
was evaluated via MB degradation, under UV, and for cata-
lyst concentrations up to 3%. ZnS supported by FA showed
improved photocatalytic activity compared with that of
pristine ZnS. Moreover, from the antibacterial studies, it
was concluded that ZnS enwrapped A-FA catalyst provides
better antibacterial properties than that of pristine A-FA and
ZnS nanoparticles. In another work of Kalpana and Selvaraj
[46], a novel nanocomposite system consisting of ZnS/SnS/
A-FA was produced for the removal of both dye molecules
and pathogenic bacteria. By using ZnNO, H,O, SnCl,,H.O,
A-FA, and Na,S as precursors, this novel catalyst was devel-
oped at ambient temperature. The results shown that the FA
when combined with ZnS/SnS, can degrade the congo red
dye within 150 min, by employing low photocatalyst load-
ings (10 mg). The photocatalyst ability for reuse was also
tested; ZnS/SnS/A-FA was rather stable during reuse exper-
iments. Furthermore, the antibacterial properties of ZnS/
SnS/A-FA were investigated in both gram-negative bacte-
ria (E. coli) and gram-positive ones (Staphylococcus aureus).
The results shown a significant antibacterial activity of ZnS/
SnS/A-FA compared with ZnS/A-FA. Moreover, Kim et al.
[47] developed a quite stable Ag-doped ZnO/FA composite
photocatalyst via a hydrothermal procedure. FA was used as
a support surface for in situ Ag and ZnO nanoparticle depo-
sition, while treating hydrothermally. This led to a particle
size decrease and, subsequently, to a surface area increase.
The nanocomposite photocatalyst antibacterial activity and
photocatalytic efficiency were evaluated using E. coli and
MB respectively, under UV irradiation. The nanocomposite
photocatalyst exhibited a high photocatalytic efficiency and
bacterial removal capacity, as well as good reusability.

Other innovative research works demonstrate the appli-
cability of magnetic (nano)particles to the production of
novel photocatalytic systems. He et al. [48] developed a
magnetic photocatalyst via chemical deposition. Specifically,
the catalyst was developed by directly growing photocata-
lytic nanoparticles (CdS) on the surface of magnetic fly ash
cenospheres (MFACs). The photodecomposition results
of danofloxacinmesylate indicated a much higher photo-
catalytic activity of CdS/MFACs (76.2%) than that of pure
CdS (71.5%), under visible light. The authors attributed the
improved photodegradation of danofloxacinmesylate to
photogenerated holes and O, The photocatalyst exhibited
rather good stability and reusability even after five cycles.
In another work, Lu et al. [49] reported the production of
a TiO, photocatalytic system by using a magnetic FA-based
composite as support via a sol-gel procedure. This magnetic
composite was prepared by coating a special layer of macro-
molecule onto the surface of the floating carboxyl-function-
alized FACs via microemulsion process, and magnetic Fe,O,
nanoparticles were introduced into the special layer of mac-
romolecule. The produced photocatalyst not only showed
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a significant catalytic efficiency but also increased stability.
Specifically, the enrofloxacin hydrochloride residues pho-
todegradation efficiency could reach 75.32%, after 60 min
under visible light. Moreover, the inorganic salts presence
and the varying calcination temperatures were found to
have a significant effect on the enrofloxacin hydrochloride
photodegradation.

Some works are destined toward the development of
photocatalysts based on Bismuth (Bi) oxides. Lin et al. [50]
successfully produced three-dimensional (3D) hierarchical
microspheres. These microspheres consisted of BiOBr/BiOl
deposited on the FACs surface, by a one-pot solvothermal
procedure. The loaded hierarchical microspheres exhibited
a uniform distribution, while some minor aggregation was
also observed. These hierarchical microspheres consisted
of two-dimensional (2D) nanosheets, which formed hetero-
junctions. The photocatalytic activity of the produced ter-
nary composite photocatalyst (BiOB/BiOI/FACs), evaluated
in RhB decomposition under visible light, was superior to
that of the binary photocatalysts (i.e., BiOI/FACs and BiOBr/
FACs). In other work, Zhang et al. [51] successfully syn-
thesized a composite photocatalyst (CeO,-BiVO,/FAC), by
combining impregnation and modified metalorganic decom-
position (MOD) procedures, upon visible light irradiation.
Specifically, CeO,-BiVO, was formed photocatalytically
on FACs. The composite catalyst exhibited enhanced pho-
tocatalytic activity for MB degradation under visible light.
Especially, the photocatalyst with the highest photocata-
lytic efficiency for MB degradation was the one with 7.5 wt.
% CeO,-BiVO,/FAC. In another work of Zhang et al. [52], a
novel BiVO,/FACs composite photocatalyst was developed
by the modified MOD method. The photocatalytical activ-
ity under visible light and the adsorption parameters were
evaluated using the MB dye. FACs were used as supports
in order to improve the photocatalytic activity and adsorp-
tion of BiVO,. In fact, the composite photocatalyst BiVO,/
FACs showed improved photodegradation efficiency and
adsorption capacity, which were approximately double com-
pared with those of pure BiVO,. Moreover, recovery tests
have shown that BiVO,/FACs were quite stable during the
MB photodegradation. In a third work of Zhang [53], novel
photocatalytic composites (Pt-BiVO,/FACs) were produced
by the aforementioned MOD process and a subsequent
photochemical reduction step. In this way, FACs supported
Pt-BiVO, was produced. The results indicated enhanced
photocatalytic efficiency of the Pt-BiVO,/FACs system in MB
photodegradation under visible light. It is worth noting that
the 2 wt. % Pt-loaded photocatalyst exhibited the highest
photocatalytic efficiency.

Furthermore, the formation of suitable FA-based geo-
polymeric systems was even proposed, for application in
wastewater advanced oxidation. In particular, Zhang and
Liu [54] successfully produced a geopolymer from alkali-
activated FA, exhibiting two main nanofeatures: it is com-
posed of nanoparticles with 50 nm average diameter and its
porosity lies in the nanoscale, with a quite large pore volume
fraction (90%) sized 17-700 nm. The evaluation of this novel
catalyst in MB degradation using UV irradiation revealed
the synergistic effect of semiconductor photocatalysis and
adsorption, which led to photodegradation efficiencies for
MB up to 92.79%.

2.2. Fenton and Fenton-like oxidation

Various studies demonstrate the applicability of the
Fenton process in wastewater treatment:

Pang et al. [55] focused on treatment of wastewater
deriving from phenolic resin production units. This type of
wastewater contains formaldehyde and phenol in high con-
centrations. A combined treatment process was therefore
employed, comprising Fenton oxidation (i.e., a secondary
condensation), sand filter, and CFA adsorption. It is worth
noting that the feasibility of this procedure was illustrated by
some successful results in practical operation. Particularly,
the out-sourcing water from the treatment facility suc-
cessfully reached the first order of Integrated Wastewater
Discharge Standard (GB 8978-1996). Additionally, some
phenolic resin quantities were also recovered, after waste-
water treating with this method. In another study, Wang et
al. [56] combined FA and Fenton reagent for DOP waste-
water treatment. They studied the effect of FA loading,
H,O, and Fe*concentration, pH, as well as other factors, on
COD (chemical oxygen demand). The synergistic effect of
both Fenton reagent and FA on the COD removal efficiency
was found to be superior compared with that recorded for
the Fenton reagent alone. Specifically, the maximum COD
removal efficiency was approximately 83%, for Fe* concen-
tration of 1.0 g/L, H,O, concentration of 1.2 g/L, pH =5 and
FA dosage of 4 g. Furthermore, Duc [57] used modified FA
for the degradation of Reactive Blue 181 via the heteroge-
neous Fenton reaction. The novel catalysts were produced
via incipient impregnation, employing iron(IIl) nitrate to
support the metal. The influence of advanced oxidation
parameters, including H,O, concentration, catalyst dosage,
and pH, on the degradation efficiency was studied. The
suitability of the heterogeneous Fenton method for Reactive
Blue 181 removal from aqueous solution by using modified
FA/H,O, was shown. Degradation efficiencies of approx-
imately 90% were recorded using optimal parameters:
processing duration 90 min, pH = 3, H,0, concentration of
3.92 mM, and catalyst dosage of 0.4 g/L.

Moreover, several studies investigate the applicability of
modified Fenton process (i.e., Fenton-like) to the advanced
oxidation of wastewaters. Wang et al. [58] studied the per-
formance of acid-modified CFA for use as a catalyst of a
Fenton-like process in p-nitrophenol (p-NP) wastewater
treatment. Particularly, HNO,-modified fly ash (HFA) had
a better catalytic capacity (96.6% p-NP removal rate) than
those (<92% p-NP removal rate) of CFA modified by other
acids (HCl, H,SO,, and H,PO,). The p-NP removal rate that
is attributed to HFA adsorption was found to be not signif-
icant (<3%) compared with the removal rate that is due to
the advanced oxidation procedure. p-NP degradation effi-
ciencies of 98% were recorded by using the optimal experi-
mental conditions: 10.0 g/L. CHFA loading, 170 mg/L CH,0,
concentration, 150 rpm agitation speed, pH = 2, 25°C tem-
perature, and 60 min processing time. Moreover, HFA exhib-
ited superb reusability and catalytic stability, as p-NP deg-
radation efficiency was found to be higher than 91%, after
reusing nine times. In another study, Wang et al. [59] inves-
tigated the CFA modification for the production of three dif-
ferent heterogeneous Fenton-like catalysts: granular MCFA
(modified CFA), MCFA powder, and Fe,O,/granular MCFA.
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The catalytic efficiency was found to depend on the spe-
cific CFA type used. Specifically, the acid modification was
proved to offer much better CFA activation, yielding to p-NP
degradation efficiencies up to 64%, compared with alkali and
heat modification that lead to lower degradation efficiencies
up to 45%. Regarding the granular MCFA catalyst, atta-
pulgite was found to better enhance MCFA powder bond-
ing, compared with kaoline. Furthermore, the efficiency of
granular MCFA was shown to significantly increase by pro-
ducing MCFA-supported Fe O, catalysts. Reusability tests
revealed that the three types of MCFA catalysts produced
may be reused more than three times, with COD removal
rates of 57%. In a third work of Wang et al. [60], a H,SO,-
modified FA catalyst was developed for phenol wastewater
treatment. The operating parameters were determined by
single-factor experiments and their significance assessment
was conducted, and also the combination of the factors was
optimized using an orthogonal experimental design. The
significance of the treatment procedure factors, with increas-
ing order was found to be: modified FA dosage < pH <
phenol initial concentration < H,O, dosage < FeSO, dosage.
The optimized factor values were: modified FA dosage of
200 mg/L, pH = 5, phenol initial concentration of 300 mg/L,
3 wt. % H,O, dosage of 7 mL, and 5 wt. % FeSO, dosage of
1 mL. Under these optimized conditions, phenol degrada-
tion efficiency reached 99.46%. Furthermore, Dao et al. [61]
used an iron-impregnated FA (Fe-FA) as a Fenton-like effec-
tive heterogeneous catalyst for Reactive Blue 182 (RB182)
decomposition in aqueous solutions. Effects of some key
operating parameters, such as (1) dose of H,O,, (2) catalyst
dosage, (3) pH, and (4) temperature, on the decolorization
efficiency were investigated and discussed. Under optimal
conditions, a 93% degradation efficiency was recorded in
50 min. Moreover, Fe-FA had good reusability and stability.
Kinetic studies indicated that RB182 decolorization by using
Fe-FA catalyst matches that of a typical pseudo-first-order
reaction with 15.2 kJ/mol activation energy. Duc et al. [62]
removed Reactive Blue 19 dye from aqueous solutions by an
heterogeneous Fenton-like process also using Fe-modified
FA. Under the suitable conditions including catalyst dose
of 0.6 g/L, H,O, dose of 4 mM, and pH = 3, the RB19 deg-
radation efficiency attained 92% and 97% in 6 and 24 h,
respectively. The catalyst could be reused without reduction
of degradation performance. Moreover, Chen and Du [63]
degraded n-butyl xanthate from aqueous solutions, using
FA as a catalyst in a Fenton-like oxidation procedure. The
effect of various parameters on the degradation efficiency
of the oxidation procedure was investigated. Both the initial
solution pH and the catalyst dosage affected significantly
the degradation efficiency of n-butyl xanthate. A 97% n-bu-
tyl xanthate degradation efficiency and more than 96% COD
removal efficiency could be achieved by using FA as hetero-
geneous catalyst in optimized conditions (120 min treatment
time, pH = 3, FA dosage of 1.0 g/L, H,0, concentration of
1.176 mmol/L, and 4.14 wt. % Fe(III) oxide).

Various studies demonstrate the applicability of Fenton
or Fenton-like oxidation processes also to standard wastewa-
ter treatment processes. Zhuang et al. [64] employed a novel
integrated process, with heterogeneous Fenton oxidation and
anaerobic biological process, in the treatment of real British
Gas/Lurgi coal gasification wastewater (BGLCGW). The

Fenton oxidation process using CFA/sewage sludge carbon
composite had increased efficiency in BGLCGW treatment
over wide pH range. Moreover, it is worth noting that the sys-
tem was proved to be even 30 times reusable, and the treated
wastewater had increased biodegradability. This facilitated
the subsequent biological process. At the same time, the
heterogeneous Fenton oxidation process notably improved
effluent quality and significantly enhanced the anaerobic
granular sludge properties. This, in turn, contributed to a
high efficiency and stability of the ecosystem inside the bio-
reactor. By using this integrated process a COD removal effi-
ciency of 75% and a total phenols (TPh) removal efficiency
of 86% were achieved. This performance was approximately
four times higher than that of a single anaerobic process at
12 h. Furthermore, the aerobic biodegradation of BGLCGW
was enhanced by this integrated process. Indeed, the corre-
sponding TPh and COD concentrations met the water reuse
standard in the subsequent aerobic treatment of the effluent.
Therefore, this integrated process was found to be suitable
for engineering application, due to its stability, efficiency,
and economic viability.

2.3. Combined and alternative advanced oxidation mechanisms

Several systems that employ combined advanced oxida-
tion mechanisms have also been proposed:

The foremost alternative mechanisms applied involve
the combination of photocatalysis and Fenton or Fenton-
like. Sun and Zhang [65] prepared BiVO,-loaded FA ceno-
spheres (BFACs) photocatalysts by using the modified MOD
method. The photocatalytic efficiency of the composite cat-
alysts BFACs, evaluated by MO and phenol photodegra-
dation in aqueous solutions under visible light irradiation,
was much higher than that of pure BiVO,. Indeed, much
enhanced phenol removal efficiency was further achieved
with photodegradation assisted by Fenton process (i.e., H,O,
reagent) to the advanced oxidation procedure. The photocat-
alysts BFACs exhibited enhanced stability and preserved a
high MO photocatalytic efficiency during successive recy-
cling. Furthermore, Visa et al. [66] produced a novel com-
posite photocatalyst composed of FA and tungsten oxide, via
hydrothermal synthesis. This catalyst was used as substrate
for the advanced oxidation of wastewater loaded with com-
plex pollutants deriving from textile industry. The treatment
process proposed consisted of a single step process that was
combining adsorption and photocatalysis. The photocatalytic
properties and the adsorption capacity of the produced pho-
tocatalyst were evaluated using wastewater containing two
dyes (Bemacid Rot and Bemacid Blau) and one heavy metal
ion Cu?. Enhanced photocatalytic efficiency was determined
when using the composite catalyst in the combined photo-
catalytic and adsorption process. Additionally, the results
of the combined process were compared with those of the
individual processes. It is noteworthy that the introduction
of H,O, substantially enhanced the removal efficiencies for
both dyes. Bansal and Verma [67] used novel composite clay
beads mixed with foundry sand (FS)/FA as support materials
for TiO, catalyst fixation and also as iron source. A synergis-
tic effect for the cephalexin (antibiotic) degradation was iden-
tified: the in situ iron generation induced a dual photo-Fen-
ton and photocatalytic effect in the same treatment unit. The
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composite beads (i.e., FS/FA/TiO,) achieved a photodegra-
dation activity of 89% at optimized conditions, whereas the
binary photocatalyst mixtures exhibited lower efficiencies.
Specifically, FS/TiO, had 79% and FA/TiO, had 81% photo-
catalytic efficiency. The usefulness of the produced catalysts
in real-scale applications was underlined by their reusability
after 35 cycles. Mineralization of the pollutant was validated
by a COD decrease (82%), accompanied with the generation
of various anions. In another study of Bansal and Verma
[68], an Fe/TiO, composite photocatalyst was developed, to
combine the synergistic effect of both photocatalysis and
photo-Fenton, for minimizing the treatment time for PEN
degradation. Specifically, they combined FA (iron source),
waste FS, and TiO,, in either suspended or supported form.
Both a reduction in treatment time from 90 to 30 min and
also a 49% synergy in slurry mode for PEN degradation were
achieved. The first-order rate constant (k) was substantially
increased for the dual process along with the treatment time
reduction. Interestingly, the synergistic effect was validated
by achieving a threefold increase in k when employing the
novel Fe-TiO, composite photocatalyst for PEN degrada-
tion. The catalyst reusability after 45 cycles was confirmed
by the detection of TiO, and iron onto the composite surface.
The PEN mineralization was confirmed by COD and total
organic carbon (TOC) reductions, accompanied with several
anions generation. Moreover, Jia et al. [69] investigated sev-
eral types of modified FA regarding their advanced oxida-
tion ability. They used an orthogonal test and single factor
analysis to identify the effect of several experimental param-
eters and their optimal level combination in photo-Fenton
procedure. The acid-modified FA exhibits a great synergis-
tic effect in the AOP. For papermaking effluents treatment,
when applying the method without wastewater pH regula-
tion, the optimal reaction conditions were: 45 min reaction
time, 34 g/L. FA dosage, and 8.8 mmol/L FeSO,"7H,O dosage.
In these conditions, the COD removal efficiency reached
71.72%. Furthermore, Benjelloun et al. [70] investigated the
Fe-FAC catalytic activity in Crystal Violet (CV) wet oxidation
by using H,O,. The effect of some significant parameters,
such as dye concentration, catalyst dosage, precursor load-
ing, pH, temperature, and the initial H,O, concentration, was
also investigated. The Fe-FAC/H,O, procedure enhanced the
CV removal under optimal conditions. Visa and Duta [71]
proposed modified FA mixed with TiO, photocatalyst as a
viable option for simultaneous removal of dyes and heavy
metals. They optimized the conditions for treating synthetic
wastewaters containing MO and Cd. For a cost-effective dye
removal process, further tests were done, replacing the cata-
lyst with a (photo)Fenton system. The optimized technolog-
ical parameters (contact time, amounts of FA and Fe*/H,0,)
allowed to reach removal efficiencies up to 88% for the heavy
metal and up to 70% for the dye. The adsorption mechanisms
and the process kinetics were discussed considering the pos-
sibility of in situ generation of the Fenton system due to the
FA beneficial composition. In another study of Visa et al.
[72], a composite photocatalyst from TiO, and FA was devel-
oped in mild hydrothermal conditions. Subsequently, the
composite photocatalyst was utilized for the advanced oxi-
dation of the wastewater with multiple pollutants. The pho-
tocatalytic efficiency was evaluated on synthetic solutions
containing sodium dodecylbenzenesulfonate (surfactant),

copper (a heavy metal cation), and MO (dye), under sim-
ulated solar radiation and UV. Comparative experimental
results recorded in systems with and without Fenton reagent
(H,O,) exhibited a substantial increase in MO degradation
efficiency for ternary, binary, and one pollutant(s) solutions.
Using the composite catalyst under both UV and simulated
solar radiation, the heterogeneous process was more efficient
than homogeneous photocatalysis.

Some other combined mechanisms used in advanced
oxidation utilize ultrasonic (US) or microwave (MW) irradi-
ation to enhance the photocatalytic efficiency of the system.
Wei et al. [73] investigated the levofloxacin degradation in a
combined system consisted of US/FA/H,O,. The influence of
FA loading, levofloxacin initial concentration, H,0, concen-
tration, and pH on the degradation efficiency was evaluated.
Levofloxacin photodegradation was substantially promoted
in the ternary system US/FA/H,O, when comparing with
the sole process (i.e., sonolysis, Fenton) as well as the binary
systems FA/H,O, and US/H,O,. The degradation efficiency
reached 99.12%, whereas TOC removal efficiency attained
just 17.37%, under the optimal conditions: 15.0 mmol/L H,O,
concentration, pH = 7.16, 325 W US power, 20 mg/L levo-
floxacin, 1.5 g/L FA addition, and 160 min treatment time. Li
et al. [74] investigated the combination of US irradiation and
Fenton-like reagent effectiveness for the degradation of Acid
brown 348 in aqueous solution. Effects of the reaction condi-
tions on the Acid brown 348 removal were observed under
ultrasound irradiation. The best removal ratio was 96% under
the optimal conditions: pH = 2.5, 2.5 g/L FA dosage, 5.0 mM
H,O,, 50 mg/L dye initial concentration, 40°C, 140 min reac-
tion time, and 40 kHz US frequency. The wastewater from
the factory was treated first by activated carbon absorption
and then degraded with ultrasound/FA/H,O,. The CODCr
removal efficiency of dye wastewater was 95%. Al-Hamadani
et al. [75] examined the feasibility of using two types of FA
as a low-cost catalyst to enhance the US degradation of ibu-
profen (IBP) and sulfamethoxazole (SMX). Two FAs, from
Belews Creek (BFA), a power station in North Carolina, and
Wateree Station (WFA), a power station in South Carolina,
were used. The results showed that higher than 99% removal
of IBP and SMX was achieved within 30 and 60 min of soni-
cation respectively, at 580 kHz and pH = 3.5. Moreover, the
order for removal of IBP and SMX, in terms of frequency,
was 580 kHz > 1,000 kHz > 28 kHz, and in terms of pH, was
3.5 > 7 > 9.5. WFA showed significant enhancement in the
removal of IBP and SMX, which reached >99% within 20
and 50 min, respectively, at 580 kHz and pH = 3.5. This was
presumably because WFA contains more SiO, than BFA,
which can enhance the formation of OH radicals during
sonication. Additionally, WFA has finer particles than BFA,
which can increase the adsorption capacity in removing IBP
and SMX. Overall, it was shown that WFA combined with
US has the potential for treating organic pollutants such as
IBP and SMX in water and wastewater. Beceli¢-Tomin et al.
[76] investigated the possibility of FA and pyrite ash appli-
cations as Fenton catalysts in the advancement of the MW/
H,O, treatment in the RhB decolorization process. At the
same time, a comparison of the influence of these heteroge-
neous catalysts with the homogeneous Fenton catalyst on
the decolorization process was conducted. The influence of
the catalyst was tracked in previously optimized MW/H,0O,
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conditions: 0.2 mM RhB concentration, 80 mM H,O, concen-
tration, pH = 3.2, 85°C temperature, and 300 W power. Under
these conditions, an efficiency of 99.5% was achieved after
30 min of reaction. The same efficiency was achieved through
the application of MW/Fe*/H,O, and MW/pyrite ash/H,O,
after only 10 min of reaction. Li et al. [77] investigated the
feasibility of FA for enhanced degradation of an azo dye AO7
under US irradiation. The decolorization efficiency for AO7
by the combined process could reach 76.7%, while US process
alone only removed 3.8% of AO7 within 60 min. A synergetic
effect between FA and US irradiation was firstly observed.
The decolorization of AO?7 fitted the first-order rate kinet-
ics, and the k1 was 0.0246 min™ for the combined process.
Radical quenching experiment by iso-propanol revealed that
24.8% of AO7 decolorization could be attributed to hydroxyl
radicals, indicating that the contribution of hydroxyl radicals
was not as significant as expected.

Ma et al. [78] developed an efficient and economical cat-
alyst and scrutinized its capacity for 2-chlorophenol degra-
dation in wastewater via ozonation oxidation by using an
ozone batch reactor. The catalyst was directly prepared by
sawdust and FA reuse after saturated nickel ions adsorption
from wastewater. A synergistic effect between FA and saw-
dust was found. Specifically, FA plays the role of the basic
framework, having a high specific surface area, and the saw-
dust admixture acts as a pore-former, improving the porous
morphology of the catalytic material. The catalyst addition
improved the ozonation reaction efficiency evaluated in
2-chlorophenol degradation at a 2:1 liquid—solid ratio and
at pH = 7. The kinetic study demonstrated that the reaction
followed a first-order model, with a 267% increase in the
rate constant of 2-chlorophenol degradation, compared with
the ozonation solely at pH = 7.0 with 5 mmol/L concentra-
tion. He et al. [79] studied the ozonolysis of oleic acid (OA).
Specifically, they evaluated the impact of FA in heterogenous
reaction through the comparison of ozone oxidation reac-
tion kinetics between the OA thin film and OA-coated FA,
observed by in situ vacuum Fourier-transform infrared. The
OA component of the two samples could be gradually con-
sumed and converted to some products containing hydroxyl
and ester groups during the reactions through the changing
trends of the infrared spectrum. The ozonolysis reaction rate
constant of OA-coated FA is nearly double to the OA thin
film. Rapid reaction rate of the FA sample is due to the larger
catalytic surface area and a more valid catalytic effect com-
pared with the OA thin film. This demonstrates that FA often
easily leads to secondary organic aerosols, when it is united
with unsaturated organic acids and exposed to the ozone oxi-
dation environment.

Several works are destined toward the synthesis of
novel electrocatalysts that can be used in AOPs. Zhuang et
al. [80] developed a novel catalytic particle electrode (CPE)
from CFA and waste rice straw. CFA was used to enhance
the electro-Fenton AOP efficiency for wastewater that con-
tains actual azo dyes. The produced CPE were reported
to have superb electrocatalytic activity and substantially
improved pollutant removal performance at approximately
neutral pH. Specifically, a 73.5% COD and 90.5% color
removal was achieved, which allowed the discharge crite-
ria to be met. Moreover, the combination of CPE with elec-
tro-Fenton improved the wastewater biodegradability in

terms of toxicity, 5-day biochemical oxygen demand/COD,
and resazurin dehydrogenase activity. Thirumalai et al. [81]
focused on ZnO photocatalyst modification via hydrother-
mal decomposition method using FA. The produced FA-ZnO
exhibited improved photocatalytic efficiency for the degrada-
tion of three different azo dyes (Trypan Blue, Reactive Orange
4, and RhB) and methanol. Indeed, the improved FA-ZnO
hydrophobic effect contributed to its self-cleaning property.

Some other works are dedicated to more complicated
combinations of advanced oxidation mechanisms and waste-
water treatment processes such as persulfate oxidation,
catalytic oxidation, coagulation, and acidification. In particu-
lar, Nachiappan et al. [82] proposed a novel heterogeneous
FA-activated persulfate oxidation for the degradation of a
pharmaceutical effluent. By this procedure, an inexpensive
and difficult to degrade waste by-product such as FA exhib-
ited the potential to decompose and mineralize the effluent
effectively. Interestingly, two different FAs, one with high
iron content (FA1l) and another with less iron (FA2) were
employed as activator. The effect of reaction time, tempera-
ture, agitation rate, initial pH, and dose of FA on COD and
TOC reduction was analyzed for both FA1 and FA2. At lower
temperatures, FA1 catalyzed persulfate oxidation efficiently
due to the presence of high % iron. On the other hand, at
higher temperatures, both FA1 and FA2 performed in similar
way, as heat appeared to be the activator in persulfate oxi-
dation. Maximum degradation was achieved at highly acidic
conditions, and the degradation decreases with increase in
pH up to 7.0, beyond which little increase in degradation was
observed. Increase in FA dose enhanced the degradation. The
effluent treated using FA1 produced less toxic wastewater
than FA2. Liu and Yuan [83] investigated the treatment effi-
ciency of high concentrated drilling wastewater, with COD
concentration of 14,460.0 mg/L from Huabei oil field, by using
the combined processes, with acidification, coagulation, cat-
alytic oxidation, and adsorption. A Ni-based catalyst was
carefully developed, and the effects of calcium hypochlorite
(Ca(ClO),) dosage, Ni-based catalyst dosage, pH value, and
reaction time on COD and color removal efficiency were stud-
ied. Under the optimal conditions of 4.4 g/L. Ca(ClO), dosage,
1.6 g/L Ni-based catalyst dosage and pH =4, the COD concen-
tration decreased to 403.5 mg/L. For advanced treatment of
the drilling wastewater, the adsorption method with modified
FA was used. Under the optimal conditions, the COD concen-
tration declined to 139.9 mg/L, and the quality of final effluent
met the GB8978-1996 standards of wastewater discharge.

A comprehensive overview of the literature review
conducted is provided in Table 1, summarizing Advanced
oxidation methods/mechanisms, pollutants oxidized, FA-based
catalytic agents and main results.

3. Conclusions

From the extensive recent literature review carried out,
the significance of advanced oxidation in wastewater treat-
ment using FA-based catalysts was underlined. Several cata-
lytic systems with sophisticated (nano)structures, composed
of two or more constituents, exhibited the highest oxidation
(degradation) efficiencies.

Furthermore, catalytic systems that could be used in
combined advanced oxidation mechanisms also showed
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enhanced degradation efficiencies and applicability to real-
scale applications.

Future research works that investigate the synergy
between traditional and industrial wastewater treatment pro-
cedures (e.g., absorption and filtration) and advanced oxida-
tion would be beneficial for further enhancing the industrial
applicability of advanced oxidation.
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