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1. Introduction

Aromatic hydrocarbons (AHs) have been widely discharged into the
natural environment by the partial combustion of organic materials like
oil, petroleum products, gas, coal, and wood. Based on the structural feature
of the AHs, they can be divided into monocyclic or polycyclic hydrocarbons
(PAHs). Among the monocyclic AHs, special attention has been given to
BTEX (Benzene, Toluene, Ethylbenzene, and Xylene). On the other hand,
PAHs contain fused benzene rings. PAHs can be further classified into
light and heavy PAHs based on the number of benzene rings in the struc-
ture. The PAHs bearing up to four benzene rings are included in the cate-
gory of light and more than four rings are included in the group of heavy
PAHs (Dhar et al., 2020; Makos et al., 2018). PAHs are lipophilic in nature,
only slightly volatile, and almost insoluble in water. In addition, the lipo-
philicity of PAHs is directly related to the number of rings in the structure.
Most of the PAHs are not synthesized directly for commercial purposes, in-
stead some PAHs like Acenaphthene, Anthracene, Fluoranthene, Fluorene,
Phenanthrene, and Pyrene, is used as a precursor in the synthesis of pesti-
cides, pharmaceuticals, dyes, pigments, plastics, etc. (Abdel-Shafy and
Mansour, 2016).

Because of the long-term emission of PAHs, their presence in various en-
vironmental compartments such as soil, air, and water has been reported.
The strong hydrophobic character of PAHs avail them mostly in soil matri-
ces and would act as the sink for PAHs. Combustion of organic materials
like oil, petroleum products, gas, coal, and wood leads to the release abun-
dant of PAHs into the air and can undergo wet and dry deposition onto
water, soil, and vegetation (Chakraborty et al., 2019; Cheng et al., 2013;
Khuman et al., 2018). Moreover, the direct discharge of chemical wastes
(extraction, transportation, and refining) from the petrochemical industry
leads to the direct contamination of water sources by PAHs (Gao et al.,
2019; Zhang et al., 2021). The low water solubility makes them persist in
the soil matrix for a long time. The PAHs can enter the living organism
through the food chain, skin, or via inhalation and affect the living organ-
ism (Agarwal et al., 2022). As a result, the EU and US included this kind
of pollutants in the high-priority organic chemicals due to growing environ-
mental and human health concerns (Keith, 2015). Therefore, the removal
of this kind of chemical compound from water sources is strongly recom-
mended. In the atmosphere, it may react with the photochemically gener-
ated oxidants, reactive oxygen, and nitrogen species (ROS and RNs) to
form hydroxylated and nitrated AHs. The nitro, dinitro, nitro-hydroxy,
and nitro-oxy AHs are formed in the atmosphere by the reaction with O3
and nitrogen oxide radicals (Alves et al., 2017). Therefore one should

aware of their transformation product as well. These risks can take place
also during wastewater treatment (Rayaroth et al., 2022).

Various technologies have been implemented to remove these contam-
inants from various water sources to lessen their human exposure. The
physical processes, such as adsorption, filtration, flocculation, sedimenta-
tion, membrane techniques, etc. were successful in eliminating the PAHs
to non-detectable limits. However, their phase change and instability of
the materials would cause unexpected effects (Adeola and Forbes, 2021).
Therefore, most of the methods focus on the complete mineralization of
PAHs in a short period (Gaurav et al., 2021; Rubio-Clemente et al., 2014).

2. Advanced oxidation processes for PAHs degradation

Advanced oxidation processes (AOPs) are one of the most effective
methods for the removal of organic contaminants, wherein the in situ gener-
ated reactive species play a key role in the degradation. A vast variety of
pollutants such as dyes, pesticides, endocrine disrupters, and many emerg-
ing pollutants were removed and underwent complete mineralization by
these processes within a short period. AOPs are a promising group of pro-
cesses for the complete conversion of target compound to less or non-
toxic form and finally to complete mineralization (Boczkaj and
Fernandes, 2017; Elmobarak et al., 2021; Srivastav et al., 2019). This ad-
vantage is utilized for the degradation of PAHs from both aqueous media
and the contaminated site. The physicochemical properties, especially the
solubility and hydrophobicity of the AHs increased with an increase in
the number of aromatic rings (Lawal, 2017). It is noted that the derivatives
of AHs have a variety of functional groups such as -NO», -NH,, -OH, -COOH,
SO3H, N=N, etc. Therefore, their degradation in AOPs mainly depends on
these functional groups, where they can direct the reactive species to cer-
tain positions of the aromatic ring. Therefore, future studies on their reac-
tion towards the reactive species and the subsequent degradation will be
interesting. A detailed literature survey has been done on this topic for
PAHs and the number of studies reported is given in Fig. 1. There are
many studies related to the pollution of environmental matrices by PAHs
and as a result, the researcher is studying their remediation, especially
using oxidation processes. As can be seen from Fig. 1 the number of publi-
cations for the removal of PAHs using AOPs is increasing every year. In ad-
dition, there are some reviews reported which are targeting the removal of
AHs (Elmobarak et al., 2021; Ren et al., 2022; Rubio-Clemente et al., 2014;
Srivastav et al., 2019). However, these reviews emphasized the removal of
either monocyclic AHs or PAHs. On the other hand, only limited informa-
tion is available for the removal of their transformation products, and the
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Fig. 1. Number of publications reported for the topic PAHs; the searched keywords
in Scopus are given as legends. Inset shows the reviews on the keywords “PAHs,
oxidation, degradation”.

cost of treatment is not specified in most of the review papers. In this aspect,
this review discusses various approaches for oxidative degradation for AHs
from environmental matrices (Fig. 2).

2.1. UV/oxidant based AOPs for PAHs

The UV-based processes are reported as the fast oxidation method for
aromatic compounds. In some cases, pollutants undergo degradation
under UV irradiation depending on the photophysical properties of the tar-
get compounds. But, UV coupled with oxidants is the most effective method
in generating ROS and degrading organic contaminants with lower absorp-
tivity in the UV region. The oxidants used in this process are H,O,, O3,
peroxy disulfate (PDS, $,027), and peroxy monosulfate (PMS, HSOs ).
The light irradiation would break the peroxide bond in the oxidants to
form reactive species like *OH, HO,¢, in the case of UV/H50,, and UV/O3

O UV/Oxidants

U Fenton Processes
O Photocatalysis
W Electrochemical

methods

Q Sonolysis

O Activated
Persulfate (SR-
AOPs)
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Fig. 3. UV activation of oxidants (PMS, PDS, H,0,, and O3) for the removal of PAHs.

and sulfate radicals in the presence of UV/PDS or PMS (Fig. 3) (Li et al.,
2017; Peyton and Glaze, 1988). All these ROS can degrade PAHs.

The UV combined with oxidants for the AHs degradation are given in
the supporting information Table S1. The effectiveness of incorporating
the H,0, in photolysis was studied by Shemer and Linden (2007a);

J
I

) ‘ ntermediates
CO,+ H,0

Fig. 2. Various AOPs and SR-AOPs reported for the removal of AHs.
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Shemer and Linden (2007b) They investigated the degradation of FLU, di-
benzofuran, and dibenzothiophene (DBT) using H>O, in combination
with low-pressure monochromatic (LP) and medium pressure polychro-
matic (MP) UV sources. The degradation was significantly influenced by
the addition of H>0,, a 36-fold and 109-fold increase in the degradation
was observed under LP and MP sources respectively compared to the direct
photolysis. With this background, the removal of PAHs from more realistic
environmental conditions has been carried out. Various environmentally
relevant factors such as solution pH, organics concentration, and matrix
composition have been addressed. Bahmani et al. found that UV/H,0, ox-
idation was effective in the removal of BTEX in real wastewater (Bahmani
et al., 2014). In this process, the removal as a function of COD was moni-
tored and 50 % of the COD was reduced. Lhotsky et al. also found that 80
% of the BTEX was removed from a mixture of mono aromatic contami-
nants after 150 min from the groundwater matrix (Lhotsky et al., 2017).
Bustillo-Lecompte et al. have investigated the degradation of BTEX using
UV/H,0, at various oxidant concentrations (Bustillo-Lecompte et al.,
2018). More than 60 % of the TOC removal was achieved using both UV-
254 and UV-185 sources after 4 h. Biodegradability as the function of
BODs/TOC was also determined in this study. It is found that the BOD5/
TOC ratio was decreased by 32 % and 21 % during UV-254/H,0, and
UV-185/H,0, process, i.e. a decrease in biodegradability was observed.
Thus, they proposed that this process can be used as a post-treatment
method when combined with the biological oxidation method. Daifullah
et al. noted 90 % degradation in just 10 min using this process (Daifullah
and Mohamed, 2004). On the other hand, a literature on light-activated
PS for AHs degradation is scarce — this aspect is further commented in
Section 2.6.

In summary, the UV/H,0, process successfully removed >90 % of AHs
within a short irradiation time. However, the optimization of the H,O, dose
to achieve >90 % degradation/COD is an important step in this process.
The appropriate UV lamp selection is also necessary for this kind of AOP.

2.2. Fenton and photo-Fenton processes for PAHs

Fenton processes are an important branch in AOPs for the treatment of
organic contaminants (Zhang et al., 2019). In this process, the Fe?™ ions
react with hydrogen peroxide to form ROS. The Fenton reaction occurs be-
tween Fe?* and H,0, with the formation of *OH and Fe®*. The generated
Fe* can also be reduced to Fe?* in the presence of H,O,. The reaction rate
for the oxidation of Fe?>* to Fe>" is several thousand times higher than that
of the Fe** reduction. Therefore, the key step is the formation of *OH and
the increasing concentration of Fe>* in the aqueous medium. The advan-
tage of the Fenton process is its robustness in the operation. Since Fe** is
regenerated during the reaction, only a small amount of Fe?* is needed.
The Fenton-based processes are either homogeneous or heterogeneous de-
pending on the Fe form introduced into the treated solution. The efficiency
of the process depends on the Fe?*:H,0, ratio and the initial pH of the so-
lution (Zhang et al., 2019). The process is usually more effective in the pH
range of 2-3 irrespective of the compound. The reactions involved in
Fenton reaction reactions are given in Egs. (1)-(3).

Fe?* + H,0, + H —Fe’** + OH™ + HO' (1)
Fe'" + H,0, — Fe’" + HOS + H' )
Fe’™ + HO; — Fe’™ + 0, + H' 3

The important results for the Fenton oxidation for the AHs are given in
the supporting information (Table S2). Singa et al. found that the Fenton
process was effective in the removal of a mixture of 16 PAHs (92 % re-
moval) under natural pH conditions (Singa et al., 2021). The most popular
approach for the controlled release of Fe** into the treated solution to
avoid sludge formation is based on the application of heterogeneous cata-
lysts or modified materials containing Fe. Fard et al. studied the possibility
of using nanoscale zerovalent iron (nZVI) as a controlled source of Fe’"ina
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Fenton-based reaction for the degradation of BTEX (Alizadeh Fard et al.,
2013b). The nZVI undergoes the following reaction in the presence of
H,0, (Egs. (4)-(8)) to form the ROS.

Fe’ + 2 H* — Fe’™ + H, 4
Fe” + H,0,—Fe** + OH™ (5)
Fe’" + H,0,—Fe’" + OH™ + HO' (6)
2Fe’* + Fe’ — 3 Fe?t )
Fe’™ + 2HO® — Fe?" + H' + HO; ®

nZVI-H,0, system caused 99 % of BTEX removal along with an appre-
ciable removal of phenol in 30 min under acidic pH in the presence of UV
light (Alizadeh Fard et al., 2013b). Hussain et al. used Fe-based and Zn-
based materials as metal activators in Fenton reagents for the removal of
pyrene (PYR) and fluoranthene (FLR) from soil matrix and found the prom-
inent effect of Zn (Hussain et al., 2017). Nearly 99 % of PYR were removed
by the Zn-based Fenton reagent (under UV light) in 0.5-2 h. In the case of
Zn based agent, the Zn reacts with H>O, to form ZnO, an important
photocatalyst. Under light irradiation, ZnO generates ROS such as *OH
and superoxide radicals (O,*") for the rapid removal of these PAHs. Li
et al. studied the degradation of naphthalene using Fe-Mn binary oxides
modified biochar (FeMn/biochar) (Li et al., 2019). Nearly 76 % of the
naphthalene was degraded FeMn/biochar — H,O, Fenton system with a
major contribution from hydroxyl radicals. The O,*” played a minor role
in the degradation of naphthalene. The biochar played an important role
in the adsorption of NAP, further enhancing the oxidation by the ROS gen-
erated by the following reactions (Egs. (9)-(12). The Fe (II)/Fe (III) and Mn
(I/Mn (III) redox cycle favors the oxidation of H;O, and enhances ROS
generation.

=Fe(II) + H,0,— =Fe(Ill) + HO' 9)
=Mn(Il) + H,0,— =Mn(Ill) + HO' (10)
=Fe(Il) + =Mn(Ill)— =Fe(Ill) + =Mn(I) (11)
=Mn(II) + H,0,— =Mn(Il) + HO, + H* (12)

Mesoporous magnetite/carboxylate-rich carbon (MMCRC) composite
as a heterogeneous Fenton reagent has also been tested for the remediation
of PAHs in combination with H,0, (Luo et al., 2018). As a photocatalytic
material, MMCRC generated reactive species such as CO,+” and O+ under
light irradiation. The Fe(II) released by the ligand to metal charge transfer
(LMCT) reaction of MMCRGC, reacts with H,O5 to form *OH. The cumulative
reaction of all the reactive species resulted in >90 % removal of phenan-
threne from the soil matrix. Lin et al. compared the removal efficiencies
of 16 PAHs, using Fenton and a hybrid process with sonolysis from textile
dyeing sludge (Lin et al., 2016). Sonofenton treatment resulted in the re-
moval of 73 % of PAHs. The sonochemical production of H,O, (the mech-
anism is explained in Section 2.5) acts as an indirect source of oxidant in
the medium. It could react with the Fe*>* controllably to generate ROS. In
such a hybrid process, the PAHs adsorbed on the surface of organic matters
present in the sludge matrix would be moved towards the interface region
of the cavitating bubbles and enhance the degradation efficiency. Dias et al.
studied the solar Fenton degradation process of Fluorene based on Fe**
and ferrioxalate complexes (Dias et al., 2018). In comparison with conven-
tional Fenton processes, the ferrioxalate complex is effective under mild pH
conditions. In addition, inorganic chelates like sodium pyrophosphate (SP)
are employed in the Fenton removal of PAHs such as phenanthrene (PHE)
and fluoranthene (FLR). This modified process provided 90 % removal of
target PAH.
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In recent research, H,O is replaced by other stable oxidants in Fenton-
based reactions. Sodium percarbonate (SPC) and calcium peroxide (CaO,)
are solid materials, which can generate H,O, in status nascendi in the treated
solution. The advantage of these alternative oxidants is their suitability in a
wide pH range and stability. Therefore, SPC-based degradation of organics
is now so popular to study. Yang et al. have compared the effectiveness of
various oxidants such as H,O,, percarbonate, and CaO, in combination
with Fe?" as Fenton reagents for the degradation of naphthalene (Yang
et al., 2021). It has been found that the combination of Fe?* and H,0, is
the prime agent for the removal followed by percarbonate. Fe(III) and
Fe?™ activated SPC have been tested for the removal of benzene and 100
% removal were reported in 1 h through the formation of *OH and O,* as
the key radical species (Fu et al., 2015; Fu et al., 2017). Xue et al. investi-
gated the possibility to use CaO, as an oxidant in the Fenton reaction for
the removal of BTEX (Xue et al., 2018). Nearly complete removal of BTEX
was also reported using this Fenton system with an oxidant dose of 40/
40/1 (CaO5/Fe(II)/BTEX). When the chelating agents such as citric acid
(CA), oxalic acid (OA), and, glutamic acid (GA) are added into the system,
the ratio of the oxidants could be reduced to 10/10/1 in the groundwater
matrix as well. Likewise, the EDDS-Fe(III)-SPC system enhanced the degra-
dation of Ethylbenzene through the generation of *OH and O+ (Cui et al.,
2017a). Peroxone, a mixture of H,O, and Os in the presence of iron sulfide
abundantly generated reactive radical species to decompose benzene re-
sulting in complete mineralization (Hara, 2017). Furthermore, the Fenton
process in combination with the biological process enhanced the removal
efficiency. Singa et al. studied the removal of Pyr from wastewater using hy-
brid processes and 85 % removal was reported, which is far better than the
individual processes. This hybrid process is efficient and cost-effective
(Singa et al., 2021).

Overall, it can be stated that both homogeneous and heterogeneous
catalytic processes allow to effectively degrade the AHs. Among the hetero-
geneous catalysts, nZVI is well suited for the removal (99 % in 20 min), be-
cause of the controllable Fe leaching. Alternative oxidants such as SPC, and
CaO, were also tested in the Fenton system and they can be used as future
oxidants. In all the Fenton processes, the concentration of Fe?* /or other
catalysts (nZVI) and H>0, should be optimized to avoid the excess disposal
of oxidants. The chelating agents are capable of reducing the Fe/H,0,
concentration in most of the cases to four times.

vA¢
<] >
AYA
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2.3. Photocatalysis

Photocatalysis is another efficient method reported for water purifica-
tion. The key mechanism is the generation of electron-hole pair on the cat-
alytic surface by the irradiation of light (Fig. 4). The hole in the valance
band oxidises the water molecule to form hydroxyl radical and the reduc-
tion of oxygen by the electrons leads to the superoxide radicals (Banerjee
etal., 2014; Byrne et al., 2018). Thus, several reactive species are generated
in the photocatalytic reactions as given in the following Egs. (13)—(15). The
pollutants could be degraded by any of the ROS based on the nature of the
pollutants. The reactivity and the ROS generation are also depending on the
catalyst used in the process.

TiO, + hv—h{; +eg (13)
hys + (H,0),4, — HO® a4
egg + 0,—05" (15)

The photocatalytic degradation including the TiO,-based materials was
widely employed for the photocatalytic destruction of AHs from both soil
and water matrix (Table 1). According to Len et al. the benzene undergoes
adsorption on the surface of TiO, surface followed by oxidation (Lin et al.,
2020). They found that the intermediate products (acetate, formate, phe-
nol, etc.) affected the adsorption on the catalytic surface and reduce the re-
moval efficiency. Fard et al. studied the photocatalytic removal of BTEX
using TiO, coated on glass beads (Alizadeh Fard et al., 2013a). This process
led to the removal of 92 % of BTEX in just 30 min. The addition of H>O, in
the photocatalytic system enhanced the degradation to 99 % and total or-
ganic carbon removal to 90 % at neutral pH. In general, the oxidant acts
as an electron acceptor to reduce the e-h recombination reaction
(Eq. (16)). Also, the H,0, cause the UV photolysis reaction (Eq. (17)). All
these make the reaction medium enriched with reactive species. Another
merit of combining H,0, is the formation of intermediates. Phenol is the
major intermediate product formed during the oxidation of BTEX. The ad-
dition of H,0, also fastens the degradation of phenol along with the parent
compound. Fernandes et al. found that the photocatalytic processes using
TiO, in combination with peroxone (O3/H,0,) were effective in the rapid

Intermediate
compound mam) €O, + H,0

Fig. 4. Various materials used in photocatalysis and their modification for the degradation of PAHs.
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Table 1
Photocatalytic-based AOPs approaches for degradation of AHs.
AHs Experimental condition % Removal or rate constant Photocatalyst/UV or visible Ref.
PHE [Catalyst] = 1 g/L 98.6 % Cobalt-deposited titanate nanotubes (Zhao et al., 2016)

BaP, BbF, BghiP,

[PHE] = 200 pg/L
Time 12h
[Catalyst] = 150 mg/L

>90 % removal using ZnO

(Co-TNT)/simulated solar light

TiO,, and ZnO/natural sunlight

(Vela et al., 2012)

BKF, FLR, InD [PS] = 150 mg/L
[PHE] = 850 ng/g
Time 8 h
ANT [ANT] = 23 ppm 90 % removal with ZnO emulsion and 87 % ZnO and NiO/UV light (Sliem et al., 2019)
[Catalyst] = 55.6 mg/L removal with NiO emulsion
Time 280 min
ANQ [ANQ] = 0.5 ppm 61 % TOC removal Faceted TiO,/solar irradiation (Yeet al., 2019)
[Catalyst] = 200 mg/L
Time 240 min
ANT, PHE, CHR, PAHSs: 50 ppm, [Catalyst]: 25 (90 %) > PHE (87 %) > FLU (84 %) > Iron hexacyanoferrate/solar Irradiation (Shanker et al., 2017)
FLU, BaP mg/L, neutral pH CHR (79 %) > BaP (73 %)
Time 48 h In soil; ANT (85 %)>
Matrices: water and soil phenanthrene (80 %) > FLU (77 %) >
NHR (72 %) > BaP (68 %).
12 PAHs [PAHs] = 4,4 ug/g 86-90 % TiO,/UVA and UVC (Eker and Hatipoglu, 2019)
[Catalyst] = 10 %
Time: 24 h
Matrix: Soil

PHE, FLR, and BaP

CHR

2-naphthol

PHE

BAP

PYR, PHE

PHE

PHE

BaANT and BaP

9 PAHs

Benzene

BTEX

[PAHs] = 2.0 ppm
[Catalyst] = 2.5 %
Time: 2 h

Matrix: Soil

[PAHs] = 2.0 mg/L
[Catalyst] = 25 mg
Time: 24 h

Matrix: water

[PAHs] = 100 mg/L
[Catalyst] = 0.02 g
Time: 1 h

Matrix: water

[PAHs] = 1 mg/L
[Catalyst] = 50 mg/L
Time: 6 h

Matrix: water

[PAHs] = 50 mg/L
[Catalyst] = 3 wt%
Time: 120 h

Matrix: soil

[PAHs] = 50 mg/50 mL
[Catalyst] = 50 mg/50 mL
Time: 50 min

Matrix: water

[PAHs] = 100 mg/L
[Catalyst] = 5g/L
Time: 15h

Matrix: soil

[PAHs] = 200 mg/kg.
[Catalyst] = 0.45 gg/15¢g
Time: 2 h

Matrix: soil

[PAHs] = 2 mg/L
[Catalyst] = 25 mg
Time: 24 h

Matrix: Water

[PAHs] = 4 x 10*M
[Catalyst] = 0.1 g
Time: 8 h

Matrix: water
[Benzene] = 460 ppm
[Catalyst] = 9 g/L
Time: 90 min

Matrix: water
[Benzene] = 4 mg/L
[Catalyst] = 1.5¢g
[H,0,] = 50 mg/L:
Time: 30 min

Matrix: water

80 % removal

92 % removal

90 % removal

92 % removal

70 % degradation

100 % in 20 min

99 % removal

84 % removal

90 % removal

75 % removal

100 % removal

100 % degradation

TiO,-graphene composite/UV light

Fe,03@ZnHCF/sunlight

Graphitic carbon nitride/visible light

Graphite oxide-TiO»-Sr
(OH),/SrCO3; nanocomposite/solar
irradiation

Iron oxides/UV light

TiO,,Fe®* (0.1 %)/TiO,/visible light

Carbon Xerogel-TiO,/UV light

g-C3N4/Fe30,/visible light

Zinc oxide encapsulated

hexacyanoferrate nanocomposite/visible

light

Ag/BiVO,/visible light

Pd/TiO,/UV-LED

TiO,/UV light

(Bai et al., 2017)

(Rachna and Shanker, 2018)

(Lan et al., 2019)

(Fu et al., 2018)

(Gupta and Gupta, 2015)

(Theerakarunwong and

Phanichphant, 2018)

(Wang et al., 2020)

(Wang et al., 2019)

(Rachna and Shanker, 2019)

(Kohtani et al., 2005)

(Selishchev et al., 2021)

(Alizadeh Fard et al., 2013a)
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mineralization of volatile organic compounds including BTEX and Naph-
thalene (Fernandes et al., 2019; Fernandes et al., 2020).

€cg + H,0,—~HO" + HO™ (16)
H,O, + hv — HO® (17)

The photocatalytic degradation of PAHs such as pyrene and phenan-
threne has been compared in the presence of a catalyst such as TiOs,
Si0,, and Al,O5 (Wen et al., 2002; Wen et al., 2003). The TiO, has shown
good removal efficiency over other selected catalysts. Complete degrada-
tion and removal of COD were reported by this process. The degradation
of PAHs depends on the nature of the compound and as a result, different
dosages are prescribed for their degradation. PYR is highly hydrophobic
in nature and is stronger adsorbed on the TiO, surface than PHE. It un-
dergoes faster degradation at the catalyst surface and likely form hydro-
philic intermediate products which are desorbed from the material
surface (Dong et al., 2010). Woo et al. also found that TiO, is effective in
the removal of PAHs such as naphthalene, acenaphthylene, phenanthrene,
anthracene, and benzo[a]anthracene (Woo et al., 2009). By-products
formed during the process are revealed to also undergo effective degrada-
tion. Moreover, the aggregation of the materials generally reduces their
photocatalytic activity. In order to prevent the aggregation and enhance
the photocatalytic activity several modifications to the catalyst have been
reported. Carbon xerogels generally possess a network structure to capture
the nanomaterials inside and prevent agglomeration (Wang et al., 2020). It
has a large surface area and thus possesses more adsorption sites. These
kinds of properties are suitable for the effective degradation of PAHs like
pollutants. As result, the material offered 79 % adsorption efficiency and
97 % removal efficiency. Structural modification of TiO, has also been
done to improve their adsorption capacity. Among them, one-dimensional
titanate nanotubes (TNTs) have gained significant attention in pollutant re-
moval owing to their high surface area and are easily separable from the lig-
uid matrix (Liu et al., 2013; Xiong et al., 2011). The applicability of such
material was also tested for the removal of PAHs. It is noted that the adsorp-
tion of PAHs on these materials is negligible, thus oxidation is the key
mechanism responsible for their removal. The sole use of TNTs revealed
only 10 % removal of phenanthrene even after 12 h. Doping of Co ion in
the TNTs (Co-TNT) at high temperature resulted in a significant improve-
ment in the removal efficiency - 99 % degradation was reported in 12 h -
with appreciable reusability (Zhao et al., 2016). Like TiO, nanoparticles,
the electron-hole recombination rate is high for TNTs. However, in Co-
doped TNTs, the electrons are transferred by CoO along with Co** /Co™ re-
duction cycles. The stored electrons react with O, to produce superoxide
radicals. All these species would then react with the PAHs.

Likewise, the diatomite-supported TiO, enhanced the removal of naph-
thalene under plasma irradiation (Wu et al., 2018). In a plasma-based pho-
tocatalytic reaction, the electrons discharged from plasma reactions are
able to generate e-h pair. The Ti** after the plasma irradiations are reduced
to Ti®*, which is more susceptible to photocatalytic reactions. However,
TiO, _based methods were employed under UV light irradiation. Therefore,
several modifications have been done to TiO, and its related composites are
developed to be active in the visible light region. Fe doped-TiO, has good
photocatalytic activity in the visible range and is used for the removal of
Phenanthrene, Fluoranthene, and Anthracene (Theerakarunwong and
Phanichphant, 2018). This material offered >60 % of the PAHs removal.
Solar light active Fe,03/TiO, were studied for the degradation of NAP.
91 % of the initial NAP was degraded under solar light irradiation. This
was further enhanced by the addition of PMS. In this case, the additional
of reactive species, SO, were formed by the reaction of the photogenerated
electron with PMS (Sayed et al., 2022). Pd doped on TiO, was effective in
the complete removal of benzene in 240 min (Selishchev et al., 2021).

TiO, immobilized on activated carbon is an emerging catalyst for the
photocatalytic oxidation of pollutants. The advantage of including an ad-
sorbent is to fasten the oxidation reaction on the surface of the catalyst.
This material has shown excellent photocatalytic properties for the removal
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of Naphthalene (Zeng et al., 2021b). The incorporation of a composite acti-
vator mixture of Fe>* and Zn?" further enhanced the removal efficiency to
75 %. Along with activated carbon, Zn?" increases the possible adsorption
sites for PAHs. The Fe®* enhanced the visible light activity of the material.
In the same way, TiO-graphene nanocomposites applied for the removal of
PAHs such as Phenanthrene (PHE), fluoranthene (FLAN), and benzo[a]
pyrene (BaP) (Bai et al., 2017). This material has shown excellent adsorp-
tion for the PAHs and nearly 80 % of the removal was reported in 180
min. Another advantage of incorporating the graphene composite is its abil-
ity of charge transportation reactions. In order to further improve the pho-
tocatalytic reactions of the above composites, strontium ion is decorated on
the surface. This material has shown 90 % removal of phenanthrene in 350
min, which is two times better than the individual materials.

In addition, many visible light active catalysts such as Bismuth
oxybromide (BiOBr) and Bismuth vanadate (BiVO,4) are widely applied
for photocatalytic applications (Arumugam et al., 2021). Bi**-containing
catalysts are characterized by high visible light activity and have lower
bandgap energy due to the presence of O 2p and Bi 6s> hybridized valence
band. An important advantage of BiOBr is its unique layered structure,
which is stable and non-toxic. All these advantages have taken for various
photocatalytic applications mostly in the removal of different kinds of or-
ganic contaminants. However, the lower band gap energy of BiOBr causes
the faster electron-hole recombination reaction. Therefore, several modifi-
cations such as doping, and the preparation of composites with other semi-
conductor oxides lessen the recombination possibilities (Monfort and
Plesch, 2018). These kinds of modified materials were utilized in the re-
moval of PAHs. In the case of TiO,/BiOBr nanocomposite, it was confirmed
that obtained treatment effect was obtained by generated ROS such as *OH,
and O,* formed under visible light irradiation providing effective degrada-
tion of anthracene. The composite offered a better removal of anthracene
compared to the individual materials such as TiO, or BiOBr (Sun et al.,
2021). Kohtani et al. studied the removal of PAHs using BiVO4
photocatalyst under visible light irradiation. They have compared the effi-
ciency of doped (with Ag) and non-doped BiVO, for the conversion of
PAHs. The oxidation rate of PAHs using Ag-doped BiVO, was faster than
that of the non-doped material. It was also clear in the formation of one
of the oxidation products, anthrone during oxidation. Like other mecha-
nisms involved in doping, the incorporation of Ag enhanced the light ab-
sorption and electron-hole separation (Kohtani et al., 2005).

Graphitic carbon nitride (g-C3N4) is an emerging metal-free
photocatalyst composed of carbon and nitrogen. Since it is stable under a
wide temperature range and in various solvents, g-C3N4 has been used for
a variety of environmental applications. It has shown its role in the removal
of pollutants both by adsorption and oxidation. Like other photocatalysts,
modified g-C3N4 was also available to improve the removal efficiency
(Ong et al., 2016; Sudhaik et al., 2018). In contrast to other photocatalyst,
the N vacancy makes it strong adsorbent and more photoactive. The degra-
dation studies of phenanthrene in the soil matrix using g-C3N,4 were re-
ported and 40 % of the PAHs were removed. Moreover, the composite of
g-C3N4 with Fe30,4 enhanced the degradation percentage to 90 % (Wang
et al., 2019). As described previously, the iron oxide layer acts as an elec-
tron storage center and generates more O»* species. In the same way, a
Zn0/g-C3N,4 heterojunction material was fabricated for the degradation
of NAP under visible light irradiation. More than 84 % of NAP was de-
graded in 4 h using this photocatalyst (N. Mukwevho et al., 2019). Visible
light active Ag/AgsP0.,/g-C3N, heterojunction nanocomposite was utilized
for the degradation of phenanthrene. In this nanocomposite, the g-C3Ny is
covered on the surface of AgsPO,4 and the Ag acted as the charge transfer
bridge between them. The presence of Ag enhanced the visible light absorp-
tion capacity of the material. The reported degradation of PHE under visible
light irradiation using this material was 90 %, which is 4 times higher than
that of the individual material (Dai et al., 2022).

Iron oxides are another important material for the photocatalytic degra-
dation of PAHs (Gupta and Gupta, 2015). In comparison with the other
semiconductor metal oxides, these materials are available in nature in min-
eral form. Goethite (a-FeOOH), hematite (a-Fe,O3), lepidocrocite (y-
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FeOOH), and maghemite (y-Fe,O3) are the major Fe minerals found in na-
ture and used in the removal of pollutants. Thus, they can easily be imple-
mented in soil remediation as well. The inclusion of iron oxides (especially,
a-FeOOH) in the pyrene contaminated site resulted in 70 % removal after
120 h of contact time. The removal rate by iron oxide materials is depen-
dent on the light intensity and catalyst dosage. Furthermore, the addition
of ligands enhanced the photochemical production of reactive species in
the iron oxide system. As an example, the addition of oxalic acid in the
iron oxide system resulted in the complete removal of pyrene. Oxalic acid
generates the Fe-oxalate complex in the solution and has good light absorp-
tivity. This complex also induces a Fenton-type reaction to enhance the ox-
idation reaction. In this way, all the dissolved iron species could be utilized
for the reaction. This kind of ligand-mediated photoreaction of the Fe>* -
smectite complex was reported for the removal of phenanthrene (Jia
et al., 2015). The ligands such as oxalic acid, citric acid, EDTA, and nitrilo-
triacetic acid were used. The Fe®* -smectite has resulted in the 90 % conver-
sion of phenanthrene under visible light. Among these ligands, oxalic and
malic acid showed the complete degradation of the target pollutant in 6
h. The Fe** formation and the nature of Fe-ligand are important factors
in this kind of reaction.

Metal hexacyanoferrates especially, Iron and Zinc hexacyanoferrates
(FeHCF and ZHCF) are used in environmental remediation owing to the
semiconductor properties and large surface area (Rachna and Shanker,
2019). From the environmental point of view, these materials are
stable, non-toxic, and don't undergo degradation in the natural environ-
ment. Thus, it can be used for the long-time treatment in the contaminated
site. The lower band gap (1.3-2.5 eV) makes it to accessible in the visible
region. This material offered 90 % removal of PAHs (Anthracene, phenan-
threne, Fluorene, chrysene, and Benzo[a]pyrene) under neutral pH condi-
tions in 48 h. Moreover, the ZnO encapsulated FHCF has been developed
for the removal of PAHs, which are reactive under sunlight (Rachna and
Shanker, 2019). In the same way, Fe,O3 doped on ZHCF has been used
for the removal of chrysene (Rachna and Shanker, 2018). 90 % of the chrys-
ene removal was reported using this catalyst after 24 h under sunlight irra-
diation. The advantage of the material is its effectiveness in a wide range of
pH and is effective even after ten consecutive cycles. Further, many efforts
have been done to develop improved visible light active materials for the
degradation of PAHs. Because of the defective-rich ultrathin layered
structure, BiO5_4 has been used as a visible and NIR light-responsive
photocatalyst. A ternary composite of BiO,_ ,/AgsP0O4/CNT was reported
to be effective for the degradation of NAP and PYR (Jin et al., 2020).
More than 90 % of the NAP and 80 % of PYR were degraded with the use
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species were *OH and O,¢". The photoirradiation on the surface Ag;PO, gen-
erates metallic silver by the reduction caused by the photogenerated elec-
tron migrated. The formed Ag in the interface of the composite can
generate more electrons by the localized surface plasmon resonance effect.
The photogenerated hole would then transfer to VB of BiO, _. As a result,
abundant e-h pairs are formed on the surface of the composite and finally
on the surface of CNT. The CNT favors the adsorption of PAHs and signifi-
cantly improves oxidation. Similarly, a composite of AgsPO, and graphene
oxide sheet, KOH-modified biochar and g-C3N4, Mn304/MnO,-AgsPO,, re-
vealed excellent performance in the visible light region for the removal of
PAHs (Cai et al., 2019; Lin et al., 2022; Yang et al., 2018). All the compos-
ites were effective in reducing the electron-hole recombination reactions
(Nguyen et al., 2020).

Reviewed material in this part reveals that photocatalytic materials
such as TiO,, and ZnO are employed in the effective degradation of AHs.
However, these materials are active only in the UV region. Several compos-
ite materials were proposed to improve the adsorption of PAHs on the ma-
terial surface and metal ions were doped to reduce the e-h recombination
reactions. The materials such as g-C3Ny4, AgsPO4, BiVO,, BiOBr, and their
composites were used in the photocatalytic degradation in the visible
light region revealing effective AHs degradation. Fe or Co doping is pre-
ferred in most of the photocatalytic systems because of the electron storing
capacity of the material. The combination of catalysts with oxidants such as
H,0, and PS resulted in the complete degradation of AHs within a short
period.

2.4. Sonochemical degradation of AHs

Ultrasound-based AOPs are the emerging technique widely used for the
removal of organic contaminants. The ultrasound induces the vibration of
intermolecular motion once it passes through the liquid medium. It results
in the generation of microbubbles during the acoustic cycles. The size of the
bubbles gets increased in the subsequent compression and rarefaction cycle
and undergoes implosion after reaching its critical size (Fig. 5A). The tem-
perature and pressure are increased up to 5000 K and 500 atm pressure adi-
abatically as a result of bubble collapse (Gagol et al., 2018a; Gagol et al.,
2018b; Rayaroth et al., 2016). This extreme condition is sufficient for the
pyrolytic cleavage of a water molecule to *H and *OH (Fig. 5A and B). Fur-
ther reactions lead to different radical species in the medium to form a va-
riety of ROS as given in Egs. (18)-(22).

of this catalyst under visible light irradiation. In this case, the major reactive H,0))) — HO® + H* 18
Bubble radius (1 m)
A Liquid region B

Collapse

100
Growth
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Interior of the bubble H,0
2
H,0-> *OH+H"*
X
Products Y

T T
100 200 300 400 500
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Fig. 5. The cavitation processes (A) and the various reaction zones (B) in cavitation-based AOPs (Rayaroth et al., 2016).
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HO® + H® — H,0 19)
2HO® — H,0, (20)
2H® — H, 2D
H* +0, — HO; (22)

Moreover, there are many other reaction possibilities as the reactive
cavitating bubbles are considered. The cavitating bubbles are considered
a hot spot region and it consists of three reactive zones (Fig. 5B). The inte-
rior of the bubble is the high-temperature region and is highly susceptible
to the thermal reactions. Volatile compounds undergo fast degradation in
this region. The bubble-liquid interface region is hydrophobic and hydro-
phobic pollutants would drag into this region to undergo degradation by
the radical attack and by pyrolysis. The hydrophilic compounds usually re-
main in the liquid region and their degradation is slow in sonolysis, because
only radical reaction is possible. Briefly, the degradation of pollutants is
strongly dependent on their ability to move in any of these three reactive
zones. PAHs are hydrophobic in nature and therefore their degradation oc-
curs mainly in the interface region of the cavitating bubble.

The efficiency of the cavitation process in the degradation of AHs is
given in the supporting information (Table S3). Nearly 99 % degradation
of phenanthrene was reported by the application of 582 kHz frequency ul-
trasounds and power 133 W after 100 min. in the same way, 99 % of the
naphthalene was degraded at a frequency of 80 kHz at a power of 150 W.
The toxicity of the treated water was decreased significantly ensuring the
formation of less toxic byproducts. David et al. also compared the removal
of PAHs at two frequencies such as 20 and 506 kHz (David, 2009). In this
process, 506 kHz has shown maximum removal. Manariotis et al. also in-
vestigated the effect of operational parameters such as frequency, power,
and volume on the degradation of PAHs such as phenanthrene, naphtha-
lene, and pyrene (Manariotis et al., 2011). Among the three frequencies
such as 582 kHz, 862 kHz, and 1142 kHz, the 582 kHz resulted in the
highest removal of PAHs (90 % for naphthalene, 100 % for phenanthrene,
and 99 % for pyrene). The size of the bubbles was estimated by a laser dif-
fraction study, doppler method, and sonoluminescence method (Burdin
et al., 1999; Iida et al., 2010; Lee et al., 2005). The study revealed that an
increase in frequency from 515 kHz to 1100 kHz led to a decrease in bubble
size from 2.8 to 3.7 pm to 0.9-1.38 um. The estimated bubble size was 3.9,
3.2, 2.9, 2.7, and 2.0 um respectively for the frequencies at 213, 355, 647,
875, 1056, and 1136 kHz and power at 3 W. Manariotis et al. correlated the
role of bubble size in the degradation of PAHs (Manariotis et al., 2011). The
bubble radius calculated at the frequencies 582 kHz, 862 kHz, and
1142 kHz were 5.1 pm, 3.5 pm, and 2.6 pm and the number of bubbles cal-
culated was 8.1 x 10° number/L, 3.7 x 10'*° number /L, and 1.2 x 10"
number /L. The large-sized bubbles formed at a lower frequency increase
the possibility of recombination reactions of free radicals at the interface re-
gion. This factor limits their diffusion into the liquid region or their possible
reaction with PAHs.

However, an increase in power increases the number and size of the
bubbles in the medium. As reported by Sunartio et al. an increase in bubble
size from 1.9 to 4.5 pm was observed by increasing the applied power from
2 to 10 W (Sunartio et al., 2005). Furthermore, the cavitating bubbles un-
dergo intense collapse at high power, which caused a high temperature
and a higher abundance of reactive species. Surprisingly, the lower molec-
ular weight PAHs have shown different behavior in sonolysis under varying
power. At the high ultrasonic power intensities of 51.75 W/cm? power re-
leases a large number of *OH into the medium and completion occurs be-
tween these two categories of PAHs. Gagol et al. studied the cavitation
process for the removal of BTEX from an aqueous medium, and 55 % re-
moval was reported using acoustic cavitation processes. In addition, when
it is combined with oxidants like H,O,, Os, and peroxone (O3 + H0,),
the removal efficiency increased to 100 % in 60 min. A similar effect was
shown in the case of the hydrodynamic cavitation process, where the effect
of oxidants was even more visible (Gagol et al., 2018b).
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Sponza et al. reported the removal of PAHs (benzo[a]pyrene (BaP),
benzo[k]fluoranthene (BkF), acenaphthylene (ACL), and carbazole
(CRB)]) at a frequency of 35 kHz (Sponza and Oztekin, 2011). Nearly 80
% of the PAHs were removed after 150 min of sonication. The CCly, as an
additive in sonolysis, enhanced the removal efficiency to 97 % due to the
evolution of additional reactive chlorine species as given in Egs. (23)-(26).

CCly +H —H' +Cl” +'CCl (23)
ClI” +CL —Cly (24)
Cly +H— H'+Cl, +ClI” (25)
H,0, + HCIO — Cl~ +H,0 (26)

This study compared the removal of less hydrophobic (acenaphthylene
(ACL) and carbazole (CRB)) and more hydrophobic PAHs (benzo[a]pyrene
(BaP) and benzo[k]fluoranthene (BKF)) at different pHs. The removal rate
of the first category of PAHs was reported to be higher at alkaline pH,
while for the second category of pollutants, acidic pH favors higher re-
moval. Protonation of the more hydrophobic PAHs further increased their
hydrophobicity and tend their accumulation in the hydrophobic region of
the cavitating bubbles and cause higher removal by radical reaction and py-
rolysis. Acidic pH results in the formation of positively charged bubbles due
to the accumulation of hydronium ions in the interface region. Therefore,
this may increase the number of bubbles in the medium without undergo-
ing bubble coalescence. Thus, the recombination rate of *OH in the inter-
face region is less occurring under acidic pH. This condition increases the
number of ROS available in the interface region of the cavitating bubble
and the solution region for degradation. The increase of alkalinity of less
hydrophobic PAHs increases the solubility and hydrophilicity of the
PAHSs. This compound is more susceptible to degradation by *OH. Thus,
the ionization of these PAHs causes their presence in the liquid region of
the cavitating bubbles where more *OH radicals are accumulated. More-
over, the changes in the pH affect the PAH degradation in presence of
CCly as well. This is due to the competition for the interface region of the
cavitating bubbles for PAHs and CCl,. In addition, the occurrence of reac-
tive chlorine species was pH-dependent. Acidic pH favors the hypochlorous
acid (oxidation potential 1.49 V) whereas the alkaline pH yields hypochlo-
rite (0.94 V) during the sonolysis of CCl,. Furthermore, the salting-out ef-
fect enhanced the degradation of PAHs in sonolysis. Sponza et al. further
reported that persulfate ions enhanced the degradation through the gener-
ation of sulfate radicals (Sponza and Oztekin, 2010). Sonolysis in combina-
tion with Fenton was also effective in the removal of PAHs even from the
complex matrices (Ke et al., 2018). Lin et al. further confirmed that these
hybrid processes are more effective in textile dyeing sludge matrix than
their process (Lin et al., 2016). The sonication releases the adsorbed
PAHs from the sludge matrix due to the physical effect and the oxidation ca-
pable of removing the chemicals from the water medium. A similar effect is
reported in nZVI/EDTA/Air (ZEA) system under ultrasound irradiation (Lai
et al., 2019). The combined system is more effective (70 % degradation)
than individual processes such as ZEA (42.5 %) and US (33 %) for the re-
moval of a mixture of 16 PAHs. ZEA system generates the ROS by the fol-
lowing mechanism and Fe(IV) species (through the reaction Fe?" and in
situ formed H,0,). In general, the two-electron oxidation of O, by Fe®
generates H>O» in the medium. The Fe?" released from the corrosion of
Fe® induces the Fenton reaction with the as-generated H,0, to form ROS
(Fig. 6). In the presence of US, the concentration of H,O, in the medium
got increased, which may increase the effectiveness of the Fenton reaction.
In the sludge matrix, the sonication helps to desorb the PAHs from the
sludge into the solution phase. Further, they can be degraded by oxidation.

In short, the cavitation-based AOPs showed advantages over other pro-
cesses for the AHs degradation. Since the AHs, and especially the PAHs, are
highly hydrophobic, their degradation seems to be more prominent in the
liquid-gas interface region of the cavitating bubble. However, the inclusion
of reagents like PS, H>O,, and CCl, increased the availability of reactive
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Fig. 6. Generation of ROS in ZVI-air system.

species in the liquid region, which is more suitable for hydrophilic AHs
(derivatives of unsubstituted AHs).

2.5. EAOPs for PAHs

Electrochemical advanced oxidation processes are one of the versatile
techniques in AOPs due to their effective generation of reactive species
and various reaction possibilities (Brillas et al., 2009; Sirés et al., 2014).
On the electrodes, the pollutants can undergo direct oxidation by the ex-

change of electrons between the pollutants and the electrode surface. It
can be represented by (27)—(28).

MOy -+ H,0—MOx(HO') + HY + e~ (27)

MOx(HO®) + PAHs —— mineralisation (28)

where, MOj, is the representative electrode.

Anode
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Another reaction induced by the applied potential difference is the gen-
eration of H,O, by the two-electron oxidation at the cathode surface
(Egs. (29)-(30)).

02(g) +2H" +2e” =H,0, (29)
(o)) (g) + 4H* +4e” —=2H,0 (30)

The above-generated H,O, would undergo a Fenton-type reaction with
the added Fe?" to amplify the ROS generation, called the electro Fenton
process. Both direct oxidation and Fenton processes were applied for the re-
moval of a variety of organic pollutants including PAHs (Fig. 7). The effi-
ciency of EAOPs further depends on the electrode materials, electrolytes,
salt, reaction temperature, etc. In many cases, the EAOPs are implemented
for large-scale wastewater treatment systems, toilet water treatment sys-
tems, etc.

PAHs undergo an initial electron transfer reaction at the electrode sur-
face to form a radical cation of PAHs, which undergoes further degradation.
Moreover, in the solution phase, it undergoes Fenton oxidation like other
AOPs. There are various electrodes Ti/RuO,, Ti/IrO,, Ti/TiO,, Ti/SnO,,
Ti/Sn05-Sby05-1rO,, Ti/Sb-Sn0O4/PbOs, Ti/Sn0O,-Sb,05-RuO,, etc. tested
for the PAHs removal in EAOPs (Ajab et al., 2020; Rajasekhar et al.,
2021; Tran et al., 2009; Yaqub et al., 2015). The degradation of BTEX
was reported using a CNT-Ce/WO5/GF electrode and 60 % of COD was re-
duced in 90 min. Yaqub et al. studied the removal of 16 PAHs using Ti/
SnO, electrodes, and 80 % of the total PAHs were removed (Yaqub et al.,
2015). The electrode Ti/RuO,, offered 93 % and 82 % removal of PAHs in
aqueous and creosote solution respectively using Na,SO, as the supporting
electrolyte in 90 min (Tran et al., 2009). The removal efficiency increased
with an increase in the Ru content in the anode. In the same way, the elec-
trolysis using Ti/SnO,-Sb,0s-RuO, electrode resulted in 93 % removal of
PAHs after 3.9 h (Yaqub et al., 2015). Even though the EAOPs are effective
in the degradation of AHs, there are not many studies reported utilising this
technique. The electrodes used in this case are Ti/SnO,-Sb,Os-IrO,, Ti/Sb-
Sn0,/PbO,, Ti/Sn0,-Sb,0s-Ru0,, etc. Many oxidants such as H,O,, PS,
HOC], etc., can also be combined in the electrochemical system to get better
performance.

Cathode

Fig. 7. Schematic representation for the generation of various degradation pathways involved in EAOP.
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2.6. Sulfate radical based AOPs (SR-AOPs) for PAHs

Persulfate (PS) is an emerging chemical oxidant as it possesses a high
redox potential of 2.01 V. In comparison with other oxidants, it is stable,
has a wide application range of pH, is water-soluble, and more easily enters
into the contaminated site of lower permeability zone. The ROS generated
are *OH, SO4 and 10, responsible for the oxidation of organic pollutants.
Peroxydisulfate (PDS, $,027) and peroxymonosulfate (PMS, HSOs ) are
the commonly used oxidants in PS-based AOPs. Among them, PDS is
more cost-effective and hence used in environmental applications including
the in situ chemical oxidation processes (Zhang et al., 2015; Zhou et al.,
2019).

PDS is generally applied for the removal of BTEX and PAHs from soil
matrices since the PDS in the soil matrix could be activated by the minerals,
soil organics, and biologically active substances (Table S4). The injection of
PDS to BTEX contaminated site resulted in 92 % degradation in 3 weeks and
for PAHs meanwhile, it takes more than a month to reach 95 % degradation
(Liang et al., 2008; Xu et al., 2021). This is rather a slow rate and the major
degradation product observed was hydroxyl-PAHs, which are also de-
graded with time. An important advantage of this method is the possibility
to couple it with biological remediation processes. A binary system of HyO»-
PDS was also reported as an effective method for the removal of PAHs,
where nearly 90 % removal was achieved (Zhao et al., 2013). Another
dual oxidant system, PMS-KMnO,, revealed an excellent degradation capa-
bility towards benzene. The combined system was much more efficient
compared to the individual oxidants. The advantage of this system is that
it can generate MnO in situ, which can further activate and oxidize the
contaminants (Cui et al., 2017b).

PDS/PMS + activators — SO}~ (31)

Furthermore, to get a faster reaction of PDS/PMS, appropriate activa-
tors were included (Eq. (31)). Such activators for soil remediation are
iron-based materials, heat activation, base activation, and electrochemical
activation. While, for the aqueous phase removal, UV, ultrasound, and het-
erogeneous catalysts have been reported. Fe-based materials are found as
effective materials for the cleavage of peroxobond of the PS. The activation
thus generates the ROS in the medium. The various activated PS method re-
ported for AHs are given in Table S4.

As an example, the Fe?*-PDS system was successful in the removal of
pyrene in water and soil. Nearly 93 % and 88 % of the pyrene were de-
graded from water and soil respectively (Guo et al., 2021). In the case of
BTEX, 80 % was removed in just 7 min. However, in the Fe?>* /PDS system,
the iron precipitation makes the processes less efficient in real field applica-
tions like for other Fenton-based processes. Therefore, many methods were
adapted to minimize iron precipitation. Chelation is one of the common
methods in this aspect, where the iron hydroxides are chelated to a more
soluble form and activate the oxidants. Citric acid (CA) is one of the widely
studied chelates in this process. Zeng et al. have investigated the removal of
naphthalene using the Fe?*-PDS system with chelation using CA (Zeng
et al., 2021a). The sole Fe*>* /PDS system caused the degradation of 50 %,
the efficiency got increased to 98 % in the presence of CA. In the same
way, Fe?* chelated by oxalic acid (OA) activated the dual peroxide system
Ca0,/PDS to enhance the removal of a mixture of PAHs (Wang et al., 2021;
Yuan et al.,, 2019). Ligands such as ethylenediaminetetraacetic acid
(EDTA), and ethylenediamine-N, N’-disuccinic acid (EDDS) chelated with
Fe tested for the removal of naphthalene, where EDTA performed well for
the removal from the soil matrix (Yan and Lo, 2013). The chelation en-
hanced the desorption of PAHs adsorbed on the soil matrix. The electron
transfer of the Fe complex to the ligand is the key mechanism in the gener-
ation of ROS in this process. The inorganic ligand, SP resulted in nearly 95
% and 92 % of the PHE and FLUT in Fe-activated PDS.

In order to control the Fe release, various heterogeneous catalysts and
nZVI-based materials have been developed. Peluffo et al. had compared
the removal of PAHs (anthracene (ANT), phenanthrene (PHE), pyrene
(PYR), and benzo[a]pyrene (BaP)) by various activators of PS such as
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Fe?*, Fe**, and nZVI (Pardo et al., 2016; Peluffo et al., 2016). Among
these iron species, nZVI has a prominent effect on PS activation, which re-
sulted in the controlled release of reactive species. A sole PS resulted in
nearly 40 % removal of PAHs, and HPAHSs. The simultaneous application
of heat and nZVI strongly activates the PDS to degrade the PAHs to nearly
90 %. The synergistic activation process enhances ROS generation. nZVIl/
PMS system was tested for petroleum hydrocarbon removal from the soil
matrix. The removal efficiency of >96 % was achieved by this process.
Acidic pH and alkaline pH were very suitable for efficient removal
(Bajagain and Jeong, 2021). As given in the previous sections, the chelating
agents would be an important additive to enhance the removal efficiency in
such processes. Zeng et al. combined citric acid with a ZVI/PS system for
the degradation of NAP. In this study, they used both PMS and PDS to gen-
erate the reactive species. The PMS/nZVI/CA offered removal of 96.5 %
and PDS/nZVI/CA resulted in 93.5 % degradation from the soil slurry sys-
tem. The effect of chelation is already described in the papers on Fenton
processes (Zeng et al., 2022).

A magnetic carbon microsphere-based composite catalyst (Fe;04 —
CM) and carbon black supported Fe;0, (Fes04-CB) were able to activate
PS for the removal of PAHs from marine sediments (Dong et al., 2019;
Dong et al., 2018). Similar material was also tested for the removal of
BTEX from an aqueous medium and a practical removal was reported
(Dong et al., 2017b). Porous carbons are widely used as catalysts in envi-
ronmental engineering. The high surface area of the material favored the
adsorption of the organic contaminants on their surface and facilitate the
oxidation of contaminants. The redox properties of these materials are ca-
pable of persulfate activation to generate the reactive oxygen species. The
CM in the catalyst acts as an additional site for PDS activation through an
electron transfer mechanism. Likewise, iron-based bimetallic nanoparticles
(Fe-Ni) supported on activated carbon (AC) activate PDS to generate vari-
ous ROS and degrade the PAHs. Another carbon-enriched material is bio-
char. Several studies revealed its usefulness as a PS activator. These
materials can very effectively adsorb the PAHs from the contaminated
site as well as activate oxidants for PAHs degradation. Metal-free biochar
derived from a Green seaweed (Ulva lactuca) activated PMS resulted in
the degradation of 75 % of PAHs. In this case, the degradation efficiency
was decreased with the number of rings in the structure (Hung et al.,
2022). The PS activation capacity of biochar and thereby the removal effi-
ciency is increased by N-doping. A 80 % of the PAHs was degraded in the
sediment sample when PMS was activated by an N doped Biochar. The pro-
cess was effective in a wide range of pH (3—11). The nitrogen in the bio-
char acted as an additional site for PMS activation. The charge transfer
was facilitated by N, which further enhanced the PMS activation. Singlet
oxygen (10,) was also generated in addition to other reactive species
from the electron shuttling through the C—=C of the biochar (Hung et al.,
2021). Iron and copper nanoparticles supported on biochar/geopolymer
were an effective PMS activator, effective in NAP removal from both aque-
ous and soil matrix. Like other metals, the redox cycle favored the PMS ac-
tivation by these species (Zhu et al., 2022).

The Fe3;0, immobilized on Biochar removed >80 % of the PAHs
(mixture of LPAH and HPAH) from the soil matrix after 25 h (Dong et al.,
2017a). The surface modification with metal or non-metal doping
enhanced the adsorption and the reactivity of the material (Oh et al.,
2019; Zaeni et al., 2020). Moreover, there is a study to control the PS
release to increase the life of the oxidation process. Polystyrene-coated
persulfate polyacrylonitrile beads (PC-PSPANBs) were synthesized for the
controlled release of PDS for the removal of PAHs such as acenaphthene
(ACE), 2-methlynaphthalene (2-MN) and an oxygenated PAH, dibenzofu-
ran (DBF) (Abbas et al., 2021). The inclusion of Fe?" in the PDS-
controlled system offered the good removal of all the selected PAHs even
in the presence of ionic species such as Cl~ and SO3 .

Manganese (Mn) based materials are also employed in the removal of
organics from contaminated soil (Zhu et al., 2019). Kan et al. studied the ef-
fect of Mn oxides on the removal of pyrene using microwave-assisted PDS
oxidation by the radical and non-radical process (Kan et al., 2021).
Microwave-assisted PDS oxidation degraded 65 % of pyrene from the
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matrix in 15 min and the efficiency is increased to 87 % with the introduc-
tion of MnO,. As in the case of the normal PDS oxidation method, the main
reactive species involved are SO+  and *OH. While in the combined process,
the O,+ and 'O, are the key species. Bai et al. studied the electrochemical
activation of PMS for the treatment of 16 PAHs from textile dyeing sludge.
The process utilized the electrochemically generated Fe** for the PMS ac-
tivation. A sacrificial Fe electrode was used in this case for the effective ac-
tivation of PMS. Nearly 73 % of the X16PAHs were removed using this
technique: The electrochemical activation depends on the ability of the Fe
anode for the generation of Fe>* and their electrochemical regeneration
(Bai et al., 2022).

PDS activation by ultrasound is another method to remove phenan-
threne from the contaminated matrix (Deng et al., 2015). The high temper-
atures occurring by the cavitation process are sufficient for bond cleavage
of PDS. The US-activated PDS provided complete degradation of phenan-
threne in just 30 min due to an increase of temperature of up to 5000 K. Hy-
drodynamic cavitation processes were also efficient in the generation of
reactive species and >90 % of the BTEX was removed in 240 min of treat-
ment (Fedorov et al., 2021).

A novel PDS and PMS activator, asphaltenes were introduced by
Fedorov et al. for the degradation of BTEX (Fedorov et al., 2020). The
PDS/PMS activation results in the formation of ROS such as SO,*", *OH,
and O*". This process leads to the 60 % removal of BTEX. A synergistic ef-
fect is reported when the BTEX/asphaltenes/PDS system is sonicated. This
hybrid system results in the 97 % removal of BTEX in 360 min. The major
mechanism in this process is the initial adsorption of BTEX on the
asphaltenes surface. The adsorbed BTEX could then migrate to the cavitat-
ing bubble region (more details about the cavitating bubble and sonolysis
are given in Section 2.5). The pyrolysis of oxidants during bubble collapse
forms the reactive radical species and is able to degrade the BTEX by oxida-
tion. In addition, the PDS as well as PMS could be activated by the
asphaltenes by the electron transfer mechanism near the cavitating bubble.

Summarizing this part, the PS-based AOPs are simple to operate like the
Fenton process. PDS is the major oxidant used in PS-AOPs. Sole PS-based
processes can oxidize the AHs and therefore it can be implemented in the
in situ chemical oxidation processes. The various activators such as Fe-,
and other Fe-based, carbon-based materials, asphaltenes, UV, cavitation,
etc. can activate the PS to generate the reactive species for the efficient deg-
radation of AHs. The Fe?* /PS system is the most effective process for the
removal of AHs from both aqueous and soil matrices. Cavitation and micro-
wave system were also effective, but, their large-scale implementation will
be a difficult task.

3. AOPs for degradation of derivatives of PAHs

Derivatives of PAHs usually detected in environmental matrices are hy-
droxylated, chlorinated, nitrated, and methylated compounds. One of the
important sources of derivatives of PAHs is the incomplete combustion of
carbon-containing compounds and also by chemical and microbial transfor-
mation of parent PAHs. These are more persistent and toxic than the parent
PAHs (Bekbolet et al., 2009). However, there is no ample amount of pub-
lished work available for the degradation of PAHs derivatives.

Among the various derivatives of PAHs, the degradation of naphthol (a
hydroxylated derivative of naphthalene) by AOPs has been studied well.
Naphthalene undergoes microbial degradation to form hydroxyl deriva-
tives (naphthol) and release them into the environment. In another way,
these derivatives are directly used in the industry for the synthesis of dyes
and insecticides (Croera et al., 2008). Thus, there are a lot of chances to
find this derivative in the environmental matrices. The toxicological studies
confirmed the toxicity of this compound to the living organism (Kang et al.,
2016). In another perspective, the derivatives of PAHs especially the
methyl, hydroxyl, nitro, and chloro reduce their chances of electrophilic re-
action with the ROS and become more stable towards oxidative degrada-
tion. In addition, it is reported that the oxygenated derivatives of these
compounds are more toxic. It is noted, that the oxygenated products are
the initial products formed during the oxidative degradation of AHs
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(Falciglia et al., 2016). Therefore, there is a risk of accumulation of these
compounds in the aquatic matrix, if the oxidation process is not strong
enough to degrade also these by-products. Thus, strong treatment tech-
niques need to be addressed for such derivatives.

The g-C3N,4 was used in the removal of 2-naphthol, an oxygenated de-
rivative of naphthalene (Lan et al., 2019). 87 % of the derivative was re-
moved after 1 h of visible light irradiation and a similar efficiency is
reported even at five consecutive cycles. As in the previous cases of g-
C3Ny4-based materials, the removal efficiency was strongly influenced by
the calcination temperature. The key species formed during the photocata-
lytic process on the g-C3N,4 are *OH and O,+". A composite of g-C3N4 with
bismuth molybdate (Bi,MoOg) was active in the visible region, which is uti-
lized for the removal of (-naphthol. This composite has a carbon sheet
structure, useful to shuttle the electrons between the two semiconductor
materials. In this case, >65 % degradation was reported (Ma et al., 2017).
Another Z scheme heterojunction catalyst of Bi@p-Bi,03/g-C3N,4 has
shown excellent visible light activity and was used for the degradation of
2,3-dihydroxy naphthalene In this catalyst, the role of Bi was to shuttle
the electron between 3-Bi»O3 and g-C3N4. This study formation of *OH
and O»¢” as the major radical species responsible for 87 % degradation of
the target pollutant in 100 min (Lan et al., 2020).

Degradation of anthraquinone using faceted TiO, was reported by Ye
et al. and achieved 88 % removal. The efficiency was compared with
(101) and (010) Faceted TiO, and more removal was reported at (010) Fac-
eted TiO, (Ye et al., 2019). The PMS activation by nano-MoO, by an elec-
tron transfer process was useful in the removal of various NAP derivatives
such as 1-methylnaphthalene (87 %), 1-nitronaphthalene (86 %), 1-
chloronaphthalene (97 %), 1-naphthylamine (99 %), and 1-naphthol (77
%). The contributing ROS were SO,4*, *OH, O,*, and 10, (Chen et al.,
2021). Bekbolet et al. reported the photocatalytic degradation of nitro-
derivatives of naphthalene using TiO, (Bekbolet et al., 2009). Different iso-
mers of dinitronaphthalenes (diNN) such as 1,3-dinitronaphthalene, 1,5-
dinitronaphthalene, and 1,8-dinitronaphthalene were studied. In this case
45 %, 60 % and 40 % removal were achieved for 1,3-diNN, 1,5-diNN,
and 1,8-diNN respectively after 3 h of treatment.

Ce(II)/PMS system has been tested for the removal of NAP and the
substituted NAP (1-methylnaphthalene (1-MN), 1-nitronaphthalene (1
—NN), 1-naphthol (1-NAP), and 1-naphthylamine (1-NA)). Ce(IlI)/Ce(IV)
redox cycle activated the PMS. Fast degradation of the AHs was reported
and the degradation was found in the order NAP (92 %) < 1-MN (93 %)
< 1-NN (97 %) < 1-NAP = 1-NA (100 %). The electron transfer of Ce(III)
to PMS resulted in formation of the reactive species, especially SO4*’,
followed by *OH. The singlet oxygen by the self-decomposition of PMS
was also involved in the degradation of NAP and its derivatives (Chen
et al. 2022). The Ce(IV) can be reduced to regenerate Ce(III) and abundant
reactive species were formed (Egs. (32)-(33)).

Ce(IIT) + HSO; —Ce(IV) + SO, + OH ™ (32)

Ce(IV) + HSO; —Ce(III) + SO~ + OH ™ (33)

In summary, it is concluded that the AOPs are also effective for the deg-
radation of PAHs derivatives. The major derivatives studied so far are the
oxygenated and nitro-derivatives. Photocatalysis is the main AOPs studied
for these derivatives. However, there is a research gap to study other
AOPs and hybrid processes for these derivatives.

4. Comparison of degradation efficiencies of PAHs

The AOPs were found effective in the removal of AHs. However, the re-
moval efficiency is varied with the structure, the substituents, and their po-
sition. In general, in the case of substituted AHs, depending on the
electronic properties of the substituent, an electron-donating group (EDG)
or electron-withdrawing group (EWG) substitute can be found (Manassir
and Pakiari, 2019; Szatylowicz et al., 2019). A classical Hammett constant
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is used to express the substitution effect (Krygowski et al., 2004). It can be
expressed as (Eq. (34))

log & px0 (34)
ko

where k, represents the apparent rate constant for the derivative and k, rep-
resents that of unsubstituted AHs. p and o are the sensitivity constant and
substitution constant respectively, which depends on the type and condi-
tion of the reaction and electron orientation. An electron-withdrawing abil-
ity increases with the increase of o value and vice versa (Ren et al., 2022).
Gagol et al. compared the removal of various AHs (BTEX, NAP, derivatives
of AHs) using different AOP techniques (Gagol et al., 2018b). A visible dif-
ference in the degradation of these pollutants was observed in the pure cav-
itation processes. The degradation of AHs pollutants in cavitation-based
AOPs followed the order of BTEX> Naphthalene > -OH derivatives >>>-
NO,, derivatives.

As given in the previous sections, being a strong electrophile, the reac-
tive species prefer to attack the electron-rich center in the compound.
Any of the electron-donating functional groups (-OH, -NH,, -CHj) attached
to the aromatic ring increases the electron density, which can increase the
electron density and facilitate the electrophilic substitution reactions. On
the other hand, the electron-withdrawing functionalities (-NO,, -SO3H,
-COOH, etc.) decrease the electron density in the ring and therefore hard
to undergo the electrophilic substitution reaction in the medium. Also,
when the reactivities are of PAHs compared with mono AHs, there are
many electrons-rich sites and the resonance structure makes it more feasi-
ble for the electrophilic substitution.

However, the degradation efficiencies further depend on the solubility
and other physicochemical properties of the target compound and also
the process applied for the degradation. As an example, as per the above
statement, the phenols and phenol derivatives are hardly degraded in cav-
itation processes compared to benzene. But the opposite effect is likely due
to the high volatility of the compound, which resists the degradation in the
bubble interior. Similar results were reported for naphthalene likely due to
their less aromaticity. Sponza et al. compared the sonochemical degrada-
tion of more hydrophobic PAHs (DahA and BghiP) and less hydrophobic
PAHs (PHE, PY, CHR, ANT, and BbF) (Sponza and Oztekin, 2010). In this
case, it was found that the removal efficiencies were decreased with an in-
crease in the number of benzene rings in the structure. Briefly, the most
hydrophobic PAHs have shown the lowest degradation rate. This is cor-
related with the water solubility of the PAHs. However, an increase in
temperature led to an improvement in the removal efficiency for the
hydrophobic PAHs. The functional group present in the AHs also had a
significant influence on the radical-mediated electrophilic reactions.
Thus, it is obvious that the degradation varies with the functional
groups attached to the AHs.

5. Degradation of AHs in the presence of co-existing matrix components

The degradation of PAHs was also studied in the presence of co-existing
compounds, normally occurring in the aqueous matrices, such as inorganic

*OH + X- —> XOH*-
XOH* + *H — *X + H,0
XOH* + X — X,* + -OH
i s

SO,*+X- —*X + SO
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ions and organic species to propose the capability of AOPs in real wastewa-
ter treatment applications. The inorganic ions of major concern in this kind
of AOPs are chloride (salinity), nitrate ions, nitrite ions, sulfate ions, bicar-
bonate, and carbonate ions. Among the cationic species, Fe and Ca®* are
dominant in this kind of real water. As the soil or water medium is consid-
ered, many organic matrices can interfere with PAHs removal. Generally,
these compounds can either interact with the pollutants or compete for
the reactive species and affect the removal efficiency in AOPs. The inor-
ganic ions can scavenge the ROS to form a variety of secondary radicals
as given in Fig. 8.

Therefore, the removal efficiency in the presence of these ions depends
on the reactivity of the secondary ions towards the organic pollutants.
Many of them scavenge the radicals, while chlorides are often revealed to
participate in the degradation process. All the above hypotheses are de-
pending on the type of AOPs applied. The matrix effect of AOPs like UV/
H,0, photolysis, Fenton, and photocatalysis are seemed to be similar and
are given in Table 2.

The scavenging effect generally relates to decreased availability of *OH
or SO+, consumed by the anions in the aqueous phase, followed by the for-
mation of a variety of secondary — less reactive - radicals (Egs. (35)-(46)).
These secondary radical species are selective and thus not so reactive as
the primary ROS. Therefore, the degradation efficiency is decreased in
most cases by the scavenging effect. Shemer et al. found the reduced degra-
dation of PAHs in UV/H,0, photolysis in the presence of HCO3, Cl~,
SO3%~, and H,PO4 /HPOZ ™ by the scavenging effect (Shemer and Linden,
2007b). Fard et al. investigated the removal of BTEX in the presence of com-
mon groundwater cations and anions (SO3~, C1~, NO5, CO3~,Na*, K™,
Mg?** and Ca®") using photocatalysis (Alizadeh Fard et al., 2013a). All
the co-existing matrices decreased the removal efficiency, and a more
prominent effect was reported for SO3~, CO3~, Ca®**, and Mg?" ions.
Nearly 100 % BTEX was removed after 45 min of the treatment by UV/
TiO»/H50, system in distilled water, but the efficiency was decreased to
55 % and 50 % respectively with the addition of CO3 ™~ and SO% . Similarly,
divalent ions Ca®>* and Mg?* decreased the removal efficiency to 70 %.
The inhibitory effect of these ions is either due to the blocking of the active
site or the competition effect by the ions. This is further reflected in the real
contaminated water where the removal efficiency is less than the pure
water. Several environmental factors such as carbonate ions, chloride
ions, etc., have been investigated for the degradation of naphthalene in
photocatalysis. The degradation of benzene by Fe(III)-SPC and Fe(II)-SPC
was also negatively affected by the inorganic constituents especially the
Cl™ and HCOj3 present in the groundwater matrix (Fu et al., 2015;
Fu et al., 2017). However, in the case of SPC activated with Fe? ", and
Fe(III) chelated with EDDS didn't show any significant difference in
the removal efficiency of ethylbenzene in the presence of SO3~, Cl~,
NOs . But the bicarbonate ions marginally decreased the removal efficiency
of benzene.

Similar results were also reported by Federov et al. during the degrada-
tion of BTEX by PMS activated by the hydrodynamic cavitation process
(Fedorov et al., 2021). They found the retarding effect of inorganic ions
on the degradation of BTEX by PS and PMS activated by the hydrodynamic
cavitation process. According to their study, >90 % of the BTEX was

Halogenated
AHs

Fig. 8. Impact of halide ions on the degradation of PAHs during the AOPs.
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Table 2
Impact of inorganic ions on the degradation of AHs by AOPs. The important observation and the role of the matrix are presented.
AOPs AHs Matrix Important result Role of matrix Ref.
UV/H,0,
PAHs Organic matter Reduced the degradation of PAHs Organic matters act as a UV filter ~ (Shemer and Linden, 2007b)
that reduces the availability of UV
Cco3~ light for H,O, activation.
CO%™ increases the alkalinity
Strong scavenging of *OH
Photocatalysis
BTEX SO%7,Cl7,NO;,CO%3~, Decreased the removal efficiency ~Blocking of the active site or (Alizadeh Fard et al., 2013a)
Na*,K*, Mg** and Ca** competition effect by the ions
NAP co3~,cl™ Carbonate ions decreased the Scavenging in the presence of (Lair et al., 2008)
removal efficiency and Cl~ CO%~ and salting-out effect in
increased the removal efficiency  the presence of C1~
ANQ CO%™,NO3 CO%~ increased the removal Carbonate radicals increased the (Ye et al., 2019)
removal
ANQ Fe®* Increased the removal Increase in the photocatalytic (Ye et al., 2019)
activity due to the adsorption on
the catalytic surface
Fenton and Fenton like system
Fe?* /H,0, PHE, ANT, FLU Cl- Increased the removal efficiency = Reactive chlorine species are (Lai et al., 2020)
formed
Fe(III)-SPC and Fe(II)-SPC B Cl- and HCO3 Decreased the removal efficiency ~Scavenging effect (Fu et al., 2015; Fu et al., 2017)
SPC activated with Fe?*, and E CO3~ Decreased the removal Scavenging effect (Cui et al., 2017a)
Fe(1ID) chelated with EDDS
Fe(III)-SPC Benzene Humic acid Increased the removal efficiency  Fe(III)-HA complex is formed. (Fu et al., 2015; Fu et al., 2017)
The Fe(II)/Fe(III) redox cycle
reaction to increase the Fe**
concentration
PS based AOPs
Heat-activated PS BTEX Cl™ and Br™ Increased the removal efficiency ~ Reactive Cl and Br species (Ma et al., 2018)
Fe?* /PMS PHE, ANT, FLU Ccl™ Increased the removal with the Reactive chlorine species are (Lai et al., 2020)
formation of toxic chlorinated formed
products
Ce(1I1)/PMS NAP and its derivatives Cl~, NO3, HCO3 ™~ and The effect depends on the Secondary radicals are formed (Chen et al., 2022)

humic acid
Cl-, HCO5, NO3 SO% ™,
and H,PO; /HPO3 ™

Cavitation-PS BTEX

functional group
Decreased the removal

Scavenging effect (Fedorov et al., 2021)

degraded with HC-PS and HC-PMS processes. However, the addition of C1 ™~
ions decreased the removal efficiency of benzene, toluene, ethylbenzene,
and xylene to 17, 43, 46, and 58 % respectively. However, NO3 SO%3~,
and H,PO, /HPO3 ™~ didn't have any effect on the removal in the processes.
Like in the previous cases, CO5~ and HCO5; and NOM reduced the
removal efficiency. Moreover, the degradation of AHs in the presence
of inorganic ions resulted in the formation of many toxic halogenated
derivatives.

On the other hand, the secondary radicals sometimes show higher
reactivity towards the AHs based on their functionalities. An enhanced
degradation is observed in such cases. The removal efficiency of anthraqui-
none was increased with the addition of bicarbonate ions in TiO,-aided
photocatalysis (Ye et al., 2019). The bicarbonate ions scavenge the
*OH to form a carbonate radical, which is also capable of reacting with
the organics (Buxton et al., 1988). The advantage is that this radical pos-
sesses a longer lifetime compared to hydroxyl radical and thus, can react
with the pollutants in the solution phase (Chen et al., 1975; Haygarth
et al., 2010).

Ma et al. detailed the effect of inorganic anions on the removal of
BTEX by heat-activated PS (Ma et al., 2018). The inorganic ions such
as C1™ and Br™~ had a positive effect on the removal efficiency except
for benzene. A significant increase was observed for xylene, an increase
of rate from 0.01 min~ ! to 0.2 min~* with the addition of 500 mM of
Br~. But for benzene, these ions decreased the removal efficiency.
The Br~ generally decreases the initial pH of the solution to the most
suited for SO4* radical reaction. In addition, the bimolecular rate con-
stant for the reaction of SO4+ with Br~ (3.5 x 10° M~ ! s~ 1) is ten
times higher than that with C1~ ions (3.1 X 108M~1's™ 1) (Maetal.,
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2018). Among the BTEX, benzene is a less electron-rich compound,
and thus decrease in the SOF~ concentration decrease the degradation
of benzene. On the other hand rest of the compounds are highly electro-
philic and the oxidation occurs rapidly by the secondary radicals of Cl
and Br. Lai et al. reported the degradation of PAHs (such as phenan-
threne, anthracene, and fluoranthene) using the Fenton process in the
presence of varying Cl~ concentrations (Lai et al., 2020). In their previ-
ous study, they optimized the Fe?* /H,0, ratio and Fe?* /PMS ratio as 1
for the removal of the above three PAHs with an H,O, concentration of
30 mM and PMS concentration of 1 mM. The total PAHs removals were
78 % and 65 % respectively for the Fe?* /H,0, ratio and Fe?* /PMS
processes. Total PAHs removal was significantly increased with C1™
ion content in the medium in the Fe?* /PMS system with the generation
of free chlorine in the system. Reactive chlorine species and reactive
oxygen species are in the reaction processes. Moreover, Fe?* /H,0,/
Cl™ is not generating any chlorinated products, thus toxicity is
not increased like other chlorination reactions. On the other hand
Fe?™ /PMS/Cl~ generates many chlorinated products and toxicity is
increased.

SO, +Cl™—S0%™ ++CI k=3.1x10M"'s™! (35)
Cl' +Cl™ —=Cly” k=85 x 10°M~'s™! (36)
SO, +C03" =S80}~ +CO;™  k=6.1x10°M~'s™! (37)
SO;” +HCO; =80~ + HCO; k=1.6x 10°M~'s™! (38)
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HCO;<*H" + COy” (39)
SO, +Br~—SO?™ +Br k=35x10°M"'s7! (40)
OH™ + Br—HBro™~ k=1.1x10"M"'s! (41)
Br' + Br~—Br,” k=1.1x10°"M's! (42)
Br,” + Br'—Br, + Br~ k=2x10°M"'s™! (43)
2Br,” —Br, + 2Br~ k=19x10°M's™! (44)
2Br' —Br, k=10x10°M"'s™! (45)
HO' + NO; —H,0 + NO;~ k=5x10°M"'s~! (46)

In addition, some inorganic ions affect the reaction site on the photocat-
alytic materials and influence the reactive species formation. It has been
found that the presence of certain inorganic ions, like C1~ ion, increases
the accumulation of organics on the solid surface through the salting-out ef-
fect. Lair et al. found an enhanced photocatalytic degradation of naphtha-
lene from 70 % to 99 % with an increasing Cl~ concentration from 0 M
to 1.2 M. The role of the salting-out effect was confirmed by the adsorption
study in the presence of these ions. It was found that the adsorption of NAP
on the surface increased with an increase of Cl ™. Thus, it is obvious that the
salting-out effect has a significant role in the photocatalytic degradation of
pollutants. Similarly, the Fe®* present in the water matrix had a positive ef-
fect in this kind of photocatalytic system. The Fe*>* was adsorbed on the
TiO, surface and acted as an electron acceptor. The photogenerated elec-
trons were then stored on the adsorbed Fe®*, and it reacted with O, to
form O+ In addition, the H,O, generated from the Fe** /Fe** redox pro-
cess enhanced the degradation.

In cavitation-based processes, in addition to the scavenging effect of the
inorganic ions, there could be many other possibilities. The interface region
of the bubbles and the liquid region are the major places of degradation in
the case of PAHs. Therefore, any parameter that influences the AH to be in
either of the above regions affects the degradation (Rayaroth et al., 2018;
Seymour and Gupta, 1997). The physicochemical properties of the interfer-
ing matrix that tends to drag the interface region of the cavitating bubble
affect the degradation of PAHs in sonolysis. In addition, the salting-out
effect of anions pushes the contaminants to the highly reactive region
of the cavitating bubble and has a positive effect. Dissolved oxygen
has a prominent effect on the degradation of PAHs. The initial step in
the generation of ROS is the homolytic cleavage of the O, molecule to
atomic oxygen, which reacts rapidly with water to form *OH. Thus, the
dissolved oxygen increases the number of available reactive species in
the medium.

A comparison of the EAOPs with and without the use of CI~ was re-
ported. The Cl ™~ ion was revealed to have a significant role in the processes.
The electrolyte (NaCl) enhanced the removal efficiency to 93 % (only 74 %
was observed without NaCl) due to the evolution of reactive chlorine spe-
cies as given in Egs. (47)—(50).

2C1” —Cl, +2e” (47)
Under acidic pH,

Cl, + H,0—HCIO + HY + CI~ (48)
Under alkaline pH,

Cl, +20H™ —CIO™ +Cl™ +H,0 (49)

HCIO + OH™ — ClO~ +2H" +2e~ (50)

Like normal Fenton processes, acidic pH practically favors good re-
moval efficiency due to the formation of strong oxidant HCIO. Muff et al.
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reported the electrochemical degradation of PAHs such as naphthalene,
pyrene, and fluoranthene in saline water conditions using Ti/Pt90-Ir10
anode (Muff and Sggaard, 2010). The degradation efficiency was increased
under acidic pH with the formation of chlorinated PAHs. Moreover, the
degradation and formation of these chlorinated products depend on the
solubility of the PAHs. Naphthalene undergoes nearly complete degrada-
tion in 240 min of electrolysis, whereas the other two PAHs didn't undergo
complete degradation even after 240 min. The chlorinated naphthalene
was formed in this case as well. In the same way, Tawabini et al. studied
the removal of BTEX using EAOP with a BDD electrode (Tawabini et al.,
2020). The degradation of BTEX after 15 min of electrolysis followed
the order xylene > ethyl benzene > toluene > benzene with a current density
of = 100 mA/cm?. The high saline condition resulted in the in situ genera-
tions of various oxidants such as H,O,, and active chlorine species which
fasten the degradation.

In contrast to the inorganic matrix, the organic matter (Humic acid,
HA) enhanced the removal efficiency of benzene in this system. The HA
may increase the availability of Fe in the solution with the formation of
a Fe(IlI)-HA complex. The time required for the complete degradation of
benzene in Fe(III)-SPC was 100 min in the control experiment, but
degradation the time is decreased to 30 min in the presence of HA.
The chelation of Fe by HA increases the availability of Fe in solution
for SPC activation. In addition, the phenolic or quinone group present
in the HA favors the Fe(II)/Fe(IIl) redox cycle reaction to increase the
Fe?* concentration in the medium for the reaction. On the other
hand, the efficiencies of Fe2*-SPC and Fe(III)-EDDS-SPC systems for
the removal of benzene are decreased in the presence of NOM (Cui
et al., 2017a). Shemer et al. found that the organic matters reduced
the degradation of PAHs like other AOPs (Shemer and Linden, 2007b).
Moreover, the organic matters act as a UV filter that reduces the avail-
ability for the H,0, activation. Another factor when considering the
real water matrix is the alkalinity of the solution.

The removal was also affected by the presence of HA, benzoic acid, pen-
tane, and pentanol in cavitation-based AOPs. The binding of organic matri-
ces with PAHs significantly affects the removal. This happens in the case of
HA, which reduces the availability of PAHs from the interface region of the
cavitating bubble. In addition, the *OH scavenging effect of HA and benzoic
acid further reduces the removal efficiency. Ke et al. studied the removal of
PAHs from sludge matrix containing soil organic matters using the sono-
Fenton process (Ke et al., 2018). Nearly 84 % and 32 % of the PAHs were
removed during this hybrid process. It shows the competition of soil
organic matter (SOM) and PAHs for the reactive species. As discussed
previously the interaction of PAHs with SOM played a significant role in
their removal in such a complex matrix. In addition, the SOM with high
tryptophan-like and tyrosine-like moieties regenerates Fe>" in the system
through the electron transfer mechanism. In summary, the co-existing
ions present in the matrix affect the degradation based on the nature
of the process and target compound. The inorganic ions scavenged the
reactive species and decreased the removal efficiency in most of the
AOPs. On the other hand, the reactive Cl, and Br radical species formed
during the oxidation of Cl- and Br- containing matrices increased the
removal of AHs. However, a formation of halogenated products has
been reported. The humic acids had a role in the degradation in
Fe-containing systems through the Fe(Il)/Fe(III) redox cycle.

6. Degradation products and mechanism

In *OH-, and PS-based AOPs, the primary step is one-electron oxidation
of the aromatic ring of PAHs to form corresponding radical cations. The
major intermediate products of PAHs are phenolic, quinone, alcohols, ali-
phatic acids, etc. As explained in the selected AOPs for the degradation of
PAHs, the major species involved are hydroxyl radicals, sulfate radicals, su-
peroxide radicals, singlet oxygen, etc. Among them, hydroxyl radicals react
non-selectively with the organics (H abstraction, hydroxylation, electron
transfer, etc.) (Cooper et al., 2009; Fatta-Kassinos et al., 2011). The sulfate
radical degrades the pollutant through the electron transfer reaction. On
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the other hand, superoxide radicals, and singlet oxygen react to the pollutants
via the H abstraction and electrophilic attack respectively. Chen et al. studied
the degradation mechanism of a PAH, BaP by *OH and 'O, using this DFT
(Chen et al., 2020). The preferable position for the OH radicals was predicted
by the density functional theories (DFT). The Fukui function is calculated
based on the DFT calculations. Electrophilic Fukui function (FK~ = pyomo
(r)) is used to describe the interaction between reactants in AOPs. The
Fukui function can be calculated from the population of atom k in the neutral
Qv and cation qxv— 1) species from the Eq. (51) (Fig. 9).
fe = Gy~ en-1) (51)

As suggested by the DFT and Fukui function, the electron-rich center C6
is the preferred position for the attack of reactive species (Fig. 9). The hy-
drogen abstraction possibilities are neglected because of their high reaction
energies. The *OH attacks at the C6 position to form C6-OH as the main in-
termediate product and 'O, led to the formation of a highly reactive zwit-
terion product, BaP-6-0O0. It is reported that the rate constant for the
formation of BaP-6-00 (1.70 x 10> ecm®*molecule " ':s ') is higher than
that for the BaP-6-OH (1.65 x 10~ '° ecm®molecule ~'s~1). These interme-
diates further undergo a reaction with the reactive species to form the phe-
nolic or ketonic products (Chen et al., 2020).

In the case of sulfate radical, an initial reaction of sulfate radical with
water molecule results in formation of a pre-complex (solvated sulfate
radical) (Eq. (52)). This pre-complex is responsible for attack on the
carbon atom with lower Gibbs free energy, and is transformed into
post reactive complex with the transformation product (Eq. (53)) (Liu
et al., 2019).

SO, +H,0—-S04~ -H,0 (52)
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SO, ™ - H,O + PAH—PAH - SO4~ - H,O—reaction product (53)
The oxidative degradation BaP yields hydroxylated products, hydroqui-
nones, as the primary intermediate products. The continuous oxidation
leads to the formation of ring open products and finally to short-chain
acids. The mechanism could be illustrated in Fig. 10 by taking BaP as the
model PAH. Methyl derivatives of PAHs also undergo a similar pathway
and form similar products as that of the parent PAH (Chen et al., 2021).
But chlorinated and nitrated PAHs initially form chlorinated or nitrated in-
termediate and undergo normal products as that of PAHs. As an example,
oxidation of nitronaphthalene resulting the formation of several hydroxyl-
ated products and naphthyl amine. Thus, special consideration should be
given to the PAHs derivates, which tend to form toxic intermediates.

7. Cost-effectiveness of AOPs in PAHs degradation

Economic feasibility is an important parameter in any water treatment
process while installing the process in large-scale applications (Alalm
et al., 2021). The concentration of the target contaminants and other by-
products, and total organic content in the effluent should be minimized to
an acceptable limit during the oxidation — dependent on local regulations.
Therefore, the cost of the process highly depends on the time required to
achieve the above limits. It depends on the initial concentration of the pol-
lutants, nature, and source of the polluted water, and the daily discharge
amount. In AOPs, the cost is mainly related to the chemicals used (For
e.g.: PS, H,0,, Fe**, precursors for the synthesis of nanomaterials), equip-
ment (photo and cavitation reactors), their maintenance, and the electricity
or energy consumption costs. The capital cost in any of the processes covers
the civil and mechanical works, buildings, engineering designs and supervi-
sion of on-site infrastructure, start-up costs (equipment), and working capital

-0.001au

0.001au

(b)

Fig. 9. Numbering (a), electronic structure (b), and HOMO of BaP (c) were obtained by the DFT calculation. The blue portion indicates the electron centers and the intensity is
decreased with a decrease of the energy value (Reprinted with the permission from (Chen et al., 2020)).
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Fig. 10. The primary intermediate formed and their mechanism of formation during the degradation of BaP induced by *OH based on the DFT study.

(Krichevskaya et al., 2011). The cost of HyOs, PS, FeSO,, .7H,0, ZV], citrate,
H,SO,4, and NaOH, 40.70 €/L, €77.10/1 kg, 91.2 €/kg, €5/g, 75.2 E/kg, 2 €/
Kg, 0.55 €/Kg, and 2.05 €/Kg respectively. The cost of electricity for indus-
trial customers in Poland in 2021 is 0.1092 euro cent per 1 kWh. The capacity
of any of the reactor are estimated from the volumetric treated wastewater
amount per year (V,), the operation time (T,), working time per day for the
reactor (t,), and number of working days per year (D) (Eq. (54)).
T,

c=v
XToXD

(54

The energy cost (EC) is calculated from the required power to circulate
the wastewater and the unit price of energy (Eq. (55)).

D
EC=EP; xT, —
V

t

(55)

It is clear from the previous sections, that the time required for >90 %
degradation of PAHs from an aqueous medium is 40 min-8 h. On the
other hand, in the soil matrix, >24 h are required to achieve the same

efficiency. The optimized parameters for the best treatment method in the
reviewed papers and the estimated costs are given in Table 3. Analysis of
these data reveals, that the best methods were UV/H,0,, Fenton ZV1/
H,0,, sonolysis, and Fe**-CA/PS from an aqueous medium. On the other
hand, processes such as microwave-PS and ZVI-PS were found to be effec-
tive for the removal of the soil matrix. Energy consumption is included in
the processes in power-based processes. It is clear that the most economi-
cally viable process was found to be Fe(I)-CA-PS (11.76 €/m?), followed
by sonolysis (28.04 €/m%) and UV photolysis (36.4166 €/m®). The cost of
ZVI-H,0, is mainly raised from the synthesis cost of ZVI. The cost of soil
treatment using microwave-activated PS is estimated to be ~80 €/kg and
that of ZVI-PS is 390 €/kg. However, the estimation for soil treatment is ap-
propriate for in situ treatment. It does not include an important aspect - out
of the scope of this review - transport of treated soil in case of off-line appli-
cations.

In addition, we have compared the other processes with structurally
similar compounds for the scaling up of the process. The treatment cost of
ozone-based AOPs for phenols is reported as 2.1€/m? that is further varied
with the initial concertation of pollutants in the water source (Andreozzi
et al., 1996). The cost for the treatment of 5 mg/L of phenol is 5.1€/m>,

Table 3

Cost for the treatment of AHs.
Processes Co Time Treated % Amount of Cost of chemical Energy consumption  Cost of energy  Total cost of

(min)  volume (L)  degradation chemicals [€/m3) [kWh/m®] [€/m3] treatment [€/m°®]
UV/H,0, 100 mgL ™! 180 4 90 % [H,0,] = 300 mg/L 35.8 5.5 0.6 36.4
nZVI-H,0, 4 mgL™! 20 1 99 % nZVI 150 mg/ L, and H,O, 786.6 Negligible Negligible 786.6
pH3 9.0 mM

sonolysis 30 mg/L 120 1 95 % - - 256.7 28.0 28.0
Fe(I)-CA-PS  0.10 mM. 120 0.25 100 % [Fe(ID]o = 0.50 mM, 11.7 Negligible Negligible 11.7

[CAlo = 0.10 mM,
[PS]o = 1.50 mM,
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but when the concentration is increased to 100 mg/L the cost is increased to
100 €/m?> (Krichevskaya et al., 2011). Bustillo-Lecompte et al. have esti-
mated the electrical energy consumption for the degradation of BTEX
using UV-254 and UV-185/H,0, at various oxidant concentrations
(Bustillo-Lecompte et al., 2018). Among the selected UV sources, UV-185
had a lower electrical energy consumption of 3.5 kWh/m?® and thus lower
operational costs. On the other hand, land requirements for the installation
and/or the number of UV lamps (with 4 kW and 20,000-h of a lifetime
each) should be considered in photochemical oxidation degradation/
treatment processes (Silva et al., 2016). The estimated cost for the treatment
of phenol real wastewater by a solar photo Fenton process is 6€,/m> (Silva
et al., 2016). For the hybrid photocatalytic process, the estimated cost was re-
ported to be 39.89€/m>. On the other hand, the cost of cavitation-based AOPs
is 0.017€/m> which is limited to bath and horn-type reactor with a capacity
of 0.1 to 2.5 L. The energy consumption and the costs are high for the highly
concentrated wastewater and the bicarbonate-rich and other complex water
and seawater. When the sono reactor is replaced with a hydrodynamic reac-
tor the cost can be reduced to 0.01 to 0.02 €/m> with the use of a venturi tube
(Gagol et al., 2018b). The PS-based AOPs are applied in the soil as in situ
chemical oxidants. The cost in this process includes site preparation, mobili-
zation/demobilization (transportation to site, mobile office, storage, fabrica-
tion, assembly, setup, dismantle, well abandonment), equipment and labor
cost, chemicals, equipment maintenance, power, etc. The estimated overall
cost for such kind of ISCO was reported to be 304€/kg (Gavaskar et al.,
2008; Stephen Rosansky, 2010). In short, the Fenton-based AOPs are the
cost-effective method for the treatment of PAHs. The cost was further reduced
with the use of chelating agents as it reduced the oxidant dose. Even though
ZVI-based methods are effective in the complete removal of the AHs, their
cost of synthesis and other parameters are of important concern. The catalytic
and sonocavitation processes are not cost-effective because of the large en-
ergy consumption.

8. Future suggestions and recommendations

As given in this review, the AOPs were found to be effective for the re-
moval of AHs and their derivatives. The AOPs such as UV/H50, photolysis,
photocatalysis, Fenton, and activated PS methods, were reported as the
most effective processes. However, most of the works has been studied in
the lab-scale and more efforts are needed in the scaling up of each process.
Other aspects needed to be justified in the future paper are listed below.

1. Since the concentration of the pollutants varied concerning the source of
contamination and nature of the water sources, the optimization of oxi-
dants to pollutants molar ratio (Rox) is important in any of the processes.

2. The separation of the catalyst after the photocatalytic process is a chal-
lenge. Therefore, the reactors should be constructed, keeping in mind
this feature. The coating/immobilization of the photocatalyst on the re-
action vessel can solve a part of the problem. The metal ions leaching is
another issue in using metal-doped photocatalysts, as it can cause toxic-
ity with respect to the aquatic system. Therefore, continuous monitoring
for the metal species leaching is a must.

3. PS and cavitation-based AOPs led to the complete degradation of AHs.
On the other hand, it is known that cavitation conditions can cause the
formation of intermediate products with higher toxicity. This should
be addressed by the intermediate product analysis, toxicity studies,
and TOC analysis. However, the synergistic applications of AOPs with
other oxidants like O3 should be effective in minimizing the formation
of toxic intermediates

4. Several studies reported the formation of unexpected nitro-product for-
mation in nitrite ions containing water sources (Rayaroth et al., 2022)
and many halogenated products in the presence of excess halide ions
(Lai et al., 2020). Therefore, a complete understanding of these parame-
ters is necessary before the implementation of developed processes on
the industrial scale.

5. The hybrid processes are most effective for AHs to achieve complete
mineralization as well as to reduce the time of operation.
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9. Conclusion

There are multiple sources of AHs causing the accumulation of PAHs in
soil and water. The advanced oxidation processes were successfully em-
ployed for the removal of PAHs from both water and soil matrices. This
paper reviewed all the available information on the degradation studies
of PAHs using AOPs such as UV/H,0, photolysis, photocatalysis, Fenton,
PS-based processes, etc. This review also considered the various derivatives
of AHs. In comparison with other removal methods like physical and bio-
logical methods, the degradation rate in AOPs is high and complete degra-
dation occurred within a short period. The processes can be performed in
environmentally relevant conditions as well. Even though there are many
photocatalytic materials tested for the degradation of AHs on laboratory
scale, their scale-up is still under investigation. The sonochemical methods
were stepped back in the removal of AHs due to their high operational cost.
Therefore, among the reviewed papers, it is concluded that PS-based AOPs
and EAOPs were effective in the removal of contaminants from an aqueous
medium. The strong interaction between the AHs and soil makes it hard to
remove from the soil matrix. Therefore, several methods adopted the use of
suitable solubilizing agent-assisted oxidation methods. In such cases, the PS
is the first and best option.

The removal efficiencies of the AHs in AOPs further depend on their
structure. The initial reaction of *OH with AHs leads to the phenolic com-
pounds and is followed by the ring-opening reaction. In addition, a variety
of reactive species take part in the degradation of AHs in AOPs. The involve-
ment of superoxide radicals and singlet oxygen in AOPs like SR-AOPs and
photocatalysis were favored for rapid oxidation especially the aniline deri-
vates of AHs. The quinone derivates formed during the oxidation of AHs are
an important activator of PS, which enhanced the generation of reactive
species in the medium. The monoaromatic compounds undergo rapid oxi-
dation compared to low and high molecular weight PAHs and their deriva-
tives. In addition, the removal efficiency was affected by the various
matrices such as organic and inorganic ions. The major constituents of the
water matrices such as bicarbonate ions and the organic species scavenged
the reactive species and reduced the removal efficiencies in most of the
cases. However, for some of the hydroxylated and amino derivatives of
AHs, the carbonate radicals improved the removal efficiency via the elec-
tron transfer mechanism. The halide ions and nitrite ions affected the re-
moval badly as well as causing the formation of toxic halogenated and
nitro derivatives. In addition, the de-nitration/halogenation processes in
many of the respective AHs derivatives generate many toxic intermediates.
Therefore, much more attention should be given to the removal of deriva-
tives of AHs.
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