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ABSTRACT
Natural attenuation is a major ecosystem
function allowing to abate soil organic Abiotic transformation of PAHs in soils

contaminants such as polycyclic aromatic
hydrocarbons (PAHs). Biodegradation of o
PAHs is classically considered as the major oxides fig /
driver of natural attenuation, yet the role l g

of abiotic transformation, including photo- 5k
degradation, chemical oxidation, formation @:; —c LI‘)\.,L:; Products
of non-extractable residues, and polymer- 5 G Lot

ization, has been overlooked due to the ey
lack of investigations until recently. This ] Cinetion -
paper reviews PAHs dissipation in soils by
abiotic processes such as photodegrada-
tion and oxidation catalyzed by inorganic
minerals and organic matters. The role of soil components on degradation rates, pathways, and
mechanisms are discussed. The products of PAHs abiotic transformation and their potential risks are
also described. Abiotic transformations are mainly controlled by interactions between PAHs and
clay minerals, metal oxides/hydroxides, and soil organic matter. PAH photodegradation proceeds by
both direct and indirect photolysis processes, which are enhanced in the presence of natural photo-
sensitizers, for example, organic matter, and photocatalysts, for example, metal oxides/hydroxides.
PAHs, can also be chemically/catalytically oxidized by metal oxides/hydroxides, for example, MnO ,
Fe O, and clay minerals without light irradiation. Overall, PAHs transformation depends on their
electron-donating properties, mineral electron-accepting properties, pH, temperature, moisture, and
oxygen content. Following the elucidation of the transformative mechanism, knowledge to under-
stand the impact of abiotic transformation on biodegradation are delineated. Future investigations
are needed to advance the correlation of laboratory generated rates to the field applications, and
the potential applications of natural attenuation based on abiotic processes are proposed.

Abbreviations: PAHs: polycyclic aromatic hydrocarbons; SOM: soil organic matter; DOM: dissolved
organic matter; HA: humic acid; FA: fulvic acid; HM: humin; NERs: non-extractable residues; 'O,:
singlet oxygen; O, : superoxide anion radical; -OH: hydroxyl radical; EPFRs: environmentally persist-
ent free radicals; ROS: reactive oxygen species; IP: ionization potential; Eomo: e€nergy highest occu-
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds that contain of two or more
benzene rings with various structural configurations. The chemical structures of the 16 PAHs
considered as priority pollutants are given in Figure S1 (Supporting information). PAHs are
produced by natural sources, for example, forest fires, volcanic eruptions and oil seeps, and by
anthropogenic sources, for example, burning of fossil fuel, municipal solid waste incineration
and petroleum spills (Samanta et al., 2002; Haritash & Kaushik, 2009). PAHs occur ubiquitously
in soils, sediments, plants, food, waters, and atmosphere at various concentrations ranging from
~ 10ng g~ ' to 1000 ug kg~' (Bryselbout et al., 2000; Eriksson et al., 2000; Grova et al., 2000;
Samanta et al., 2002). Nearly 90% of PAHs in natural phases finally end up into soils by wet
and dry deposition, wastewater discharge, and disposal of solid waste (Wild & Jones, 1995;
Eriksson et al., 2000). The concentration of PAHs in soils vary from sub ug kg™' to tens of
thousands of mg kg™~ ', depending on the source of contamination (Eriksson et al., 2000; Kanaly
& Harayama, 2000). Once entering the soil, PAHs may be preserved for a long time by protec-
tion into soil particles (Lichtfouse et al., 1997). In addition, many PAHs are toxic, mutagenic,
and carcinogenic (Samanta et al., 2002). Therefore, the environmental behavior and fate of
PAHs in soil are raising increasing attention because of their environmental persistence and
potential harm to human health.

Natural attenuation refers to natural processes—as opposed to anthropic processes—that
reduce the amount and toxicity of contaminants under natural conditions. Natural attenuation is
a cost-effective alternative to abate organic pollutants at contaminated sites because it provides
adequate conditions of PAH transformation. The fate of PAHs in the soil environment is exhib-
ited in Figure 1. Specifically, the attenuation of PAHs in soils mainly proceeds by biodegradation
such as microbial degradation, and by abiotic dissipation such as volatilization, photodegradation
on the soil surface, chemical oxidation on minerals, and irreversible sorption to soil organic mat-
ter and mineral pores (Harvey et al, 2002; Rababah & Matsuzawa, 2002; Rivas, 2006).
Biodegradation has long been considered as the major driver of natural attenuation of PAHs
(Haritash & Kaushik, 2009). Nonetheless, reports have shown that only low-molecular-weight
PAHs are easily biodegraded (Wang et al., 2016; Biache et al, 2014), whereas high-molecular-
weight PAHs, for example, benzo[a]pyrene, are hardly biodegraded because they are water-insol-
uble and toxic (Yi & Crowley, 2007; Biache et al., 2013). On the other hand, abiotic transform-
ation of PAHs may occur more than that of current thought, notably when biological activity is
relatively low (Schaefer et al, 2013; Biache et al., 2013; Duan et al., 2015). However, the

1.Volatilization

2.Photodegradation
3.Chemical oxidation

Figure 1. Processes controlling the fate of polycyclic aromatic hydrocarbons (PAHs) in soils. PAHs concentrations can be
decreased by biodegradation and abiotic dissipation. Biodegradation mainly includes microbial degradation. Abiotic dissipation
mainly includes volatilization, photodegradation, chemical oxidation and sequestration.
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Figure 2. Abiotic transformation of polycyclic aromatic hydrocarbons (PAHs) in soils involves mainly volatilization, photodegra-
dation, chemical oxidation and formation or non-extractable residues (NERs).

hv
>© Products
]

R

— ) Electron transfer
(- )

Figure 3. Photodegradation and chemical oxidation of polycyclic aromatic hydrocarbons (PAHs) in soils.

contribution of abiotic transformation for PAH attenuation in soils has been somewhat over-
looked (Schaefer et al., 2013; Zhao et al., 2019; Ni et al., 2021).

Abiotic transformation of PAHs mainly includes photodegradation, chemical oxidation, forma-
tion of non-extractable residues (NERs), and polymerization (Figure 2, Stangroom et al., 2000;
Lehner et al., 2004; Li et al., 2015; Jia et al., 2016). NERs formation means that PAHs are trapped
into the organic-mineral matrix by encapsulation or chemical binding (H bonds, ionic bonds,
and covalent bonds, Schaffer et al., 2018). And polymerization refers molecular condensation
within PAH molecules via chemical bond, which increases the organic insoluble fraction (Biache
et al., 2011). Overall, photodegradation and chemical oxidation induce the degradation/transform-
ation of PAHs, whereas polymerization and NERs formation involve the stabilization of PAHs.
Thus, photodegradation and chemical oxidation processes, as depicted in Figure 3, have been
paid more attentions during the attenuation of PAHs in soil environment (Cheng et al., 2006; Jia
et al., 2015; Zhao et al., 2019). These processes involve interactions between PAHs and soil com-
ponents, for example, clay minerals, metal oxides/hydroxides, and soil organic matter (SOM). Soil
components can act as catalysts, oxidants, and photosensitizers to promote the transformation of
PAHs (Butler & Hayes, 2000; Ranc et al., 2016). Nonetheless, the precise role of soil components
in PAH abiotic transformation has been poorly investigated until recently.
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Figure 4. Factors influencing the photodegradation and chemical oxidation of polycyclic aromatic hydrocarbons (PAHs) in soils.

While PAH attenuation associated with biodegradation has already been thoroughly investi-
gated and reviewed (Alegbeleye et al., 2017; Shahsavari et al., 2019; Premnath et al., 2021), the
natural occurrence and applications of abiotic processes for PAHs-contaminated soil have rarely
noticed. Developing natural decay techniques based on abiotic processes may, however, represent
an alternative or complementary remediation technique to treat PAH-contaminated soils, notably
for soils of low biological activity and high PAHs content. Moreover, better knowledge of abiotic
processes controlling PAH attenuation may not only reveal the potential environmental risks of
PAHs-contaminated soil, but also help to understand the attenuation of other organic pollutants.
In view of the above, this article reviews the contribution of abiotic processes to the natural
removal of PAHs in soils, with focus on transformation kinetics, influencing factors, intermedi-
ates, and final products. Detailed transformative pathways and underlying mechanisms are also
described, with particular emphasis on the role of soil components. Finally, we identify knowledge
gaps needed to upscale the application of abiotic transformation from the laboratory to field-con-
taminated soils.

2. Photodegradation of polycyclic aromatic hydrocarbons

Photodegradation is considered as a major process controlling the fate of PAHs at the upper sur-
face soil layer (Dong et al, 2009; Dong et al., 2010; Zhang et al., 2010; Nguyen et al., 2020).
Generally, the photodegradation of PAHs proceeds by direct and/or indirect photolysis (Katagi,
1990; Schwarzenbach et al., 2003; Jia et al., 2015). Due to the differences in photodegradation
mechanisms, PAHs photodegradation in soils depends mainly on PAH properties, soil moieties,
and soil environmental conditions (Dong et al., 2010; Zhang et al., 2010; Jia et al., 2015)
(Figure 4).

2.1. Photodegradation mechanisms

2.1.1. Direct photodegradation

Direct photolysis is a process in which PAHs absorb light directly and undergo subsequent chem-
ical reactions (Schwarzenbach et al., 2003). After adsorption of photons, PAHs molecules shift
into singlet and triplet states, which are initial reactive intermediates during the photolysis pro-
cess (Egs. (1) and (2), Lehto et al., 2003). Triple state PAHs react with triple state dioxygen to
produce single state dioxygen (Eq. (3), Lehto et al., 2003). Then endoperoxide is generated during
the interaction of singlet oxygen and another PAH (Fox & Olive, 1979). After that, the irradiation



between PAHs and endoperoxide results in the formation of diones such as quinones (Eq. (4),
Miller & Olejnik, 2001). Overall, irradiation may induce the break of chemical bonds and com-
plete degradation via initial photo-absorption by PAHs (Schwarzenbach et al., 2003).

'"PAH (ground state) + hv —'PAH x (singlet excited state) (1)
'PAH + —’PAH * (triplet excited state) (2)

PAH* +°0,—'PAH +'0,% (3)

'PAH +'0,% — PAH — peroxide or PAH — quinones (4)

2.1.2. Indirect photodegradation

Indirect photolysis means that light is first absorbed by soil components to generate reactive oxy-
gen species (ROS), which then participate in the degradation of PAHs (Schwarzenbach et al,
2003). Specifically, an indirect photochemical reaction refers to the absorption of light energy by
photocatalyst or photosensitizer materials such as metal oxides/hydroxides, clay minerals, or
SOM. The absorbed light energy then induces an electron transfer from soil components to
adsorbed O, and H,0, inducing the formation of ROS such as 'O,, O,, and -OH, which in turn
initiate the transformation of PAHs (Schwarzenbach et al., 2003).

Metal oxides/hydroxides, denotes as inorganic minerals possessing photocatalytic activity and
semiconducting properties, can accelerate PAHs photodegradation (Chakrabarti & Dutta, 2004).
Briefly, after irradiation, metal oxides/hydroxides receive energy from the photons and are thus
excited from valence band to conductive band, leading the formation of electrons and electron
holes (Eq. (5), Chakrabarti & Dutta, 2004). Both electron holes and separated electrons can
induce the generation of O, -and -OH that are capable of degrading PAHs (Egs. (6)-(11), Kong
& Ferry, 2003).

Metal oxides/hydroxides +hv — e + ht (5)
H,0 +ht — HT™ 4+ -OH (6)

O+ e — O (7)

0, + H" — HOOe (8)

2HOOe — H,0, + O, 9)
H,0,+e¢” — OH +-OH (10)

PAHs + -OH — degradation products (11)

The unique properties of clay minerals also induce electron migration from the surface to the
core of clay matrix, enabling a stable charge separation (Huber et al., 2010). As the main reactive
intermediates, O,  is produced by stimulating the electron transfer between clay and molecular
oxygen during this process. In addition, the photodegradation of PAHs is promoted by the pres-
ence in clays of transition metal ions, for example, Fe(III) and Cu(II). Specifically, Fe(IlI) in
smectite is reduced to Fe(II) by receiving electrons (Eq. (12)), and PAHs radical cations may be
generated in the process of electron transfer (Miller & Olejnik, 2001). -OH is also formed after
H,O trapping electron from PAH™ (Eq. (13)). In the presence of O,, the produced Fe(II) is reoxi-
dized to Fe(IlI) with the simultaneous formation of O, and HO,- (Egs. (14) and (15), Yap
et al.,, 2011). The resulting O, /HO,-is converted to H,O, by disproportionation (Eq. (16)), and
then -OH is generated in a system containing Fe(II) and H,O, by a Fenton-like reaction (Eq.
(17), Goss & Eisenreich, 1996). The formed -OH and O, can further transform PAHs (Eq. (18),
Szacitowski et al., 2005).



Fe(III) — smectite — PAH %Fe(II) — smectite — PAH" (visible light) (12)

H,O0+ PAH" — H'+ -OH (13)

Fe(Il) — smectite + O, — Fe(III) — smectite + O, (14)

0, + H, O — HO, (15)

2HO, - +Fe(II) — smectite — H,0, + O, + Fe(III) — smectite (16)
Fe(Il) — smectite + H,0, — Fe(IIl) — smectite + -OH + OH™ (17)
PAHs + -OH (or O,7) — degradation products (18)

As a type of natural photosensitizer, SOM can be excited, denoted as SOM*, after absorbing
visible light (Eq. (19)) (Jia et al., 2013). On the one hand, SOM* can react with PAHs directly,
inducing the formation ePAH™ (Eq. (20)). On the other hand, the excited SOM induces the for-
mation of ROS (Egs. (21)-(23)), which in turn enhance the photodegradation of PAHs (Eq. (24)).

SOM + hv — SOMx (19)

PAH + SOM#% — ePAH" + eSOM™ (20)

SOM* + 0,—'0,+ SOM (21)

O, + eSOM™ — SOM + O, " (22)

20,7 + 2H" — 2HOOe — H,0,+ O, (23)
H,0,/0,7/'0,/ + PAH/ePAH' + — Degradation products (24)

2.2, Effects of PAH properties

The photodegradation of various PAHs in soils have been widely studied (Dong et al., 2010; Sun
et al, 2011; Jia et al, 2015), and their disappearance kinetics and corresponding rate constants
are compiled in Table S1. It is noted that the photodegradation rate of PAHs in soils firstly
depends on the properties of PAHs molecules (Cavoski et al, 2007; Zhang et al., 2010).
Specifically, the potential of photolysis highly depends on the extent of the spectral overlap
between the absorption spectrum of PAHs and the emission spectrum of the beam of sunlight in
the range 290-750 nm (Katagi, 1990). PAHs generally absorb photons in the visible or near ultra-
violet part of the spectrum (Schwarzenbach et al., 2003). The absorption maxima are shifted to
longer wavelengths with the increase in molecular weight. Therefore, high-molecular-weight
PAHs are more easily transformed by direct photolysis. For instance, the half-life of naphthalene,
a 2-ring compound, is 71 h whereas that of benzo[a]pyrene, a 5-ring compound, is 0.54h under
similar conditions. This is explained by the fact that high-molecular-weight PAHs match better
the solar spectrum, making them prone to photolysis (Chien et al., 2011).

2.3. Effects of soil moieties

Soil types influence the photodegradation of PAHs. For example, the photodegradation rate of
anthracene in various types soils decreases in the order of red earth > latosol ~ fluvo-aquic
soil > yellow earth > chernozem ~ brown soil > calcic brown soil (Jia, Zhao, Shi, Fan, et al., 2019).
The different photodegradation rate of anthracene in various soils is attributed to the varying
composition of soil components. Moreover, the photodegradation of anthracene in silica powders
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is less than 5%, suggesting that the soil active components, such as SOM, metal oxides/hydrox-
ides, and clay minerals, play an important role in the photodegradation of anthracene.

SOM is a complex mixture of small and partially polymerized macromolecules (Lichtfouse,
Chenu, et al., 1998; Lichtfouse, Leblond, et al., 1998), which controls the mobility and fate of
PAHs. During photodegradation, SOM can either act as a photosensitizer to induce the gener-
ation of radicals that trigger the photodegradation of PAHs, or as quencher by competing with
PAHs for oxidative radicals or electrons (Si, Zhou, et al., 2004; Fan et al., 2005).

On the one hand, SOM can enhance the photodegradation of PAHs as a photosensitizer. The
enhancement can be attributed to the formation of SOM* under light irradiation. Specifically,
SOM possesses significant visible light absorption capacity, which can create reactive excited
states, for example, SOM*, after absorbing visible light (Wenk & Canonica, 2012). This excited
SOM* can transfer electrons to oxygen to produce ROS, which can enhance the indirect photode-
gradation of PAHs (Yap et al., 2011). On the other hand, the sequestration of PAHs in SOM
reduces the photodegradation of PAHs, which is explained by less exposure to irradiation (Conte
et al., 2001). In addition, the phenolic moieties in SOM are expected to provide electrons to ROS
and -PAH, thus quenching the indirect photolysis of PAHs (Lehto et al., 2003). Therefore, both
promotion and inhibition of SOM on the photolysis of PAHs are likely to coexist in soils. The
specific effects of SOM on the photolysis of PAHs may be explained by the difference of SOM
fractions such as dissolved organic matter (DOM), humin (HM), humic acid (HA), and fulvic
acid (FA), which have different functional groups, molecular weight, and redox sites. For
example, Conte et al. (2001) reported that humin increases PAH retention in soils and decreases
photodegradation of PAHs. By contrast, the photodegradation of PAHs is significantly enhanced
by HA addition (Sun, Bai, et al.,, 2021). Similar to SOM, the organic amendments, such as bio-
char, have both positive and negative effects on the photodegradation of PAHs (Sun, Xiong,
et al.,, 2021). Biochar can absorb light, and in turn induce the formation of ROS, which can then
degrade PAHs. Contrastively, biochar can inhibit the photodegradation by reducing the photons
available for photoreaction or scavenging the reactive oxidants.

Metal oxides/hydroxides, including Fe,O;, TiO,, ZnO, and FeOOH, exhibit photocatalytic
properties due to the electronic structure (Chakrabarti & Dutta, 2004; Soderstrom et al.,, 2004;
Zhang, Li, et al.,, 2008). Among these metal oxides/hydroxides, iron (hydr)oxides occur widely in
natural soils, and display an important role in photodegradation of PAHs (Marques et al., 2020;
Yao et al,, 2020). Various iron (hydr)oxides with different structures, for example, iron sulfides,
magnetite (y-Fe,O3), goethite (a-FeOOH), hematite (a-Fe,O3), lepidocrocite (y-FeOOH), and
green rust, have different photocatalytic effects on PAHs (Fu et al.,, 2005; Barzegar et al., 2017).
For example, Wang et al. (2009) found that the photodegradation rate of pyrene on various types
of iron oxides decreases in the order of a-FeOOH > «-Fe,O; > y-Fe,O3; > y-FeOOH. Here, the
higher activity of a-FeOOH can be explained in two ways. On the one hand, the structure of
morphology-acicular crystal makes o-FeOOH containing higher inherent -OH groups on iron
(hydr)oxide surfaces (Fe-OH), which can provide proper sites for H,O, to form H-bonds and
facilitate the cleavage of O-O to produce more -OH. On the other hand, the higher band gap of
o-FeOOH is easily excited to generate electron-hole pair after absorbing light, facilitating the for-
mation of -OH. The concentration of iron (hydr)oxides also influence the photodegradation of
PAHs. Although the photocatalytic activity can be improved with a higher concentration of iron
(hydr)oxides, the light utilization rate decreases with excessive dose (Wang et al., 2009). This is
due to the decrease in light utilization caused by excessive iron (hydr)oxides. Therefore, it is
important to optimize the dosage of iron (hydr)oxides for photodegradation of PAHs.

Other metal oxides such as anatase (TiO,) and aluminum oxide (Al,O3) also act as photocata-
lysts for the degradation of PAHs in soils (Dong et al,, 2010). For example, the photodegradation
of phenanthrene and pyrene in soil is linearly enhanced by nanometer rutile TiO, at 0 to 4 wt%
under UV-light irradiation (Dong et al., 2010). Noteworthy, the photodegradation rate induced



by Fe,Os;, TiO,, and ZnO decreases generally in the order: ZnO > TiO, > Fe,0;, because the
band gap follows the order: ZnO (3.3eV) > TiO, (3.2eV) > Fe,0O; (2.2eV), and a larger band
gap is beneficial for the photodegradation of PAHs. Besides, manganese oxides also promote the
photodegradation of PAHs (Jokic et al., 2001; Jokic et al., 2004). MnO, is often used as a hetero-
geneous catalyst to accelerate the photolysis of PAHs due to its strong oxidizing capacity (Chien
et al, 2011). One of the most widely occurring forms of manganese oxides is 6-MnO,, a short
range ordered tetravalent Mn oxide (Wang et al., 2020). This type of Mn oxide is highly reactive
in soils, promoting the efficient degradation of PAHs (Brunetti et al., 2008; Chien et al., 2011).

Quartz and clay minerals also influence the photodegradation of PAHs. The photodegradation
of PAHs in quartz particles is explained by three phenomena: 1) the coarser and transparent tex-
ture of quartz is favoring light transmission; 2) the negligible organic matter content of quartz is
beneficial to direct exposition PAHs to sunlight; and 3) the Lewis acid sites present on the quartz
surface catalyze the oxidation of adsorbed PAHs (Dabestani et al., 1998; Chien et al, 2011).
Besides quartz, various clay minerals play a major role in the photodegradation of PAHs (Zhu
et al.,, 2004; Ciani et al., 2005; Dolly & Narahari, 2008). On the one hand, PAHs photolysis rates
on cation-saturated clays depend on the cation exchange ability, which control the electron
acceptor sites (Jia et al., 2012; Zhao et al., 2017). For example, photodegradation of phenanthrene
decreases in the order Fe’'-smectite > Fe’"-vermiculite > Fe’*-kaolinite, in agreement with the
order of exchangeable iron contents. On the other hand, the nature of cations on clays also influ-
ence the photolysis of PAHs. For instance, high charge-valences cations (i.e. AI’* and Fe’") gen-
erally have strong polarizability and electron deficiency, which can facilitate electron transfer by
providing strong bonding affinities for aromatic electron donor. Therefore, complexation with
stronger interaction with transition metal ions is characterized by easier electron transfer and
higher amount of ROS, facilitating the photodegradation of PAHs. In addition, the adsorption of
PAHs on cation-modified clay mineral surface might alter PAHs spectral properties, and in turn
the photolytic efficiency (Jia et al., 2015). For example, various spectral shifts are observed when
anthracene is adsorbed on various cation-saturated clays (Anpo et al., 1990). The absorption band
of anthracene on K" -smectite and Na™-smectite is red-shifted, which favors an efficient absorp-
tion of visible light and causes extended spectral overlap of PAHs and sunlight spectrum, result-
ing in enhanced photodegradation (Anpo et al., 1990; Jia et al., 2015). By contrast, a spectral shift
is not observed in the reflectance spectrum when anthracene is adsorbed onto smectite saturated
with Cu®*, AI’", and Fe*", and their spectral overlap with the emission spectrum of the visible
light is negligible and have little effect on photodegradation (Jia et al., 2015).

The combined effects of SOM, metal oxides/hydroxides, and clay minerals also influence the
photodegradation of PAHs (Dou et al., 2020). Various SOM fractions exhibit different behaviors
in the photodegradation of PAHs on cation-modified clay minerals (Jia et al., 2013). The elec-
tron-donating ability of phenolic groups in DOM is higher than that of phenanthrene, which
does not favor electron transfer of the phenanthrene, resulting a lower photodegradation rate of
phenanthrene in Fe(III)-smectite. Contrastively, strong photosensitization and electrostatic inter-
actions enhance the removal of phenanthrene following the addition of small amounts of FA and
HA, whereas high content of HA and FA inhibits the removal of phenanthrene due to the
quenching effect of SOM. Similar to SOM, various organic acids have different effects on the
photodegradation of PAHs on cation-modified clay minerals. Organic acids, such as oxalic acid
and malic acid, promote the photodegradation of phenanthrene via the generation of -CO," rad-
ical (Jia et al.,, 2013). Organic acids can also reduce the photodegradation of PAHs because the
number of effective sites on the clay surface is decreased (Elamamy & Mill, 1984). For example,
oxalate, citric acid, and ethylene diamine tetraacetic acid, inhibit the photodegradation of PAHs
on clay surfaces (Jia et al., 2014). This is due to the strong complexation between Fe(III) and
organic ligands, which prevents PAHs from entering the metal ion sites and thus inhibit electron
transfer. The combined effects of metal oxides/hydroxides and organic acids on the



photodegradation of PAHs are also ambiguous. On the one hand, the addition of oxalic acid pro-
motes the photodegradation of PAHs by iron (hydr)oxides (Wang et al., 2009; Rani & Rachna,
2020). For example, Wang et al. (2009) reported that the combination of «-FeOOH and oxalic
acid can remove nine PAHs, with 12.2-21.8% removal efficiency, by a photo-Fenton-like reaction
in a PAHs-contaminated soil. Here, the photodegradation rate of PAHs is not related to their
molecular properties. On the other hand, oxalic acid, citric acid, tartaric acid and malic acid
inhibit the degradation of PAHs via decreasing -OH formation and occupying the active site of
hematite, magnetite and goethite (Huang et al., 2019). The synergistic effect of metal oxides/
hydroxides and clay minerals generally facilitates the photodegradation of PAHs. Mixtures of iron
(hydr)oxides and clay minerals can enhance catalytic and photocatalytic activities (Nogueira et al.,
2011; Vidal et al., 2015; Sun, Feng, et al., 2021). This is explained by the presence of more oxygen
vacancies in the pillared structure of the mixture, and oxygen vacancies increase the generation of
ROS under light. In the case of MnO,-supported clay, high oxidation potential and surface activ-
ity of hydroxyl structures facilitates the photodegradation of PAHs (Fang et al., 2016; He
et al., 2018).

2.4. Effects of soil environmental conditions

The soil environmental conditions, such as layer thickness, particle size, temperature, oxygen con-
tent, pH, and water content, influence the photodegradation of PAHs. Generally, the photodegra-
dation of PAHs mainly occurs in the thin layer of the soil surface (Zhang et al., 2006). When soil
depth decreases from 4.0 to 1.0 mm, the half-life of benzo[a]pyrene decreases from 17.73 to 13.23
d, because a thinner soil layer facilitates the transmission of light and promotes photodegradation.
Concerning soil particle size, the photodegradation rate is faster for coarse particles of 1 mm than
for finer particles of 0.25mm and 0.45mm (Zhang et al., 2006). This is attributed by the fact that
large particles are loosely packed, thus leaving more space for light scattering and permeating.
Nonetheless, studies also found that low-molecular-weight and medium-molecular-weight PAHs
undergo a higher photodegradation in fine-textured soil (Marques et al.,, 2017). In contrast, high-
molecular-weight PAHs were more easily photodegraded in coarse-textured soil. Therefore, the
effect of soil particle size on the photodegradation of PAHs needs further investigations.

Temperature significantly influence the photodegradation of PAHs in soils (Goss & Eisenreich,
1996). For instance, Coover and Sims (1987) found that increasing the temperature from 10 to
30°C accelerated the photodegradation of PAHs by 5-79% in agricultural soils. Similarly, ben-
zo[a]pyrene removal was increased by 20% when temperature increased from 20 to 30°C (Zhang
et al, 2006). The positive effects of higher temperatures on the photodegradation of PAHs is
attributed to the higher solubility and vapor pressure of PAHs at higher temperatures (Balmer
et al., 2000).

The photodegradation rate depends on the content of dioxygen (Jia et al., 2015). For instance,
higher O, concentration increased the photodegradation rate of phenanthrene. This is explained
by generation of ROS from O,, such as 'O,, which promotes the photodegradation of PAHs.
Photodegradation is also indirecly affected by pH because the the stability of iron species in soils
is strongly dependent on pH (Jia et al., 2012). For instance, the photodegradation rate of phenan-
threne in Fe(III)-smectite decreases when pH increases from 1.7 to 10.8. This is explained by the
decrease of Fe’" content with pH, because Fe>" absorbs visible light and thus induces phenan-
threne photodegradation.

The photodegradation of PAHs is affected by water content (Johnston et al., 2002; Jia et al,
2015). In Fe’*-smectite systems, the photodegradation rate of anthracene increased from 0.60 to
0.69h™" as the relative humidity increased from ~ 0% to 38%, but further increase of the photo-
degradation rate was negligible above 56% relative humidity (Jia et al,, 2015). The promotion
effect of water on anthracene photodegradation can be ascribed to the generation of ROS, which



facilitate the degradation of anthracene (Wu et al, 2008; Zhang, Wu, et al.,, 2008). Nonetheless,
anthracene degradation can be inhibited by water covering the surface of smectites because
anthracene molecules are separated from the reactive cations by a water layer (Wu et al., 2008).

2.5. Products and pathways

The photodegradation of PAHs in soil is complex, and numerous intermediates have been
detected. Table S1 presents the main products of photodegradation of anthracene, phenanthrene,
pyrene, benzo[a]pyrene and chrysene. In general, products include complex mixtures of ketones,
quinones, aldehydes, phenols and carboxylic acids (Rivas et al., 2000). Diones are often the initial
major products. For instance, 9,10-anthracenedione was identified as the initial main product of
anthracene (Jia et al., 2012). Further illumination yielded 1-hydroxy-9,10-anthracenedione, 1,4-
dihydroxy-9,10-anthracenedione, 9-anthrone and 1(3H)-isobenzofuranone. Traces of phenan-
threne-9,10-dione and 9,10-phenanthrenequinone were detected initially during the photodegra-
dation of phenanthrene on clay mineral surfaces (Jia et al., 2012).

Benz[a]anthracene-7,12-dione and 1(3H)-isobenzofuranone were detected in the photodegrada-
tion of benz[a]anthracene (Lehto et al., 2003). Irradiation of dibenz[a,h]anthracene produced dio-
nes as initial products (Lehto et al, 2003). A 9-hydroxyfluorene was considered as the main
photoproduct of fluorine, and benzo[a]pyrene-4,5-dihydrodiol and 2-hydroxy-benzo[a]pyrene-1,6-
dione were detected during the degradation of benzo[a]pyrene (Dabrowska et al.,, 2008). Pyrenol
was formed during the photolysis of pyrene on iron (hydr)oxides (Wang et al, 2009).
Noteworthy, photodegradation of naphthalene, fluorene, anthracene and pyrene induced an
increase of toxicity to aquatic microorganisms (Wang et al., 2009). This may be due to the pro-
duction of photodegradation intermediates.

Environmentally persistent free radicals (EPFRs) were formed during the photodegradation of
PAHs on metal-modified montmorillonite (Zhao et al., 2019; Jia, Zhao, Shi, Zhu, et al., 2019).
EPFRs were also produced by photodegradation of anthracene in natural soils (Jia, Zhao, Shi,
Fan, et al., 2019). EPFRs formed by photodegradation of PAHs usually have higher biological tox-
icity than parent compounds, since EPFRs can induce the formation of ROS, which are known to
induce adverse effects on living organisms (Khachatryan et al., 2011). Therefore, the potential risk
of products and intermediates during the photodegradation of PAHs should be investigated.

The general pathway of photodegradation of PAHs is shown in Figure 5. Photons can be either
directly absorbed by PAHs molecules inducing the formation of PAH* (Lehto et al., 2003); or
photons can be first absorbed by a photosensitizer, such as SOM and black carbon, generating
SOM* and photoexcitation of surface oxygenated functional groups, respectively, which then
transfer electrons to oxygen to produce ROS (Lehto et al., 2003). Due to their high reactivity,
PAH* are easily hydrolyzed by H,0/O,, generating intermediates such as hydroxylated PAHs,
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Figure 5. Proposed photodegradation pathway of polycyclic aromatic hydrocarbons (PAHs).
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which are aromatic hydrocarbon receptors activators and developmental toxicants showing higher
toxicity than parent PAHs (Wincent et al., 2015). Similarly, PAH can also be oxidized by ROS to
generate hydroxylated PAHs. Hydroxylated PAHs are readily transformed to quinones (Miller &
Olejnik, 2001). Quinones and hydroxylated PAHs are initial intermediates produced by addition
of oxidative species such as oxygen and hydroxyl radicals (Miller & Olejnik, 2001). After that,
intermediates undergo further oxidation and ring-opening to yield carboxylic acids (Szacitowski
et al., 2005). Finally, compounds of lower molecular weight such as alcohols are also produced
and may be further degraded to CO, and H,O (Szacilowski et al., 2005).

2.6. Current limitations

Opverall, literature analysis shows that soil characteristics control the photodegradation of PAHs,
with the highest photodegradation rates observed in soils with high content of metal oxides/
hydroxides, clay minerals, and SOM. However, most studies have been conducted under ideal
conditions in soil models containing few pure components. In the real soil environment, these
components always co-exist as granular aggregate. The combined processes and internal mecha-
nisms operating in natural soil systems are rarely clear due to their inherent complexity. There is
therefore a need for studies in complex and natural systems.

3. Chemical oxidation of polycyclic aromatic hydrocarbons

Chemical oxidation plays a pivotal role in the transformation of PAHs in deep soil layers (Biache
et al., 2011; Jia et al,, 2015). Generally, the chemical oxidation of PAHs in soils proceeds by inter-
facial electron transfer and ROS (Kawahara et al, 2005; Liyanapatirana et al,, 2010; Jia et al.,
2016; Jia et al., 2020). Due to the differences in chemical oxidation mechanisms, chemical oxida-
tion of PAHs is influenced by PAH properties, soil moieties, and soil environmental conditions
(Biache et al., 2011; Li et al., 2015; Jia et al., 2015) (Figure 4).

3.1. Chemical oxidation mechanisms

On the one hand, electron transfer from PAHs to active sites on mineral surfaces contributes to
PAHs transformation (Jia et al.,, 2016). Indeed, due to their highly delocalized n-electrons, PAHs
act as electron donors when interacting with electron deficient species, for example, Lewis acid,
on minerals (Kawahara et al., 2005). Such electron-donor-acceptor interactions induce electron
transfer and the transformation of PAHs. Specifically, electron acceptor sites are associated with
aluminum at crystal edges, and with transition metals on silicate layers, silica, and binary mineral
systems such as SiO,/Al,0; and SiO,/TiO,, in soil phases (Dabestani et al., 1998). The combin-
ation of PAHs with electron-accepting sites induces the formation of a charge-transfer complex
(Rooney & Pink, 1962; Kawahara et al.,, 2005). Then, an electron is initially transferred from a =
orbital of adsorbed PAHs to the non-bound orbital, inducing the formation of cation-n com-
plexes on mineral surfaces. This decreases the electron density of PAHs and induces the gener-
ation of organic radical cations. The interaction between PAHs radical cations and charge
accepting species, that is, H,O, induces the formation of PAH-quinones or PAH-hydroxyls and
subsequent transformation of PAHs (Gu et al., 2008; Liyanapatirana et al., 2010)

On the other hand, PAHs can be oxidized by ROS, which are often generated in situ in soils.
The generation of ROS is mediated by soil components such as inorganic minerals and humic
substances. Concerning metal oxides/hydroxides, O, are first adsorbed by oxygen vacancies on
metal oxides/hydroxides, then transformed into O, . In addition, the e,' electrons in the anti-
bonding of Mn®>" of MnO, can be trapped by O,, and the generated Fe>™ on Fe,O3 can react
with the adsorbed oxygen. All of these processes can induce the production of O, , facilitating



the transformation of PAHs (Wang et al., 2020; Ni et al, 2021). For SOM, the EPFRs in SOM
can also induce the formation of ROS. Specifically, the electron transfers from EPFRs to O, indu-
ces the generation of ROS, such as 'O,, O, , and -OH, thus promoting the transformation of
PAHs (Jia et al., 2020).

3.2. Effects of PAH properties

The chemical oxidation of various PAHs in soils have been widely studied (Xu et al., 2018; Jia
et al., 2016; Ni et al, 2021), and their disappearance kinetics and corresponding rate constants
are compiled in Table S2. The oxidation of PAHs highly depends on their molecular properties,
such as molar volume, dipole moment, energy highest occupied molecular orbital (Egomo)s
energy lowest unoccupied molecular orbital (Epymo), average polarizability, ionization potential
(IP), electron affinity, and electrophilicity index (Jia et al., 2014; Jia et al., 2016; Xu et al., 2018).
Generally, due to the nucleophilicity of PAHs, the IP controls the chemical oxidation of PAHs,
and the reactivity increases with decreasing IP (Jia et al., 2014). For example, the transformation
of various types of PAHs, including anthracene, pyrene, benzo[a]pyrene and phenanthrene, on
Fe(III)-montmorillonite was 65, 90, 100 and ~ 0%, respectively, under dehydrated conditions (Jia
et al,, 2014). This is explained by the different IP of PAHs. Indeed, electron transfer occurs easily
for PAHs of lower IP, because these PAHs are easily oxidized to radical cations by nucleophilic
reactions. By contrast, PAHs of higher IP withstand electron transfer, and this does not favor the
oxidation of PAHs (Jia et al, 2016). In addition, lower IP is usually concomitant with higher
Enomo, which are more reactive as a nucleophile (Xu et al., 2018). Thus, anthracene with Egono
of —5.6eV is more reactive than naphthalene with Egopmo of —6.2eV, which is more reactive
than benzene with Eyomo of —7.2eV. More importantly, molecular properties such as dipole
moment, electron affinity, and electrophilicity index, influence the IP and in turn PAHs
transformation.

The effect of PAH molecular weight on PAH transformation is debated. On the one hand, the
transformation rates of various PAHs on a-Fe,O3 decreases with increasing molecular weight of
naphthalene > anthracene > phenanthrene > benzo[a]pyrene (Ni et al., 2021). On the other hand,
the transformation rates of PAHs on humin under redox conditions decreased with decreasing
molecular weight of benzo[a]pyrene > anthracene > phenanthrene > naphthalene (Jia et al., 2020).
This difference can be explained by different mechanisms of PAHs transformation. Indeed, both
Fe(IlI) and O,  play an important role in the transformation of PAHs in the o-Fe,O; system,
and are more readily to transform low-molecular-weight PAHs. For humin under redox condi-
tions, the transformation of PAHs was mainly induced by ROS. ROS preferentially attacked ter-
tiary carbon atoms of PAHs (Wang et al., 2019), and the transformation was related with the
half-wave-potential (E;,,) of PAHs. The oxidative transformation was favorable for PAHs with
low E;/, values (Jia, Zhao, Shi, Fan, et al.,, 2019). Thus, the decay rate of benzo[a]pyrene (E,;, =
0.94) was higher than those of low-molecular-weight PAHs, i.e., anthracene (E;;, = 1.09), phen-
anthrene (E,,, = 1.50) and naphthalene (E;,, = 1.70).

3.3. Effects of soil moieties

The types of soil influence the chemical oxidation of PAHs (Jia, Zhao, Shi, Fan, et al,, 2019). For
instance, the chemical oxidation of anthracene in different types soils decreases in the order of
red earth > yellow earth > latosol ~ fluvo-aquic soil >brown earth > chernozem > calcic brown
soil (Jia, Zhao, Shi, Fan, et al., 2019). Compared with other types of soils, red earth, yellow earth,
and latosols have higher content Fe and clay minerals. Chernozem possesses the highest content
of organic carbon, followed by latosol and fluvo-aquic soils. Correlation analyses further shows
that the chemical oxidation rate of anthracene is positive correlated with Fe, Mn and clay mineral
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contents, and negative correlated with organic matter content. This suggests that the chemical
oxidation of PAHs in soil depends on soil components.

In the absence of light, phenolic hydroxyl, carboxyl, quinone moieties within SOM are redox-
active centers, which can oxidize PAHs directly (Zhang & Katayama, 2012). In addition, reduced
natural organic matter can be oxidized by dioxygen under redox-dynamic environments condi-
tions, contributing to -OH production, then the formed -OH can oxidize PAHs (Yuan et al,
2018). SOM can also mediate ROS production through indirect effects. Specifically, SOM can
generate new EPFRs in response to changing of environmental conditions, for example, oxic/
anoxic interfaces and flooding-drying cycling, and then induce the formation of ROS that can
degrade PAHs (Jia et al.,, 2020). For example, treatment of humin with an oxidant, for example,
H,0,, or reductant, for example, L-ascorbic acid, promotes the formation of newly reactive
EPFRs, which are unstable and can induce the production of ROS, participating the transform-
ation of PAHs (Jia et al, 2020). On the contrary, the retention, sorption, and sequestration of
PAHs by SOM can reduce the chemical oxidation of PAHs (Chefetz et al., 2000; Rivas, 2006;
Yang et al.,, 2010). Therefore, both promotion and inhibition of SOM on the transformation of
PAHs are likely to coexist in soils, and the role and mechanism of SOM in the chemical oxida-
tion of PAHs needs further investigation. In addition, organic/inorganic amendments, such as
activated carbon, biochar, and minerals, have also been applied to the remediation of PAHs-con-
taminated soil due to their immobilization effect (Bolan et al., 2021).

Metal oxides/hydroxides also play an important role in the chemical oxidation of PAHs. Ni
et al. (2021) recently found that o-Fe,O;, Fe;O, and a-FeOOH have a degrading effect on
anthracene, and the transformation rate constants decrease in the order of «-Fe,O; > Fe;O, >
o-FeOOH. This is due to the highest oxygen vacancy concentration on «-Fe,O; that contributed
to the exposure of Fe(IlI) and more active sites, promoting the transformation of anthracene. In
addition, ROS generated by Fe;O, phase transition can oxide PAHs (Yao et al, 2020). For
example, the removal efficiency of Fe;O, for a PAHs-contaminated site (containing 13 types
PAHs) is in the range of 37.7-85.2% (Barzegar et al., 2017). Notable, the removal efficiency of
various PAH in contaminated soil is lower than that in anthropogenic single PAH-spiked soil.
This can be attributed to a high pollution load caused by the presence of various aromatic and
aliphatic hydrocarbons, which required higher doses of Fe;O, and longer reaction time. In par-
ticular, Fe(II)-bearing oxides, such as pyrite, siderite and magnetite, and Fe(II)-bearing clay min-
erals, such as nontronite and rectorite, are contributing to -OH production upon redox-dynamic
environments via a Fenton-like reaction, and the produced -OH can oxidize PAHs (Zhang et al.,
2016; Yuan et al., 2018).

The oxidative transformation of pyrene in the presence of 5-MnO, is also enhanced (Chien
et al,, 2011). Herein, 6-MnO, acts as a strong oxidizing agent with a very high reduction poten-
tial. The strong oxidative power of 6-MnO, to transform pyrene may be attributed to the layered
structure within the tubular networks of 6-MnO, spheroids, which may result in a large area of
inner specific surfaces that serve as electron acceptor sites. Noteworthy, Wang et al. (2020)
recently reported that amorphous MnO, displays higher catalytic activity than «-MnO,, f-MnO,,
7-MnO, and 6-MnO,, during the reaction with anthracene. This is due to the higher content of
Mn*" in amorphous MnQO,, which enhances the content of oxygen vacancies, promoting the level
of O,

Clay minerals are generally recognized as one of the most chemically active components in
soils, because clays act as catalysts in the oxidation of PAHs (Zhang et al., 1989; Trombetta et al.,
2000; Si, Wang, et al., 2004; Ahn et al., 2006; Liu et al., 2011; Hanser et al., 2015). For example, a
higher reactivity was observed during the oxidation of fluoranthene on limestone as compared to
quartz (Ghislain et al., 2010). The transformation of PAHs in a clay system is also influenced by
clay surface properties, such as cation hydration, location of charged layer, and types of ligands
(Jia et al., 2014).



Smectite consists of a central octahedral Al-O sheet sandwiched between two tetrahedral Si-O
sheets. Due to the isomorphic substitutions in tetrahedral Si and octahedral Al sheets, negative
charges that are embedded in the individual layers in a fixed and isolated distribution are com-
monly neutralized by exchangeable hydrated cations in interlayer space (Gu et al., 2010). This
unique property enables smectite to provide active sites for the adsorption and transformation of
PAHs on mineral surfaces (Xiao et al., 2007; Tamamura et al., 2010; Zhang et al., 2011). PAHs
are rich in delocalized 7 electrons and thus may interact strongly with electron-deficient or posi-
tively charged species via electron-donor-acceptor interactions (Qu et al., 2008). The formation of
cation-7 interactions between m donor and exchangeable cations has been considered as a crucial
factor affecting PAHs transformation (Gokel et al, 2001; Goss & Schwarzenbach, 2001; Qu
et al., 2008).

Aluminosilicate can strongly adsorb O, (Wang & Huang, 1989). Therefore, O, molecules
adsorbed and polarized by exposed structural cations on the edge sites of aluminosilicate play an
important role in the ring cleavage of PAHs and the related reactions. The density and location
of the active sites on aluminosilicate surface and crystal structure of aluminosilicate plays an
important role in this process (Solomon, 1968). Moreover, the catalytic power of AI(IIT) on the
edges and in the structure of nontronite was much higher than that of AI(III) on the edges of
kaolinite and montmorillonite (Wang & Huang, 1989).

3.4. Effects of soil environmental conditions

Soil environmental conditions, such as pH, moisture content, and temperature also influence the
chemical oxidation of PAHs. Transformation is usually faster at low pH because low pH is gener-
ally associated with the higher contents of active Fe, which promotes the transformation of PAHs
(Jia, Zhao, Shi, Fan, et al., 2019). In addition, Fe oxides can be activated at low pH, generating
higher content of iron and favoring the transformation of PAHs (Jia, Zhao, Shi, Fan, et al., 2019).
The effect of water on PAH oxidation is mainly due to the competition between water and PAHs
for active sites (Karimi-Lotfabad et al.., 1996). For example, the transformation of anthracene is
slightly improved with moisture increasing from 8 to 11%, which is attributed to the fact that the
ligand water molecules surrounding the exchangeable cation are involved in the reaction.
Comparatively, the transformation rate is significantly decreased when the content of water
exceeds 11% (Karimi-Lotfabad et al.., 1996). This inhibitory effect is induced by the competition
between PAHs and water for the access to Lewis acid sites on minerals (Rupert, 1973). Moreover,
higher moisture induces more inhibition in soils with higher clay and iron minerals content, since
the active sites or cations on mineral surfaces are likely to be hydrated, inducing the separation
of PAHs from coordination sites and thus inhibiting the oxidation of PAHs (Qin et al.., 2015; Jia,
Zhao, Shi, Fan, et al,, 2019). Specifically, the interaction of PAHs and inorganic minerals occurs
mainly in reactive sites, which are likely to be hydrated under higher moisture, leading to the
generation of water layer on mineral surfaces. The coverage of water molecules induces the separ-
ation of PAHs from the coordination sites such as Lewis acid sites (Qin et al.., 2015).

Increasing the temperature accelerates the transformation rate of PAHs (Jia et al., 2016). This
is due to the higher solubility and vapor pressure of PAHs at high temperatures (Balmer et al.,
2000; Miller & Olejnik, 2001). The effect of O, on the transformation of PAHs depends on PAH
removal mechanisms in different systems. Compared with atmospheric condition, the degradation
of anthracene is insignificantly influenced in real soils (relative anoxic condition), because soil
minerals mediated oxidation plays a dominant role in the transformation of PAHs and is less
affected by O, (Jia, Zhao, Shi, Fan, et al.,, 2019). However, oxygen content can significantly affect
the transformation of PAHs in humin under redox conditions because O, determines the forma-
tion of ROS, which plays a critical role in the degradation of PAHs (Jia et al., 2020).



3.5. Products and pathways

The products of chemical oxidation of PAHs in soils are complex, and numerous intermediates
have been detected. Table S2 presents the main products of anthracene, pyrene, fluoranthene, and
benzo[a]pyrene.

Oxygenated PAHs are the main products of chemical oxidation of PAHs (Gao et al.,, 2018; Jia
et al, 2020). Soil components can induce the formation of ROS, and in turn oxidize PAHs,
mainly generating oxygenated PAHs (Wang et al.,, 2020; Ni et al,, 2021). Similarly, electron trans-
fer usually occurs between PAHs and clay minerals surfaces, leading to the generation of organic
radicals, which are persistent in clay interlayers (Jia et al., 2016). Then organic radicals react with
oxygenic species, inducing the generation of oxygenated products such as anthraquinone for
anthracene, benzo[a]pyrene-6, 9-quinone for benzo[a]pyrene, and hydroxypyrene for pyrene
(Joseph-Ezra et al.., 2014; Jia et al., 2014). Those byproducts generally have higher aqueous solu-
bility than their parent compounds, which may enhance the biological activity (Weigand et al.,
2002). In addition, these products are usually toxic, mutagenic and carcinogenic, and therefore
should be considered in the remediation of contaminated sites (Kazunga & Aitken, 2000).

More importantly, electron transfer from PAHs to electron deficient sites on clay surfaces can
induce the generation of intermediate radicals (Roncevic et al.,, 2016). The intermediate radicals
can be stabilized on clay surfaces and produce EPFRs, which may induce adverse effects on living
organisms (Jia et al., 2016). For example, Jia et al. (2016) observed the formation of EPFRs during
anthracene interaction with Fe(III)-modified clays. Jia et al. (2017) also characterized the distribu-
tion and stabilization of EPFRs in soils contaminated by PAHs and proposed that EPFRs are
often involved in the transformation of PAHs (Jia et al., 2018). In addition, Zhao et al. (2019)
reported that the interaction of benzo[a]pyrene with Cu(II)-montmorillonite can produce EPFRs
and ROS, causing a negative effect on the growth of human gastric epithelial GES-1 cells.

To conclude, various soil moieties have different effects on PAHs transformation products.
EPFRs are generated in the transformation of PAHs on clay minerals, rather than on metal
oxides/hydroxides (Jia et al., 2018). This may be due to the protective effect of clay minerals on
free radical intermediates, inducing the formation of EPFRs. In addition, metal oxides/hydroxides
can form ROS, which alter the structure of PAHs and its intermediates, promoting ring opening
and mineralization (Wang et al., 2020). However, the transformation of PAHs on clay minerals is
only a process of electron transfer, forming quinone-based PAHs that cannot be further trans-
formed (Jia et al., 2018; Jia, Zhao, Shi, Zhu, et al., 2019).

3.6. Current limitations

Overall, chemical oxidation, which refers to the direct redox actions between soil components
and contaminants under ambient conditions, plays a pivotal role in dissipating PAHs. However,
due to the lack of external energy, it usually takes a long time to achieve the complete removal of
PAHs. The practical application of chemical oxidation is significantly influenced by soil active
components, which are composited by SOM, clay minerals and metal oxides/hydroxides.
Nonetheless, the controlling factors for the in-situ formation of active components are still
unclear. Therefore, the efficiency of chemical oxidation associated with active components needs
further investigation.

4, Applications of abiotic transformation

The abundance and properties of microorganisms, and the mass load and types of active compo-
nents dominate the contribution of biodegradation and abiotic transformation of a site, respect-
ively (Butler et al., 2013). Under favorable conditions, abiotic processes play an important role in
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the natural attenuation. For instance, abiotic processes accounted for 11.8-99.7% of PAHs dis-
appearance in coking soil and 30.7-68.6% of anthracene dissipation in anthropic anthracene-
spiked cultivated soils (Liu et al., 2021). Authors also observed that abiotic attenuation played a
significant role when the soil contained high levels of transition metals, such as Fe, Cu and Mn
(Jia et al., 2018; Liu et al,, 2021). Photodegradation is the most important abiotic process for the
degradation of PAHs in soil surface layer, and chemical oxidation plays a pivotal role in the deg-
radation of PAHs in deep soil layers. Both of them determine the application of abiotic trans-
formation. The following directions should be considered for the practical application of
photodegradation and chemical oxidation:

o developing novel photocatalysts that not only promote the photocatalytic degradation, but also
enhance the adsorption of reactants;

e Dbuilding photoreactor systems that can upgrade the transfer of photon, the distribution and
use of light, and prepare for scale-up;

e developing organic carbon, metal oxides/hydroxides and clay minerals-based materials for in-
situ remediation of PAHs-contaminated soils;

o designing a chemical oxidation system that can work efficiently to degrade PAHs in less time.

Opverall, the practical application of abiotic transformation engineering is significantly influ-
enced by the natural geochemical conditions, especially active components, in a filed.
Understanding of the main controlling factors for the formation of active components can stimu-
late their formation by manipulating geochemical conditions, which can promote abiotic trans-
formation of PAHs, and is critical for designing and implementing abiotic remediation
engineering.

5. Conclusions and prospects

In this review, photodegradation and chemical oxidation in abiotic transformation of PAHs, such
as reactivity, products, pathways, and mechanism, were summarized in detail. The significant
effects of soil components, including SOM, metal oxides/hydroxides, and clay minerals, for abiotic
transformation of PAHs were also systematically investigated. Overall, abiotic transformation of
PAHs occurs easily when PAHs match better the solar spectrum and are prone to transfer elec-
tron, when soil contains more active components (e.g. SOM, metal oxides/hydroxides, and clay
minerals), when the bond energy between soil components and PAHs molecules is strong, and
when soil environmental conditions favor sunlight absorption or/and ROS production.

Based on the current knowledge and latest progress in the field, the following research guide-
lines are suggested:

1. Developing identification and quantification methods of active minerals in field samples, this
can provide preconditions for the application of abiotic transformation in PAHs contami-
nated soil.

2. Connecting laboratory batch research rates with field conditions, and determining the meth-
ods to increase rates in laboratory experiments and field applications. There is an urgent
need to apply the laboratory to the field site, realizing the up-scale and integrated remedi-
ation of PAHs-contaminated soil.

3. The chemical reactivity of breakdown products is significant for risk assessment of PAHs in
soils. Both photodegradation and chemical oxidation of PAHs can produce EPFRs.
Identifying such reactive chemicals and testing the toxicity of those products will provide a
theoretical basis for the safe and effective application of abiotic transformation technology.



4. Abiotic transformation of PAHs usually produces oxygenated PAHs with higher solubility,
which may enhance the biological activity. However, there is currently no systematic under-
standing of the impact of abiotic transformation on biodegradation. Further investigations
are needed to clearly clarify this issue.
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Table S1. Comparison of photodegradation of polycyclic aromatic hydrocarbons (PAHs) in

soils

PAHs

Soil moieties

Kinetics (Kops, d! or h™') or

Transformation rate

Products

Ref.

Anthracene

Phenanthrene

Pyrene

Benzo[a]pyrene

Phenanthrene

Pyrene

Benzo[a]pyrene

Anthracene

Fe’*, AIPY, Cu?", Ca?",
K* and Na*” modified

smectite clays

Soil and 0.5-3 wt.%
Ti0O;

Soil and 0.5-3 wt.%
Ti0O;

Soil and 0.5-3 wt.%
Ti0O;

Soil and 5-40 mg kg™

humic acids

Soil and 5-40 mg kg™

humic acids

Soil and 5-40 mg kg™

humic acids

Red earth, latosol,

k: 0.154 h! for Na*-smectite,
0.168 h™! for K™smectite,
0.181 h'! for Ca**-smectite,
0.255 h'! for Cu?*-smectite,
0.339 h! for Al**-smectite,
0.405 h! for Fe**-smectite,
k: 5.3*107 h! for 0.5 wt.%
TiO,, 5.4*%103 h! for 1 wt.%
TiO,,

6.0%107 h! for 2 wt.% TiO»,
5.1*%107 h! for 3 wt.% TiO»,
1.3*#1073 h! for control
k: 3.6*10 h! for 0.5 wt.%
TiO,, 3.7%103 h! for 1 wt.%
TiO,,

3.7*%107 h! for 2 wt.% TiO»,
3.6*%107 h! for 3 wt.%TiOa,
1.1*#1073 h! for control
k: 6.7*103 h! for 0.5 wt.%
TiO,,

7.2*%107 h! for 1 wt.% TiO,,
7.8%107 h! for 2 wt.% TiO»,
7.3*%107 h! for 3 wt.% TiO»,
1.9%1073 h! for control
k: 0.0113 h! for 5 mg kg™,
0.0102 h*! for 10 mg kg™,
0.0088 h*! for 20 mg kg,
0.0071 h™! for 40 mg kg™,
0.0060 for control
k: 0.0179 h! for 5 mg kg™,
0.0151 h! for 10 mg kg™,
0.0132 h! for 20 mg kg,
0.0119 h™! for 40 mg kg,
0.0037 for control
k: 0.0236 h! for 5 mg kg™,
0.0212 h! for 10 mg kg™,
0.0194 h*! for 20 mg kg™,
0.0180 h™! for 40 mg kg,
0.0078 for control
k: 0.758 d! for calcic brown

Not shown

Not shown

Not shown

Not shown

Not shown

Not shown

Not shown

Anthraquinone

Jia et al.,

2015

Zhang et al.,
2008a

Zhang et al.,
2008a

Zhang et al.,
2008a

Zhang et al.,
2008a

Zhang et al.,
2008a

Zhang et al.,
2008a

Jiaet al.,




Phenanthrene

Phenanthrene

Phenanthrene

Pyrene

Phenanthrene

Pyrene

Phenanthrene

Pyrene

fluvo-aquic soil,
yellow earth,
chernozem, brown

soil, calcic brown soil

Fe3+ Cu2+ Ca2+ K
and Na" modified

smectite clays

Fe(IlI)-Smectite
Fe(Ill)-Vermiculite
Fe(Ill)-Kaolinite

Soil and 1-4 wt.%
Ti0;

Soil and 1-4 wt.%
Ti0;

Soil and 10-40 mg

kg™! humic acids

Soil and 10-40 mg

kg™! humic acids

Soil and 119-357
uW/cm?

UV light intensity

Soil and 119-357
uW/cm?

soil, 3.161 d*! for brown soil,
3.322 d! for chernozem,
3.861 d'! for fluvo-aquic soil,
5.977 d'! for yellow earth,
6.082 d! for latosol,
7.364 d! for red earth.
Photodegradation rate follows
the order of Fe**-smectite >
Cu?*-smectite >> Ca?'-
smectite > K™-smectite > Na'-
smectite.

k: 0.2338 h'! for Fe(IID)-
Kaolinite, 0.3527 h! for Fe(IlI)-
Vermiculite,

0.4094 h™! for Fe(Il)-Semctite
k: 1.37*102 h! for 1 wt.% TiO»,
1.47*%102 h! for 2 wt.% TiO»,
1.42*102 h! for 3 wt.% TiO»,
1.39*%102 h'! for 4 wt.% TiO»,
1.31*102 h'! for control
k: 1.62*102 h! for 1 wt.% TiO»,
1.75%102 h! for 2 wt.% TiO»,
1.70*102 h! for 3 wt.% TiO»,
1.63*102 h'! for 4 wt.% TiO»,
1.51*1072 h'! for control
k: 1.54*102 h! for 10 mg kg™
humic acids, 1.65*10°2 h! for 20
mg kg™! humic acids, 1.70%1072
h! for 30 mg kg™ humic acids,
1.73*102 h! for 40 mg kg™!
humic acids, 1.47*102 h! for
control.

k: 1.86*102 h! for 10 mg kg™
humic acids, 1.90*10°2 h! for 20
mg kg™! humic acids, 1.92%1072
h! for 30 mg kg™ humic acids,
1.95*102 h! for 40 mg kg™!
humic acids, 1.75*10°2 h! for
control.

k: 1.06*102 h'! for 119uW/cm?,
1.47*%102 h! for 238uW/cm?,
1.77*102 h'! for 357uW/cm?
k: 1.26*102 h'! for 119uW/cm?,
1.75*102 h'! for 238uW/cm?,

2018a
Jiaet al.,
Not shown
2012
9,10-
Jiaet al.,
Phenanthrenequinone,
2012
phthalates,
Dong et al.,
Not shown
2010
Dong et al.,
Not shown
2010
Dong et al.,
Not shown
2010
Dong et al.,
Not shown
2010
Dong et al.,
Not shown
2010
Dong et al.,
Not shown
2010




Benzo[a]pyrene

Benzo[a]pyrene

Benzo[a]pyrene

Pyrene

Pyrene

Pyrene

Pyrene

UV light intensity

1-4 mm soil depth

Soil and 0.5-3 wt.%
Ti0;

Soil and 2-10 wt.%
FexO;

0-1 mm soil particle

sizes

1-4 mm soil depth

Soil and 5-40 mg kg™

humic acids

a-FeOOH

1.92%102 h'! for 357uW/cm?
k: 0.0391 d-! for 4.0 mm soil
depth, 0.0438 d! for 2.4 mm
soil depth,
0.0458 d! for 2.0 mm soil
depth,
0.0465 d! for 1.6 mm soil
depth,
0.0524 d! for 1.0 mm soil
depth,

k: 6.713*103 h! for 0.5 wt.%
TiO,, 7.225*107 h'! for 1.0
wt.% TiO,, 7.758*107 h! for
2.0 wt.% TiO,, 7.300%103 h!
for 3 wt.% TiOz, 1.908%107 h™!
for control
k: 6.246*103 h™! for 2 wt.%
Fe,0s, 6.771%10 h! for 5 wt.%
Fey0s, 6.942%1073 h! for 7 wt.%
Fe,0s, 6.675%107 h! for 10
wt.% Fe,0s, 1.908%107 h! for
control
The rates of pyrene
photodegradation at different
soil particle size followed the
order: less
than 1 mm > less than 0.45
mm > less than 0.25 mm.

k: 0.035 d"! for 1.0 mm soil
depth, 0.0301 d*! for 1.6 mm
soil depth,

0.0252 d! for 2.0 mm soil
depth,

0.0215 d*! for 2.4 mm soil
depth,

0.0185 d! for 4.0 mm soil
depth.

k: 0.0062 h! for 5 mg kg™
humic acids, 0.0054 h™!' for 10
mg kg™! humic acids, 0.0049 h*!
for 20 mg kg™ humic acids,
0.0041 h™! for 40 mg kg™! humic
acids, 0.0011 h! for control.
k: 0.1829 h'! for y-Fe, 05,

Not shown

Not shown

Not shown

Not shown

Not shown

Not shown

Pyreno

Zhang et al.,
2006

Zhang et al.,
2006

Zhang et al.,
2006

Zhang et al.,
2010

Zhang et al.,
2010

Zhang et al.,
2010

Wang et al.,




a-Fe,O3
v-Fe; O3
v-FeOOH

Soil and 5-50 g/m? a-

Pyrene
FeOOH

Soil and 480-4800
uW/cm?
UV light intensity

Pyrene

Quartz sand and
alluvial and red soils
with 5% (w/w) &-
MnO»

Pyrene

Chrysene Laponite

0.1864 for y-FeOOH,
0.2084 for a-Fe,0s,
0.2301 for a-FeOOH
k: 0.2571 h! for 5 g/m? a-
FeOOH,

0.2369 h™! for 10 g/m? a-
FeOOH,

0.2301 h™! for 20 g/m? a-
FeOOH,

0.1694 h™! for 50 g/m? a-
FeOOH,

k: 0.2301 h! for 119puW/cm?,
0.2390 h™! for 238uW/cm?,
0.2695 h*! for 357uW/cm?
The photodegradation
percentages of pyrene are 94.8,
97.7, and 100% for alluvial
soil, red soil, and quartz sand,

respectively.

k: 4.35*%102 min™'

Pyreno

Pyreno

Not shown

Phthalic acid,
1,4-chrysenequinone,
1,4-chrysenediol,

2-formylbenzoic acid

2009

Wang et al.,
2009

Wang et al.,
2009

Chien et al.,
2011

Kong and
Ferry 2003

Note: Kinetics (kobs) represents the photolysis rate of PAHs.



Table S2. Comparison of chemical oxidation of PAHs in soils

Kinetics (Kops, d! or h™') or

PAHs Soil moieties Products Ref.
Transformation rate
High molecular weight
Transformation rate: 71.4% of the Ghislain et
Fluoranthene Clay compounds and
initial carbon was transformed. ) al., 2010
carbonaceous residue
Transformation rate: 17.1% of the ~ High molecular weight Ghislain et
Fluoranthene Limestone
initial carbon was transformed compounds al., 2010
) 0.4424 d! for Fe(Il)-smectite,
Fe(IlI)—smectite,
o 0.0122 d*! for Fe(Ill)-illite, )
Fe(IlD)-llite, Lietal,
Anthracene ) 0.0068 d! for Fe(IIT)— 9,10-anthraquinone
Fe(Ill)-pyrophyllite, 2014
o pyrophyllite, 0.0002 d! for
Fe(IlI)-kaolinite
Fe(IlI)-kaolinite
Alluvial and red soil
Transformation rate: 41.8% for Chien et al.,
Pyrene with 5% (w/w) 6- ) ) i Not shown
alluvial soil, 35.8% for red soil. 2011
MnO,
Ellerslie, Shale and Transformation rate: Karimilotfab
Anthracene Malmo soil and montmorillonite > Bianthracene ad et al.,
montmorillonite Ellerslie > shale > Malmo 1996
k: 0.180 d! for Amorphous
(X-Mn02
MnO,,
B-MnO;
0.057 d! for y-MnOs, ) Wang et al.,
Anthracene Y-MnO, Anthraquinone
0.017 d'! for 0-MnOs, 2020
8-Mn02
0.011 d! for 3-MnO,,
Amorphous MnO,
0.002 d-! for B-MnO»
Naphthalene Transformation rate:
Wang et al.,
Phenanthrene Amorphous MnO, Anthracene > Phenanthrene > Not shown 2000
Anthracene Naphthalene
Fe(I1D)- ) 9-anthranone, Jiaetal.,
Anthracene Transformation rate: 30 %
montmorillonite anthraquinone 2014
Naphthalene ) o )
Fe(IIT)- Transformation rate: insignificant Jia et al.,
Phenanthrene Not shown
montmorillonite changes 2014
Chrysene
Fe(IIT)- ) Jia et al.,
Pyrene Transformation rate: 50 %, Hydroxypyrene
montmorillonite 2014
Benzo[a]pyrene-12-one,
Fe(IIT)- ) Benzo[a]pyrene-6-one, Jia et al,,
Benzo[a]pyrene Transformation rate: 70 %
montmorillonite Benzo[a]pyrene-6,12- 2014
quinone
Hectorite (SHCa-1) k: 0.3410 d! for SHCa-1,
MMT (Swy-1) 0.2894 d! for Swy-1, 9-anthranone, Jia et al.,
Anthracene
MMT (SAz-1) 0.2507 d! for SAz-1, anthraquinone 2014

Saponite (SapCa-2)

0.2424 d’',for SapCa-2,




Anthracene

Phenanthrene

Pyrene

Benzo[a]pyrene

Anthracene

Anthracene

Naphthalene
Phenanthrene
Anthracene

Benzo[a]pyrene

Ilite
Pyrophyllite
Kaolinite
Fe(IlI)-
montmorillonite
Fe(IlI)-
montmorillonite
Fe(IIT)-
montmorillonite
Fe(IlT)-

montmorillonite

0.02-0.10 M
Vitamin C (VC)-
reduced Humin

(HM)

0.02-0.10 M H,0»-

HM

0.01M VC-HM

0.0122 d*! for Illite,
0.0068 d’! for Pyrophyllite,
0.0020 d'! for Kaolinite

Transformation rate: 65 %

Transformation rate: insignificant

changes

Transformation rate: 90 %

Transformation rate: 100 %

k: 0.0732 d! for 0.02 M VC-HM,
0.1137 d"! for 0.04 M VC-HM,
0.1748 d'! for 0.08 M VC-HM,
0.1749 d"! for 0.10 M VC-HM,

0.0097 d! for control

k: 0.0616 d! for 0.02 M VC-HM,
0.0774 d’! for 0.04 M VC-HM,
0.1023 d'! for 0.08 M VC-HM,
0.1056 d"! for 0.10 M VC-HM

0.0097 d! for control
k: 0.0253 d! for naphthalene,
0.0299 d'! for phenanthrene,
0.0323 d'! for anthracene,
0.0373 d’! for benzo[a]pyrene

9-anthranone, Jiaetal.,
anthraquinone 2016
Jiaetal.,
Not shown
2016
Jia et al.,
Not shown
2016
Jia et al.,
Not shown
2016
Jia et al.,
Not shown
2020
Jia et al.,
Not shown
2020
(Jiaet al.,
Not shown
2020)

Note: Kinetics (kobs) represents the oxidate transformation rate of PAHs, MMT means

montmorillonite.
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