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High temperatures and providing sufficient time for the thermal desorption of persistent
organic pollutants (POPs) from contaminated clay soils can lead to intensive energy con-
sumption. Therefore, this article provides a critical review of the potential additives which
can improve soil texture and increase the volatility of POPs, and then discusses their en-
hanced mechanisms for contributing to a green economy. Ca-based additives have been
used to reduce plasticity of bentonite clay, absorb water and replenish system heat. In con-
trast, non-Ca-based additives have been used to decrease the plasticity of kaolin clay. The
soil structure and soil plasticity can be changed through cation exchange and flocculation
processes. The transition metal oxides and alkali metal oxides can be applied to catalyze and
oxidize polycyclic aromatic hydrocarbons, petroleum and emerging contaminants. In this
system, reactive oxygen species (¢O,~ and ¢OH) are generated from thermal excitation with-
out strong chemical oxidants. Moreover, multiple active ingredients in recycled solid wastes
can be controlled to reduce soil plasticity and enhance thermal catalysis. Alternatively, the
alkali, nano zero-valent iron and nano-TiN can catalyze hydrodechlorination of POPs under
reductive conditions. Especially, photo and photo-thermal catalysis are discussed to accel-

erate replacement of fossil fuels by renewable energy in thermal remediation.
© 2024 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

Soil contamination and deterioration cause emerging threats
to climate sustainability, food security and human health
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(Amundson et al, 2015). The soils across China were
mostly contaminated by heavy metals, hexachlorocyclohex-
anes (HCHs), dichlorodiphenyltrichloroethanes (DDTs) and
polycyclic aromatic hydrocarbons (PAHs) (MEE, 2014). The lead,
petroleum, asbestos, and PAH contaminants were commonly
found at brownfield sites and received cleanup grants from the
United States Environmental Protection Agency (US EPA, 2019).
In the surveyed European Environment Agency member coun-
tries and cooperating countries, it is urgent to control min-
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eral oils consisting of petroleum hydrocarbons (PHs) and PAHs,
heavy metals, as well as organochlorine pesticides (OCPs) in-
cluding HCHs and DDTs from agricultural production (EEA,
2020; Wang et al., 2019a; Zhang et al., 2018).

The thermal treatment method is a highly efficient
and safe technique for the remediation of industry-
impacted soils/sediments contaminated with kinds of
above-mentioned persistent organic pollutants (POPs) and
some metals (Davin et al., 2021; Ossai et al., 2020). In a ther-
mal desorption (TD) heating system at low temperatures
of 90°C to 320°C (LTTD) or high temperatures of 320°C to
540°C (HTTD), the organic contaminants can be removed
from soil, sludge and sediments through mechanisms of
evaporation, oxidation, pyrolysis, hydrolysis, incineration,
or thermal cracking (Ossai et al., 2020; Smarzewska and
Guziejewski, 2021; Zhao et al., 2019a). In comparison to in situ
TD for source contamination, high-cost ex situ TD is applied
for excavated soil contamination by high concentrations and
high risks of organic contaminants and heavy metal mercury
(Falciglia et al., 2011a; Smarzewska and Guziejewski, 2021;
Zhao et al.,, 2019a).

The use of HTTD for the removal of POPs and mercury
with high boiling points from clays and organic soils would
require high energy and economic costs, and lead to changes
of soil composition, pH and biodiversity (Han et al., 2020;
O’Brien et al., 2018; Teng et al., 2020; Vidonish et al., 2016).
More abundant aromatic and aliphatic structures of soil or-
ganic matters (SOM) and inter-crystalline porous structures
have been linked to silt and clay fractions of soil (fine particles)
(Cheng et al., 2021; Falciglia et al., 2011a, 2016). Furthermore,
the high molecular weight and high-dielectric (polar) PAHs are
primarily bound to the aromatic structures of SOM, followed
by clay minerals (Cheng et al., 2021; Falciglia et al., 2016). The
interstratified (mixed-layer) structures and interlayer spacing
of clay are formed by different ratios of illite to smectite (also
called montmorillonite) minerals and exchangeable cations,
which play vital roles in the entrapment of organic contam-
inants by soil (Dai et al., 2020; Xiao et al.,, 2022). In addition,
the heat transport is reduced for clay soils by agglomeration
(cementation) and adhesion to TD equipment (Falciglia et al.,
2011a; Zhao et al., 2019a).

The common soil dryer quicklime (CaO) can reduce the
soil viscosity and plastic index (PI), increase the particle size
of soils and further enhance TD efficiency (Dash and Hus-
sain, 2012; Vitale et al., 2020; Zhao et al., 2019a). The abil-
ity of magnesium (hydr)oxide, silica, alumina, ferrous slag
and fly ash to improve soil plasticity have been explored
(Goodarzi and Salimi, 2015; Jafer et al., 2018; Kalhor et al., 2019;
Shalabi et al., 2017; Urena et al., 2013). In addition to soil tex-
ture improvement, POPs can be catalyzed and degraded into
low molecular weight and high vapor pressure species, which
are then desorbed at lower temperatures (Liu et al., 2014,
2015a, 2015b, 2019a; 2020). There are various additives chosen
for catalytic degradation of halogenated or non-halogenated
POPs (Cassidy et al., 2015; Hu et al., 2019; Karaca et al., 2016;
Sliem et al., 2019).

The additive was previously reviewed as an important in-
fluencing factor for TD (Wang et al., 2021; Zhao et al., 2019a).
However, they did not fully review types of soil additives and
their enhancement mechanisms based on soil textures and

behaviors of different POPs. Therefore, through systemati-
cally hand searching references in the academic literature
databases (Appendix A Text S1), this study groups additives
into Ca based, non-Ca based, and recycled solid wastes as con-
ditioners of clay soils with different composition and plastic-
ity. Moreover, oxidation and reduction catalysts that can im-
prove degradation of different POPs along with their enhanced
mechanisms are reviewed to explore the behaviors of POPs
during remediation processes. In particular, we try to explore
high efficiency and green photocatalysis synergistic thermal
remediation against Fenton'’s reaction-based chemical oxida-
tion and thermal catalysis in the new green economy.

1. Adsorption and thermal desorption of
various organic contaminants in soils

The contaminants (fractions of PHs, PAHs, PCBs, Pen-
tachlorophenol and HCH) with different physical and chem-
ical properties are desorbed from two types of soil (sandy
soil and clay soil) at different temperatures through differ-
ent mechanisms (Appendix A Table S1 and Fig. 1). PHs from
C10 to C22 are physically adsorbed on soils by Van der Waals
and hydrophobic forces (Li et al., 2020). For sandy soil, most
PHs (C10 to C16) are removed at 90°C to 200°C through air en-
trainment, contaminant evaporation and boiling, in addition,
the evaporation and boiling of PHs (C16 to C22) occur when
the temperatures reach 200°C to 300°C (Falciglia et al., 2011b;
Li et al.,, 2020). The PHs (C22 to C28) are adsorbed on soils
by weak hydrogen bonds and dipole bonds and they can be
removed at 300°C to 400°C through evaporation and boiling
(Liu et al., 20193, 2020). The strong electrostatic and = -7 stack-
ing interactions between PHs (C28 to C40) and soil have been
attributed to aromatic ring structures, hydroxyl groups and
amino groups (Li et al., 2020). They can be removed at 500°C
to 540°C by evaporation, boiling and cracking, and the alkenes
generated from breaking of C-H and C-C bonds of saturated
linear alkanes are removed by a boiling process (Li et al., 2020;
Ren et al., 2020). For clay soil, higher temperatures of 150°C to
400°C are required for the removal of PHs (C10 to C22) that are
hydrophobically adsorbed on soil with a higher specific sur-
face area (Falciglia et al., 2011b; Li et al., 2016, 2020). For clay
soils with high moisture content, the thermal desorption effi-
ciencies of contaminants often decrease owing to the heatloss
associated with excessive water evaporation and the trapping
of contaminants in the intercrystalline water layer (Zhao et al,,
2019a).

PAHs with two or more fused aromatic rings and polychlo-
rinated biphenyls (PCBs) with chlorine substitutions at the
biphenyl ring are adsorbed on soils by hydrophobic forces, O-
H-r effects and n-7 stacking interactions (Cheng et al., 2021,
Valizadeh et al., 2021, 2022). For sandy soil, PAHs are des-
orbed at 100°C to 400°C through air entrainment, evapora-
tion and boiling (Chen et al., 2020a; Jeon et al., 2013). The
macromolecular aromatics and asphaltenes in petroleum col-
loids are recalcitrant to removal and can be carbonized into
ecologically-friendly coke residue trapped in soil through de-
hydrogenation, condensation and oligomerization processes
at 400°C to 540°C (He et al., 2020; Zhang et al., 2021a). Ow-
ing to stronger adsorption of PAHs on clay soil and the
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Fig. 1 - Mechanisms of thermal desorption of organic contaminants (PHs, PAHs, PCBs, PCP and HCH) from clay soil and sand

soil at different temperatures.

temperature-induced polymerization between PAHs and SOM,
PAHs are firstly broken up into the low molecular weight aro-
matic structures and alkanes at temperatures higher than
350°C, and then are removed through evaporation and boil-
ing (Biache et al., 2015a). For high-chlorinated organic contam-
inants, the pentachlorophenol and hexachlorocyclohexanes
with a six-carbon ring are removed from sandy soil at 350°C
through evaporation, boiling and cracking, and the PCBs with
biphenyl ring are removed from both sandy soil and clay soil
at 400°C to 540°C (Araujo et al., 2016; Liu et al., 2014). These
high-chlorinated contaminants are first dechlorinated by wa-
ter and soil organic matter acting as hydrogen sources, fol-
lowed by breaking of the aromatic structures, and the C-H and
C-Cbonds (Thuan and Chang, 2012).

2. Different types of additives acting as clay
soil conditioners

2.1. Ca-based and non-Ca-based additives
(MgO/Mg(OH), and SiO,)

A certain ratio of CaO/Ca(OH), to soil (1% to 10%) of strong
base-lime (pH: 12 to 13) is often used to improve the plastic-
ity, swelling, pore diameter and stability of expensive clay soil
(Appendix A Table S2). The liquid limit and plastic limit of soil
represent the amounts of water addition needed in order to
change them from plastic to liquid states and from semisolid
to plastic states, respectively (Budhu, 2010). The plasticity in-
dex (PI) is defined as the difference in values between the lig-

uid limit and the plastic limit, which can always be reduc-
ing until the soil pH approaches 12.40 by successive addition
of 10% hydrated lime into bentonite clay (Al-Mukhtar et al,,
2010; Elert et al,, 2017). The lime can effectively reduce the
PI of smectite rather than kaolinite or sulfate-rich illite clay
(Cheshomi et al., 2017; Dash and Hussain, 2012; Vitale et al,,
2020). These clay minerals are detailly described in Section 2.3.
Heatis also released from the hydration reaction of CaO acting
as a common dryer (Zhao et al.,, 2019a).

Non-Ca-based additives, such as MgO/Mg(OH), (5% to 15%)
with alkalinity (pH 10.3) lower than Ca-based additives and
nano-SiO, (0.5% to 4%), can also reduce the PI of soils (Ap-
pendix A Table S3). However, Mg-rich lime (MgO and CaO com-
posites) is a better soil conditioner and its combined effect on
the PI of marly clay is higher than those of single CaO or single
MgO (Elert et al., 2017). Nano-SiO, was reported to reduce the
PI of low plasticity clay (PI: 11.4—18) because of its high hydro-
scopicity, great specific surface area and high surface charge
(Buazar, 2019; Kalhor et al., 2019).

2.2.  Composite additives and re-utilization of slag, ashes
and eggshell

It is essential to explore the re-utilization and directive con-
trol of industrial wastes such as ferrous slags and fly ashes
containing lime and other active components, a pathway to
a low carbon economy (Goodarzi and Salimi, 2015; Jafer et al.,
2018). Indeed, many types of ferrous slags and fly ashes have
been used as the plasticity conditioners of different soils and
their effects depend on the types and amounts of additives
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and auxiliary additives (Appendix A Table S4). Compared with
above mentioned Ca-based and non-Ca-based additives (at
dosages lower than 15% in Appendix A Tables S2 and S3),
higher amounts (2%—30% in Appendix A Table S4) of ferrous
slags are added to improve soils. The PI of clay soil is slightly
reduced from 24 to 22 by 5% coarse steel slag (Shalabi et al,,
2017), which is less effective than the steel refining slag used
in our study. The lime or MgO as auxiliary additive is used
for the directive control of the compositions of ash and slag
through hydration of Ca,SiO4 and Ca3SiOs to generate more
dissolved Ca?t and enhance their effects on clay soil (Feng and
Sun, 2020; Modarres and Nosoudy, 2015; Salimi and Ghor-
bani, 2020). These additives as well as eggshell (CaCOs) and
plant ash (K,COs) reported by Chen et al. (2020a) have the po-
tential to alleviate formation of large lumps via sintering and
agglomeration of thermally treated soils, to avoid negative ef-
fects of high temperature on soil and thus to enhance TD ef-
ficiency and competitive advantage.

2.3.  Mechanisms of clay soil conditioners

The diffuse double layer (DDL in Fig. 2) is formed by the wa-
ter and cations that are absorbed on the surface of negatively
charged soil particles, as described in detail by Budhu (2010).
The soil liquid limit and plasticity increased with the thick-
ness of the DDL which is affected by the soil mineral composi-
tion, pH and cations (Barker et al., 2006; Tournassat et al., 2011,
Vitale et al., 2020). As shown in Appendix A Fig. S1, the clay
mineral layers consisting of one silica tetrahedron sheet and
one alumina octahedron sheet are tightly connected by hy-
drogen bonds for kaolinite, while the layers consisting of one
alumina sheet sandwiched by two silica sheets are connected
by weak van der Waals forces for smectite and are connected
by Kt for illite (Budhu, 2010). In addition, Na montmorillonite
(a typical smectite) in Fig. 2a has a layer structure of dispersive
tetrahedra-octahedra-tetrahedra which results in a far larger
interlayer distance, larger surface area, higher water absorp-
tion and higher cation exchange capacity (CEC) than kaolinite
and illite (Tournassat et al., 2011).

The cation exchange reaction plays a more important
role in reducing the plasticity of smectite, while floccula-
tion is more important for reducing the plasticity of kaolin-
ite (Vitale et al., 2020). The effects of soil conditioners on the
liquid limit, plastic limit and PI of clay soils and their mecha-
nisms are summarized in Fig. 2. For the cation exchange reac-
tion in Fig. 2a, the multivalent cation Me?t (Ca?* and Mg?")
from soil conditioners substitutes for the Na* on the sur-
face of the clay soil with high plasticity, resulting in declines
in the DDL thickness, liquid limit and PI (Barker et al., 2006;
Chen et al., 2020b). In Fig. 2b, the concentrations of cations and
the viscosity of water in the spaces between fine particles in-
creases, and thus the interparticle shear resistance and plas-
tic limit also increase (Dash and Hussain, 2012). In Fig. 2c, the
fine particles flocculate and the coarse particles form owing
to the increases in pH and MeOH™ by adding more soil con-
ditioners (Vitale et al., 2020). Finally, both the liquid limit and
plastic limit increase, and PI is reduced simultaneously. This
can be explained by the enhancements in soil pore water and
the interparticle resistance against movement (Dash and Hus-

sain, 2012), and facilitates the diffusion of contaminants from
clay soil to gas phase during TD treatment (Wang et al., 2021,
Zhao et al., 2019a).

3. Oxidation catalysts and reduction catalysts

3.1. Iron oxides, titanium oxides and other transition
metal oxides

Iron oxide has the advantages of being low cost, abundant,
and environmental-friendly, and can provide reactive radicals
for thermal catalysis, photocatalysis, and other catalytic reac-
tions, to improve their efficiency (Appendix A Tables S5 and
S6). The thermal removal efficiency of PHs in sandy soil was
reported to increase from 70.3% to 95.8% by adding Fe,03 and
Fe;04 containing Fe3* and Fe?* had more significant effect on
enhanced thermal removal of pyrene than Fe,03 (Liu et al,,
2020, 2021; Oden et al., 2022). Instead of harmful chemical ox-
idants (H,0, and persulfate) involved in Fenton and Fenton-
like reactions (Mirzaee et al., 2017; Usman et al., 2012), PAHs
can be removed by the reactive superoxide radical (¢O,~) and
hydroxyl radical (¢OH) generated from Fe(III)/Fe(II) cycle com-
bined with O,/H,0 photocatalysis reactions, a green technol-
ogy (Jia et al., 2012; Luo et al., 2018, 2021; Marqueés et al., 2020).
And under ultraviolet irradiation, iron oxide in red soil can
react with oxalic acid, a natural organic acid to form CO,°~,
*0,~ and «OH and spontaneously degrade PAHs (Wang et al.,,
2009). It is vital to explore green oxidants and additives with a
wide light absorption range like FeCls, FeC,04 and the nano-
Fe3O4 coating materials in photo-synergistic promoted cat-
alytic oxidation reactions (Jia et al., 2012; Luo et al., 2018, 2021,
Wang et al., 2019b).

TiO; is a typical thermal catalyst and photocatalyst for re-
moving organic contaminants from soil, sediments and indus-
trial slurry because of its lack of toxicity, relatively high ac-
tivity, good physical and chemical stability and low cost (Ap-
pendix A Table S5). In our study, the TD removal efficiency of
PAHs in clay soil was enhanced from 71.0% to 99.9% at a tem-
perature of 350°C using 2% nano-TiO, and air as the oxidant.
The thermal removal efficiency of total oil contaminants in
oily sludge increased from less than 70% to 82.69% at a tem-
perature of 230°C by adding 1.5% nano-TiO, (Dang et al., 2021).
High molecular weight contaminants can be decomposed into
low molecular weight hydrocarbons, and completely degraded
into CO; and H,O0 using TiO, as the thermal catalyst and air
as the oxidant (Shinbara et al., 2005; Ueta et al., 2014). In photo
catalysis and photo-synergistic system, TiO, and its compos-
ites containing more groups for adsorption of different pollu-
tants and wide spectrum light can effectively remove PAHs,
diphenylarsinic acid and organophosphorus herbicide from
soil, quartz sand, industrial sludge and sediment using light
energy (Appendix A Table S5). However, water was found to
be essential for the UV-photocatalytic removal of PAHs and
diphenylarsinic from soil to improve the light penetration and
formation of «OH (Dong et al., 2010a, 2010b; Gu et al., 2012;
Eker and Hatipoglu, 2019; Wang et al., 2016).

The oxides of other transition metals such as Mn, Co, Zr,
Ni and Zn have been explored in the oxidation of PAHs or
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petroleum through thermal catalysis and other catalytic re-
actions (Appendix A Table S5). The higher removal efficiency
of pyrene was obtained using thermal or photo catalytic ox-
idation of §-MnO, than Fe or Ti oxides (Chang Chien et al.,
2011a, 2011b; Oden et al., 2022). The amorphous MnO, and
Fe(Ill) modified Mn oxide minerals (especially acid birnessite)
possessed higher ratio of Mn3* (Fe3+) to Mn*t and higher con-
centration of oxygen vacancy, which exhibited higher thermal
catalytic efficiency to oxidize anthracene and benzo(a)pyrene
than other MnO, polymorphs (Cheng et al., 2022; Wang et al.,
2020). The thermally catalytic cracking of oil sand bitumen
can be improved by doping nano-sized ceria-based cata-
lysts (CeO,) with the transition metal oxides (ZrO,, Fe,03, or
CoO) to obtain more oxygen vacancy without adding harm-
ful ClO, and peroxymonosulfate as in Fenton-like reaction
(Ajumobi et al., 2018; Liu et al., 2022; Lyu et al., 2019).

3.2.  Alkali/alkaline earth metal oxides and recycled solid
wastes

In addition to transition metal oxides, the alkali/alkaline earth
metal (hydrated)oxides and carbonates, also divided into Ca-
based and non-Ca-based additives, can be used to promote
the thermal cracking of PAHs and petroleum contaminants
(Appendix A Table S5). The thermal catalytic removal of PHs
from sandy soil can be effectively improved by CaO and non-
Ca-based additives (K,CO3, Al,05 and aluminosilicates) at the
temperature of 400°C under an inert atmosphere, and K,CO;
worked better than other catalysts (Liu et al., 2021). The re-
moval of saturates, aromatics, resins and asphaltenes from
oily sludge were efficiently enhanced after addition of 5% KOH
at the temperature of 600°C, but more KOH was ineffective
(Lin et al., 2017). However, we identified that CaO promoted
the aromatization of SOM and increase of PAHs in clay soil
at the temperature of 400°C under an oxygen deficient at-
mosphere. The mixture of Ca-based and non-Ca-based addi-
tives (Ca(OH), and NaHCOs;) facilitated the removal of PAHs
from petroleum sludge cake under air flow (Pakpahan et al.,
2013). The low cost, abundant and environmental-friendly
dolomites was calcined to produce mixture of Ca-based and
non-Ca-based additives (CaO and MgO), which enhanced cat-
alytic removal of PAHs and four fractions in petroleum from
oily sludge at high temperature under an inert atmosphere
(Liang et al., 2017; Lin et al., 2019).

The composite catalysts have attracted wide atten-
tion for their higher catalytic efficiencies than single-
component metal oxides (Chen et al., 2022; Manviri Rani and
Shanker, 2019). The recycled ferrous slags as mixtures of the
above-mentioned active components have been explored in
thermal catalysis and Fenton-like catalysis (Appendix A Table
S5). In our study, the PAHs were completely removed from clay
soil by thermal desorption using the catalyst of non-Ca-based
titania-bearing blast furnace slag or Ca-based steel refining
slag and the oxidant of air at the temperature of 350°C rather
than strong oxidant of H,0, in Fenton-like catalysis (Hu et al.,
2019; Tsai and Kao, 2009). In addition, the Ca-based red mud
mainly composed of Al;03, Fe,03, CaO and SiO, improved the
thermal removal of PHs from sandy soil at the temperature of
400°C in N, (Liu et al., 2021).

3.3. Composites in emerging photo-thermal catalysis

Carbon-based materials (reduced graphene oxide (RGO) and
N-doped carbon (NC)), metal chalcogenides (CdS and MoS,),
plasmonic metals (nano-Ag), tungsten oxides and bronze
with localized surface plasmon resonance (LSPR) (WO3_x and
CsxWOs3) enable the transition metal oxides to highly effi-
ciently adsorb solar energy and produce heat, which is vital
to mitigate the foreshadowed global energy and environmen-
tal crisis (Appendix A Table S6). The RGO or NC can reduce
recombination efficiency of photoinduced electron-hole pairs
in single-phase black TiO, or CuO with narrow band gap by
heterojunction formation (Chen et al., 2023; Zhu et al., 2021).
Abundant sunlight can be adsorbed by RGO and black TiO,
composites to provide heat for black TiO, with high concen-
tration of Ti** and oxygen vacancy, and the oxidative removal
efficiency of tetracycline is higher in this synergistic photo-
thermal catalytic process than electrical heating catalysis
(Zhu et al., 2021). Different from traditional heterojunction, a
Z-scheme heterojunction can be formed between CdS quan-
tum dots and Zn0;.4TiO,.«, between m-BiVOQy, t-BiVO, and
Csp.33WO3 to completely photothermal-catalytically degrade
microplastics (bisphenol A), pesticide (2,6-dichlorophenol and
2,4,5-trichlorophenol) and antibiotic (tetracycline) into CO,
and H,0 under visible and near-infrared light (Sun et al., 2020;
Yang et al., 2023). The nanocrystal of CsyWO3 can convert ul-
traviolet, visible and near-infrared light into local heat through
LSPR absorption and small polaron absorption (Li et al., 2022;
Yang et al., 2023). The TiO, coupled with both narrow band gap
semiconductor of MoS, and LSPR material of nano-Ag in the
ternary heterojunctions exhibited a strongest light adsorption
and photothermal conversion, which raised central tempera-
ture of catalyst to 202°C within 1 min ((Zhao et al., 2019b) in
Appendix A Table S6). The Fe;04 coupled with LSPR material
of WO3.x and nano-Ag significantly strengthened photother-
mal catalytic-Fenton degradation of microplastics (bisphenol
A) ((Liao et al., 2021) in Appendix A Table S6).

3.4. Alkaline compounds and reduction catalysts
(nano-TiN and nZVI)

The additives such as CaO, Ca(OH),, NaOH, high f-CaO steel
refining slag, metallic catalysts and nano-TiN are used to im-
prove the degradation of persistent chlorinated organic con-
taminants, such as HCHs, DDTs, chlorophenol and PCBs (Ap-
pendix A Table S7). These catalytic reactions must be con-
ducted under anoxic reductive conditions to avoid the pro-
duction of highly toxic secondary contaminants such as poly-
chlorinated dibenzo-p-dioxins and polychlorinated dibenzo-
p-furans (PCDD/Fs) (Araujo et al., 2016; Zhao et al., 2017, 2019a).

In our study, the TD removal efficiency of PCBs from clay
soil with PI of 32 was enhanced from 56.2% to 92.0% at a tem-
perature of 250°C using 2% nano-metallic Fe (nZVI) or nano-
TiN, which is higher than that using CaO or high f-CaO steel
refining slag. The Ca(OH), can effectively improve the TD ef-
ficiencies of PCBs from soil at temperatures of 400°C, but are
less effective than metallic catalysts and NaOH (Liu et al., 2014,
2015a, 2019a). Ball milling can be used to drive highly exother-
mic solid-phase reactions between active mixtures of nano-
metallic Ca- or Al-CaO and persistent chlorinated organic con-
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taminants in solid-wastes and soil (Mallampati et al., 2014;
Yu et al., 2020). In these reactions, CaO can inhibit the forma-
tion of HCI and the chlorophenols that are the vital precur-
sors of PCDD/Fs (Deng et al., 2009; Wey et al., 2008). The nZVI
has a standard potential of —440 mV (Elliott et al., 2009) and
is used as a common reducing agent of PCBs and chlorpyri-
fos in soil and methanol/water due to its low cost, abundance,
and environmentally-friendly properties (Appendix A Table
S7). As compared to single nZVI, higher hydrodechlorination
and removal efficiencies of PCB209 using clay supported nZVI
were attributed to lower diameter and larger surface area as
well as synergistic effects of active components in clay and
nZVI, same as bimetallic nZVI/Cu (Graga et al., 2020; Yu et al.,
2016).

4. Mechanisms of catalytic additives
4.1.  Possible mechanisms of thermal catalysis

There are Mars-van Krevelen (also called MvK Fig. 3a) and
hopping conductivity mechanisms (Fig. 3b) for the thermal
catalysis and oxidative degradation of nonchlorinated organic
contaminants, and electrophilic substitution (Fig. 3c) for the
reductive degradation of chlorinated organic contaminants.
For the MvK mechanism (Fig. 3a), the lattice oxygens, defined
as unstable bulk phase oxygen that forms the crystal struc-
ture of metal oxide catalysts are activated by thermal exci-
tation, which directly oxidize organic contaminants and gen-
erate oxygen vacancies on the surfaces of the oxides (step
1: reduction of the catalyst) (Chen et al.,, 2019; Gao et al.,
2023; Mars and van Krevelen, 1954). The superoxide anion

radical (O,7) which is generated through the adsorption of
O, from the atmosphere onto oxygen vacancies in the cata-
lysts and activation by the electrons released from adjacent
metal ions, reacts with the organic contaminants and regen-
erates lattice oxygens to fill the oxygen vacancies (step 2: re-
oxidation of the catalyst) (Kwon et al,, 2018). The amounts
of oxygen vacancies and the catalytic activities can be im-
proved by pre-reduction of the transition metal oxides or
metal doping (Gao et al., 2023; Ge et al., 2022; Widmann and
Behm, 2018). Through this mechanism, PHs and PAHs can
be catalytically oxidized by Fe,03; (Liu et al., 2020), Fe3Oq4
(Oden et al., 2022), MnOy (Cheng et al., 2022; Oden et al., 2022;
Wang et al., 2020), CeO,-ZrO, (Ajumobi et al., 2018), Fe,03-
Co0-Ce0,-Zr0, (Ajumobi et al., 2018) and mixture of Ca/Mg/Al
oxides (Liang et al., 2017; Liu et al., 2021).

Through a hopping conductivity mechanism (Fig. 3b), TiO,
can catalyze and oxidize the petroleum contaminants in oily
sludge (Dang et al., 2021) and polycarbonate in used opti-
cal disks (Shinbara et al., 2005). The electrons occupying the
valance band (VB) that is the outermost electron orbital of
transition-metal oxides are excited over relatively lower bar-
riers to the lowest unoccupied conduction band (CB) under
heating mode, and thermally generated electron (e~ ¢p at con-
duction band) and hole (h*yp at valance band) pairs are ob-
tained (Chen et al.,2019; Danget al.,2021; Wan et al., 2019). The
*OH and H* are generated from the h*yg-induced dissociation
of H,0 on the surface of catalysts, while the «O,~ with a stan-
dard electrode potential of 2.4 V is generated from the e ¢p-
induced reduction of dissolved oxygen at the CB (Dang et al.,
2021; Wan et al., 2019). The generated «O,~ reacts with H"
from dissociation of H,O to obtain intermediate product of
H,0,, which further reacts with e~ g at conduction band to
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generate highly reactive «OH with a standard electrode po-
tential of 2.8 V (Jorfi et al., 2018; Shinde et al., 2013). Organic
contaminants are directly oxidized by electron holes (h*yp at
valance band) or indirectly oxidized by the oxygen free radi-
cals of «OH and «O, ™ that are generated from H,0 and O, fol-
lowing the steps discussed above (Danget al., 2021; Davis et al.,
2020; Shinbara et al., 2005; Wan et al., 2019).

Electrophilic substitution, the main reductive dechlori-
nation mechanism of chlorinated organic contaminants (R-
Cl), is shown in Fig. 3c. The dissociative adsorption of the
Cl atom of R-Cl on the metal element in the form of the
reduction state (Mgeduction state) @nd other electrophilic cat-
alysts, is coupled with the electron withdrawing of the C
atom of R-Cl, resulting in cleavage of the C-Cl bond and
formation of the metal-Cl bond in the form of the oxida-
tion state (Moyjdation state) (Davis et al., 2020; Liu et al., 2014,
2015b; Su et al, 2015). And then the H* (hydrogen donor)
from the thermocatalytic dissociation of H,O or decomposi-
tion of organic contaminants reacts with R~ and generates
R-H (Liu et al., 2019b; Su et al., 2015). Through this mecha-
nism, PCBs in soil and soil slurry (Liu et al., 2014; Yu et al.,
2016), and chlorpyrifos in methanol/water (Graga et al., 2020)
are catalyzed and reduced by nano-TiN, nano-metallic Fe and
bimetallic nZVI/Cu. Moreover, NaOH and Ca(OH),, two types of
alkali, facilitate the dechlorination of R-Cl by weakening the
C-Cl bond (Liu et al., 2015b, 2019b). Benzene rings of organic
contaminants can be further reduced into cyclohexane rings
and then decomposed into lower molecular weight alkanes
and alkenes (Nomura et al., 2005, 2012).

Instead of thermal excitation, the radical oxygen species
can be produced by strong oxidant H,0,, peroxydisulfate and
peroxymonosulfate involved in the cycles of high- and low-
valence transition metals (M("*)+ and M"*) in a Fenton-
like or photo-Fenton-like reaction of PHs, PAHs or antibi-
otics contaminated soil (Fig. 3d). With transition metal ox-
ide possessing multiple valences such as Fe304 (FeO-Fe,03)
(Biache et al., 2015b; Boulangé et al.,, 2019; Mirzaee et al,,
2017) and MgFe-LDH engineered biochar composites contain-
ing Fe304 (Chen et al., 2022), the H, 0, is activated and oxidized
to generate ¢O,H, and finally to generate «OH with stronger
oxidability (Tao et al., 2021). Similarly, S,0g?~ and HSOs~ can
be activated by Fe3O4 (Usman et al., 2012), non-stoichiometric
cobalt oxyhydroxide (CoOOH) where cobalt generally has ei-
ther Co%* or Co*" oxidation states (Lyu et al., 2019) to gen-
erate «OH and ¢SO, (E® = 2.6 V) (Jaafarzadeh et al., 2017;
Zhai et al., 2019; Zhu et al., 2017). However, these chemical ox-
idants would cause skin burns, eye damage and respiratory
irritation (Mirzaee et al., 2017; Usman et al., 2012).

4.2.  Possible mechanisms of photocatalysis against
thermal catalysis

The photocatalysis has attracted wide attention as a green
technology independent of heat released by fuel energy
(Fig. 4). The single component homogeneous catalysts, includ-
ing Fe, 03 (Marques et al., 2020; Wang et al., 2009; Zhang et al.,
2006), Fe304 (Luo et al., 2018), TiO, (Chang Chien et al., 2011b;
Eker and Hatipoglu, 2019; Silva et al.,, 2020; Wang et al,,
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2016; Zhang et al., 2006, 2008), micro-nano size §-MnO,
(Chang Chien et al., 2011a), nano-NiO (Sliem et al., 2019) and
nano-ZnO (Sliem et al., 2019) are initiated by the light en-
ergy (hv) corresponding to or higher than the band gap en-
ergy (Eg) between VB and CB (Fig. 4a), similar to the hop-
ping conductivity mechanism of thermal catalysis (Fig. 3b).
The heterogeneous composite catalysts, such as nano-Fe304
coated graphitic C3Ny (Wang et al., 2019b), TiO, based zinc
hexacyanoferrate framework nanocomposite (Manviri Rani
and Shanker, 2019), and Fe304/Si0,/TiO, composites (Xu et al.,
2011) adsorb both UV light and visible light (Fig. 4b). The pho-
togenerated e~ cp and htyp pairs transferred between two dis-
similar photocatalysts through the heterojunction formed at
their interface, while it is difficult to generate «OH for the ht*yp
on the surfaces of graphitic C3N4 with lower CB energy level
than «OH (Manviri Rani and Shanker, 2019; Wang et al., 2019b).
The recombination of the e“cg and h*yp pair is inhibited
due to spatial separation, resulting in prolonged lifetimes and
enhanced photocatalysis efficiency (Li et al., 2015; Nguyen-

Phan et al., 2016). In photocatalysis/H,0, synergistic reaction
(Fig. 4c), the photogenerated electrons at the surface of cat-
alysts were involved in the M("+1)/M"* cycle and converted
oxidants into «OH (Dong et al., 2010a, 2010b; Gu et al., 2012),
along with the oxidants and H,0 were activated by photogen-
erated e~ cg and htyp (Fabbri et al., 2008; Jaafarzadeh et al,,
2017; Mandal et al., 2019; Zhang et al., 2019). These processes
were similar as hopping conductivity mechanism of thermal
catalysis combined with Fenton-like catalysis (Fig. 3b and d).

4.3.  Mechanisms of synergistic photo-thermal-catalysis

The mechanisms of plasmonic heating (Fig. 5a), nonplas-
monic heating (Fig. 5b) and small-polaron hopping (Fig. 5c)
could shed some light on highly efficient and environmental-
friendly synergistic photo-thermal-catalysis. The plasmonic
photothermal materials (Fig. 5a) including MoS, (Zhao et al,,
2019b), CsxWO3 (Li et al., 2022; Yang et al., 2023), and nano-Ag
(Liao et al., 2021; Zhao et al., 2019b) convert the light energy
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to heat energy through LSPR. When the frequency of incident
light matches the frequency of valence electrons oscillating
against the restoring force of atomic nucleus that is defined
as the force responsible for pushing the mass back toward its
equilibrium position, the collective electron resonance (also
called plasmon) was induced by resonant photons (Linic et al.,
2015; Wang and Astruc, 2014). These excited electrons or plas-
mons are relaxed by colliding with the lattice of plasmonic
materials, which generated and transferred heat to catalysts
through phonon-phonon (discrete units or quantum of vibra-
tional energy) coupling (Bisoyi et al., 2018). And then, the cata-
lysts are initiated by both light energy and generated heat en-
ergy, similar to the hopping conductivity mechanism of ther-
mal catalysis (Fig. 3b).

The nonplasmonic photothermal materials (Fig. 5b) have
a narrow band gap, including reduced graphene oxide
(Zhuetal., 2021),N-doped carbon (Chen et al., 2023), black TiO,
(Zhu et al., 2021) and CdS quantum dots (Sun et al., 2020). Af-
ter excitation by visible/near-infrared light, the non-radiative
recombination (also called auger recombination) of e~ ¢ and
h*yp releases phonons with higher energy instead of pho-
tons (the radiative recombination), and then heat energy is
released via electron-phonon coupling (coupling of itinerant
electrons to lattice vibrations transferring energy from hot
electrons to the atomic vibrations) and phonon-phonon cou-
pling which increases the temperature of the reaction system
(Li et al., 2019; Zhang et al., 2021b). The small-polaron hop-
ping instead of large polarons (electrons or holes) excitation
is another photothermal conversion mechanism of CsyWO3
through the cycle of W>+/W®* due to the electron delocalized
over both adjacent sites (Fig. 5c). After visible/near-infrared
light irradiation, the W>* was excited to generate W+ and
electrons, the electrons reacted with the adjacent W to form
a new W>* site and phonons, along with heat transferring
and catalytical oxidization of antibiotic (tetracycline) and mi-
croplastics (bisphenol A) as emerging POPs (Li et al., 2022;
Yang et al., 2023).

5. Conclusions

In order to alleviate agglomeration and reduce the fuel en-
ergy consumption in the thermal removal of recalcitrant POPs
from clay soil, this paper reviewed soil conditioners and cata-
lysts. CaO/Ca(OH), as Ca-based soil conditioners for smectite
or montmorillonite, were differentiated from MgO/Mg(OH),
and SiO, as non-Ca-based soil conditioners for kaolin clay
and lower plastic clay. Reutilization of Ca-based slags and fly
ashes containing multiple active components can reduce soil
plasticity, which can be controlled using alkaline auxiliary ad-
ditives. The plasticity and agglomeration of clay soil can be
reduced through cation exchange and flocculation. The ox-
ides of transition metals (Fe, Ti, Mn, Co, Zr, Ni and Zn), the
Ca-based and non-Ca-based alkali/alkaline earth metal (hy-
drated)oxides and carbonates, and their composites are effec-
tive oxidizing additives for catalytically degrading POPs with-
out strong chemical oxidants through the Mars-van Kreve-
len and hopping conductivity mechanisms. Moreover, syn-
ergistic photo-thermal-catalysis is more highly efficient and
environmentally-friendly through mechanisms of nonplas-

monic heating, plasmonic heating and small polariton hop-
ping. Additives such as CaO, NaOH, nZVI and nano-TiN were
discussed for catalytical reduction of chlorinated organic con-
taminants through an electrophilic substitution mechanism.
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