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Persistent organic pollutants (POPs) have gained heightened attentions in recent years owing to their
persistent property and hazard inﬂuence on wild life and human beings. Removal of POPs using varieties
of multifunctional materials have shown a promising prospect compared with conventional treatments.
Herein, three main categories, including thermal degradation, electrochemical remediation, as well as
photocatalytic degradation with the use of diverse catalytic materials, especially the recently developed
prominent ones were comprehensively reviewed. Kinetic analysis and underlying mechanism for various
POPs degradation processes were addressed in detail. The review also systematically documented how
catalytic performance was dramatically affected by the nature of the material itself, the structure of
target pollutants, reaction conditions and treatment techniques. Moreover, the future challenges and
prospects of POPs degradation by means of multiple multifunctional materials were outlined accordingly.
Knowing this is of immense signiﬁcance to enhance our understanding of POPs remediation procedures
and promote the development of novel multifunctional materials.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Persistent organic pollutants (POPs) are those organic compounds with features of persistence, toxicity, bio-accumulation and
the potential for long-range environmental transport (Lohmann
et al., 2007; Ong et al., 2018). It's a large group of chemicals that
pose an enormous challenge to human and ecological environment
security (Dong et al., 2015; Ren et al., 2018). Generally speaking,
there are various emission sources of POPs, including waste incineration, ferrous and non-ferrous metal production, heat and power
generation, production of mineral products, transportation, uncontrolled combustion processes, production of chemicals and
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consumer goods, miscellaneous disposal and so on (Mwangi et al.,
2015; Odabasi et al., 2015; Weber et al., 2011). In the meantime, the
emission of POPs is growing faster and faster with the rapid
development of the urbanization and industrialization (van den
Berg et al., 2017). Attributed to the persistent and accumulative
properties, however, the current main focus of POPs treatment is on
the pollutants left in environmental media.
POPs can do a lot harm to living beings and human health
(Miranda-Garcia et al., 2011; Xu and Cai, 2015). To be speciﬁc, it
inhibits the normal response of immune system and reduces the
body's resistance to viruses simultaneously (Zhang et al., 2015b).
Furthermore, numerous studies have shown that organisms
exposing to POPs may lead to reproductive disorders and congenital malformations (Lee et al., 2014; Nadal et al., 2015; Tartu et al.,
2015). A variety of POPs have been identiﬁed as carcinogen and
potential endocrine disrupting substances (Fang et al., 2015a; Ong
et al., 2018). For instance, the International Agency for Research
on Cancer has classiﬁed the carcinogenicity of 2,3,7,8tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) the group 1 (human
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carcinogen) (Hiremath et al., 1986; Vandervelde et al., 1994).
To reduce the impact of POPs on humans and the environment,
in May 2001, China and more than 90 other countries and regions in
the world signed the Stockholm Convention on POPs in Stockholm,
Sweden. The convention identiﬁed “a dirty dozen” organic pollutants that affected human and ecological safety, including annex A
(Elimination): aldrin, chlordane, dieldrin, endrin, heptachlor, mirex,
toxaphene, hexachlorobenzene (HCB), polychlorinated biphenyls
(PCB), annex B (Restriction): DDT, annex C (Unintentional Production): HCB, PCB, polychlorinated dibenzo-p-dioxins/dibenzofurans
(PCDD/Fs). Simultaneously, the convention stipulated that parties
were supposed to submit proposals for additional POPs to the
secretariat, which would be considered in conference every two
years. As of May 2019, the ninth meeting of the conference which
consisted of 183 parties adopted a resolution, in which, the
controlled chemical family was expanded with the addition of
multiple new types/classes POPs, including: alpha hexachlorocyclohexane (a-HCH), beta hexachlorocyclohexane (b-HCH),
chlordecone, decabromodiphenyl ether (commercial mixture, cdecaBDE), dicofol, hexabromobiphenyl, hexabromocyclododecane
(HBCD), hexabromodiphenyl ether and heptabromodiphenyl ether
(commercial octabromodiphenyl ether), hexachlorobutadiene
(HCBD), lindane, pentachlorobenzene (PeCB), pentachlorophenol
and its salts and esters (PCP), perﬂuorooctane sulfonic acid (PFOS),
its salts and perﬂuorooctane sulfonyl ﬂuoride (PFOSeF), perﬂuorooctanoic acid (PFOA), its salts and PFOA-related compounds,
polychlorinated naphthalenes (PCNs), short-chain chlorinated
parafﬁns (SCCPs), technical endosulfan and its related isomers,
tetrabromodiphenyl ether and pentabromodiphenyl ether (commercial pentabromodiphenyl ether).
Conventional treatments include adsorption, incineration, solvent extraction, landﬁll, stabilization/curing etc., all of which
appear to own their inevitable shortcomings (Amat et al., 2004; Chi
et al., 2008; Perelo, 2010). For instance, adsorption which uses
activated carbon (Su et al., 2015c), resins (Deng et al., 2010), carbon
nanotubes (Deng et al., 2012) or other adsorption materials is only
enriching and separating pollutants from the water phase or gas
phase without degrading the pollutants. If the pollutants desorbed
from the saturated adsorbent are not treated effectively, there will
have a great potential of the secondary pollution (Guo et al., 2012;
Padmanabhan et al., 2006). In addition, incineration and landﬁll are
easily supposed to affect drinking water supplies, food chains, and
ecosystems (Deng et al., 2014). Meanwhile, improper handling
processes of these conventional treatments are also likely to produce other POPs, like PCDD/Fs and PCBs (Plumlee et al., 2008;
Weber et al., 2011).
Compared with above-mentioned traditional technology,
multifunctional materials, used in the degradation of POPs existing
in environmental matrix, such as water, soil, air, sewage, and
exhausted gas etc., have shown promising prospects owing to their
cost-effective, high efﬁciency and less secondary pollution characters, especially in the particular auxiliary condition of heat (Su
et al., 2016; Wu et al., 2019; Yang et al., 2016), electricity (Martin
et al., 2016; Vallejo et al., 2015), light (Dong et al., 2015; Ong
et al., 2018; Pi et al., 2018; Trojanowicz et al., 2018; Wang et al.,
2017a), magnetism (Nair and Kurian, 2017; Tan et al., 2017; Xia
and Lo, 2016; Zhou et al., 2016) and sound (shown in Fig. 1)
(Katsumata et al., 2006, 2007; Tan et al., 2017; Vallejo et al., 2015;
Yang et al., 2016). Additionally, with the exponential growth of
research activities pertaining to nanoscience and nanotechnology
as well as corresponding advanced characterization techniques
such as transmission electron microscope (TEM), electron energy
loss spectroscopy (EELS), and X-ray photoelectron spectroscopy
(XPS), remarkable progresses were made to realize the anticipated
potential of contaminants degradation (Chen and Mao, 2007; Tong

et al., 2012). Particularly, the speciﬁc surface area and surface-tovolume ratio increase dramatically as the size of the materials
decrease, resulting in the change of corresponding size-induced
physical and chemical properties, such as catalytic activity, lattice
expansion, phase transformation etc. (Chen and Mao, 2007; Zhong
et al., 2007). Ever since 2000s, more and more investigations pertaining to the design of multifunctional materials with certain size
and shape by simple morphology controllable routes nano multifunctional materials have been reported, and to date, nearly all the
POPs degradation multifunctional materials involves nano material
or nanotechnology.
In general, in the present paper, on the one hand we attached
great importance to the fundamental aspects which were the cornerstones of further development and brilliant achievements. On
the other hand, considering attentions were paid to the recent
novel and promising progresses made in POPs degradation by
multifunctional materials especially in the last few years, which
were supposed to provide researchers with inspiring perceptions in
regard to future research directions. In particular, mainstream
prominent investigations with respect to POPs degradation are
summarized, including thermal degradation, electrochemical
remediation, as well as photocatalytic degradation. Besides, other
few investigated but prominent multifunctional materials were
also outlined in this review. Simultaneously, the future challenges
and prospects were summed up accordingly at the last chapter. As
far as we are concerned, a new and comprehensive review of POPs
degradation by multifunctional materials would further promote
the relevant research and devote efforts to tackle the bottleneck of
the development of POPs degradation.
2. Multifunctional materials for thermal degradation of POPs
Compared to the conventional POPs degradation methods with
the shortcomings, including harsh reaction conditions, high
equipment costs, poor efﬁciency etc., heightened interests have
been paid to the POPs degradation assisted by a relatively lowtemperature thermal conditions (Ma et al., 2013a, 2014). Various
metal oxides were used as catalysts owing to their high catalytic
activity, thermal stability, low costs, and ease of preparation (Li
et al., 2016; Ma et al., 2013a, 2013b, 2014). Meanwhile, the catalytic degradation rate is considerably bound up with the number of
catalytic surfactant active sites, which depends basically on its
surface area, particle size and phase composition. Herein, the
development of nanomaterial has posed remarkable opportunities
to control the composition of the catalysts and then endowed the
multifunctional materials with more superior function. Speciﬁcally,
the abundant reactive and coordinatively unsaturated sites of
nanomaterial can feature a large exposed surface area for interaction and surface catalytic reaction (Huang et al., 2014b, 2018b).
Based on the exponential growth of research activities in nanoscience and nanotechnology, the following part outlined the frontier remarkable multifunctional materials, especially the
nanomaterial used in the thermal POPs degradation in recent years,
including iron oxide-based materials, TiO2-based materials, Al2O3based materials, vanadium oxide-based materials and other novel
thermal POPs degradation materials. In this review, thermal
degradation technology was mainly focused on the treatment of
PBDEs, PCDD/Fs, PCNs, HCB, PCB and HBCD in POPs.
2.1. Iron oxide-based thermal degradation materials
Among numerous metal oxides that have been widely examined
for POPs degradation in recent years, iron oxide based materials
have been proved to be one of the most prospective candidate
owing to their non-toxicity, cost-effective, intrinsic ferromagnetic,
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Fig. 1. Summary of recent technologies on POPs degradation.

and ease of recycling performance properties (Li et al., 2016;
Morlando et al., 1997; Su et al., 2014a). Moreover, with the emergence of the novel 3D micro/nano structural materials that
composed of nanosized hierarchically building blocks, while the
particle size is in the micrometer scale, the aggregation problem of
common nanoparticles has been effectively prevented. This is
largely attributed to their total micrometer scale, thus realizing the
easier separation and recycle of catalysts, unblocked mass transfer,
high catalytic activity, as well as reducing the potential toxicity
resulting from the intrinsic nature of conventional nanoparticles
(Bystrzejewska-Piotrowska et al., 2009; Jia et al., 2010; Jiang et al.,
2010; Su et al., 2014a, 2014b). So far, a great number of POPs
degradation materials have based on this kind of prospective materials and most of the following illustration were also pertaining to
micro/nanomaterials from three aspects: pure Fe3O4, iron oxide
doping with metals, iron-based spinel composite oxides.
2.1.1. Fe3O4 thermal degradation materials
Fe3O4 as a non-toxic and low-cost catalytic material can be
easily synthesized with inexpensive and environment-friendly
ferric reagent (Jia et al., 2011; Li et al., 2016; Su et al., 2014b; Wu
et al., 2019; Zhong et al., 2006). A relatively early study suggested
that ﬂower-like pure Fe3O4 exhibited a high activity of HCB
degradation with the reaction rate constant reaching at
0.959 min1, and further investigation showed that Fe3O4 phase
was partially transformed into a-Fe2O3 phase, which in turn
accelerated the degradation progress. Moreover, the main degradation pathways were proposed by identifying the major intermediate products at each stage (shown in Fig. 2) (Jia et al., 2011).
More recently, Su et al. (2014b) made use of Fe3O4 micro/
nanomaterial to degrade octachloronaphthalene (CN-75) and
further proposed a reasonable degradation mechanism as shown in
Fig. 3. Fig. 3 (a) revealed that the leaving of chlorine group from CN75 and the formation of heptachloronaphthalenes (HpCN) radicals
played important roles for producing 1,2,3,4,5,6,8-HPCN (CN-74)
and 1,2,3,4,5,6,7-HPCN (CN-73). Simultaneously, as shown in Fig. 3
(b) and (c), both hydrodechlorination and oxidative existed in the
CN-75 degradation. On the one hand, 2,6-DiCN (CN-11) and 1,7DiCN (CN-8) came into being via hydrodechlorination mechanism
due to the instability of chlorine atoms at either set of a-position
caused by steric effect. On the other hand, based on the formation

of the nucleophilic O2, O and electrophilic O
2 on the Fe3O4 surface in oxidation mechanism, the carbon atom and p electron cloud
of naphthalene ring might be attacked to degrade PCNs. Accordingly, the two mechanisms were not independent, and newly
formed PCNs via hydrodechlorination could be also attacked by the
reactive oxygen species to form the corresponding chlorinated
phenols, formic and acetic acids.
Additionally, above mentioned degradation progress did not
distinctly elaborate the dominated interfering factors. Through
thorough products analysis of decabromodiphenyl ether (BDE-209)
and decachlorobiphenyl (CB-209) degradation progresses over asprepared Fe3O4 materials by Su and her co-workers (Huang et al.,
2013; Li et al., 2016), two inconsistent hydrodehalogenation
mechanisms were displayed (shown in Fig. 4). Accordingly, the
initial degradation of both BDE-209 and CB-209 carried on at the
ortho-position with the formation of the major nona- and octahalogenated products. However, preferred dehalogenation pattern
for the less halogenated PBDEs and PCB from the hepta-to dihalogenated products were different. Further intensive analysis of
chemical structure and bond length were shown in Fig. 5, which
revealed that the ether linkage of BDE-209 was instrumental in
making the positions of the two phenyl rings be relatively ﬂexible.
What's more, the steric interactions between ortho-substituents
were weaker in BDE-209 than CB-209. Therefore, we can further
explicate why the dehalogenation in the BDE-209 occurred relatively early at one ortho-position than that in CB-209. Further
analysis illustrated that apart from the strong inﬂuence of steric
effects on hydrodebromination steps of BDE-209, as more and more
bromine atoms were removed, the debromination process was
gradually governed by thermodynamics to a great extent.
Furthermore, in terms of the decomposition of HBCD using
Fe3O4 micro/nanomaterial, Wu et al. (2019) investigated that
elimination
reaction,
nucleophilic
substitution,
hydrodebromination and addition reaction existed simultaneously. And
the oxidation reaction was conﬁrmed to be the dominant one.
According to above mentioned four kinds of reaction, most of the
HBCD was degraded within 1 h, and the proposed degradation
mechanism is shown in Fig. 6, which vividly displayed that HBCD
was ordinally degraded into various intermediates, small molecular
organic acids, CO2 and CO in the end. In short, this study convincingly demonstrated the high efﬁciency and thoroughness of
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Fig. 2. Proposed hydrodechlorination pathways of HCB on Fe3O4 micro/nano materials (Jia et al., 2011).

thermal degradation.
2.1.2. Iron oxide doping with metals
As emphasized by numerous studies, a signiﬁcant research direction in nanoparticle synthesis is the expansion from singlecomponent nanoparticles to multicomponent hybrid nanostructures. It endows discrete domains of different materials arranged in a controlled fashion to synthesize the targeted
multifunctional materials (Holesinger et al., 2008; Huang et al.,
2018b; Jia et al., 2010; Li et al., 2012a; Su et al., 2014a, 2016; Zeng
and Sun, 2008). So as to multifunctional materials in POPs degradation, iron oxide doping with diverse species has shown huge
potential and bright prospects in recent years (Su et al., 2014a,
2016). Su et al. (2014a) developed an ethylene-glycol (EG) mediated
self-assembly process to synthesize micro/nano-structured Mgdoped Fe3O4 composite oxides to decompose hexachlorobenzene
(HCB), which vividly highlighted the beneﬁts of doping measures
by comparing the Mg-doped Fe3O4 composite with pure Fe3O4
material.
Furthermore, Ca-doped Fe2O3 composite oxides were also
developed and used in CB-209 degradation by her research group,
and the degradation mechanism was analyzed according to the
hydrodechlorination products, which indicated that the dichlorination was more favored on meta- and para-than on ortho-position
owing to the steric effect (Su et al., 2016). Conversely, this conclusion is dissimilar to that of CN-75 in which the hydrodechlorination
reaction happened preferentially at ortho-position. Further indepth analysis explicated that the difference of the p-conjugated
plane caused by the dihedral angle of 90 and 0 of the two aromatic rings was the main reason (shown in Fig. 7). In terms of CB209, the 90 dihedral angles led to the stability of CeCl bonds at
ortho-position and resistant to be attacked for many directions.
Hence, chlorines in meta- and para-position were easy to be statically attacked from the top and bottom of two independent planes.
However, the 0 dihedral angles of CN-75 resulted in the existence
of steric repulsion between chlorines at ortho-position, which in
turn caused the instability of the chlorines at ortho-position and
were likely to be preferentially attacked at the top and bottom of
the conjugated aromatic planes (Su et al., 2014b, 2016). In brief, this
study has distinctly demonstrated the multiple degradation
mechanisms of diverse POPs.

2.1.3. Iron-based spinel composite oxides
Another type of promising iron oxide-based materials that used
in POPs degradation is the iron-based spinel composite oxides,
which possess the merits of inexpensive, high surface areas, resistant to poisoning, environmental-friendly, and characteristic
magnetic properties (Chen et al., 2016b; Fang et al., 2015b; Huang
et al., 2013, 2014c, 2018b). Huang et al. developed NiFe2O4 and
NixCo1-xFe2Oz nanosphere to degrade CB-209, and 2monochlorobiphenly (CB-1) respectively, both of which showed
excellent reactive performance and superior destruction activity
(Huang et al., 2013, 2018b). Particularly, with regard to NiFe2O4, the
analysis of intermediate products indicated that hydrodechlorination, the breakage of CeC bridge bond, and oxidative
reaction existed in the degradation process simultaneously.
Besides, as far as NixCo1-xFe2Oz nanosphere to degrade CB-209,
according to the material property characterization and products
identiﬁcation, the possible degradation pathways of CB-1 over the
NixCo1-xFe2Oz nanosphere was shown in Fig. 8. The oxidation reaction occupied the dominant position compared with weak
competition of hydrodechlorination and CeC bridge bond
breakage. Furthermore, the oxidative degradation probably followed Mars-van Krevelen mechanism, resulting in the generation
of the small molecular acids and might further generate CO2.
Additionally, the interaction among different elements in Ni0.5Co0.5Fe2Oz was conﬁrmed to own the capacity of enhancing the
mobility of the reactive oxygen species. And the reactive oxygen
species could be replenished via stepwise electron gain by O2

2
adsorbed on the catalyst surface: O2 / O
(Huang
2 / 2O / 2O
et al., 2018b).
In addition, for the excellent microwave (MW) absorbing ability,
Chen et al. (2016b) developed a novel nano-scale ferrite (MgFe2O4)
employed for catalytically HCB in soil under MW induction. It is an
efﬁcient combination of MW treatment and catalytic pyrolysis.
MW-generated electron hole pairs could activate water and oxygen
adsorbed on the surface of MgFe2O4 to produce OH and O
2,
thereby enhancing HCB degradation. The study showed a profound
potential of MW-assisted spinel for the remediation of organochlorine contaminated soil. Nonetheless, concerns still arise from
the fact that the more complex of the degradation condition, the
more difﬁcult to implement the practical application.
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Fig. 3. (a) Proposed formation steps of the two HpCN isomers; (b) Proposed hydrodechlorination pathways toward the degradation of CN-75 over as-prepared Fe3O4; (c) Oxidative
attack mechanism for CN-75 degradation over Fe3O4 (Su et al., 2014b).

6

B. Sun et al. / Environmental Pollution 265 (2020) 114908

Fig. 3. (continued).

2.1.4. Analysis of kinetic characteristics
As reported, most of the thermal POPs degradation conﬁrmed to
follow the pseudo-ﬁrst-order kinetics, which not only vividly
showed the degradation activity of catalysts, but also provided a
relatively uniform data basis for the comparison of diverse multifunction materials (Jia et al., 2011; Li et al., 2016; Su et al., 2014b,
2016; Wu et al., 2019). Importantly, in terms of micro/nano Fe3O4
material, there were three similar kinetic characteristic studies for
the degradation of CN-75, CB-209 and BDE-209, all of which were
fully substituted by halogen atoms and the kinetic investigations
were all carried out at 300  C. However, there were weak difference
of reaction constants (shown in Fig. 9). Reaction constants
decreased successively in terms of BDE-209, CB-209, CN-75, but the
three were all far below a relatively early investigation pertaining to
degrading HCB using Fe3O4 micro/nanomaterial, with calculated
rate constant of 0.96 min1 (R2 ¼ 0.94) (Jia et al., 2011; Li et al.,
2016; Su et al., 2014b). Therefore, the degradation behaviors are
highly dependent on their molecular sizes and chemical properties,
such as p-conjugated effects, the strength of CeCl and CeBr bonds.
To be speciﬁc, the molecular size of HCB is much smaller than that
of CN-75, CB-209 and BDE-209, resulting in the higher reaction
constant of HCB. Moreover, as mentioned above, the CB-209 and
CN-75 possesses dihedral angle of 90 and 0 respectively of the
two aromatic rings, leading to the different substituted position of
reactivity chlorines, and further results in the difference of reaction
constant. Besides, the PBDEs has comparatively labile CeBr bonds,
which are weaker than the CeCl bonds in PCBs. Cleavage of such
CeBr bonds is expected to be an easier route for energy decay than
corresponding cleavage in their chlorinated analogues, causing the
less bigger of BDE-209 reaction constant than that of CB-209 (Hu
et al., 2005; Jia et al., 2011; Li et al., 2016; Su et al., 2014b).
2.2. TiO2-based thermal degradation materials
As a catalyst and a catalytic support, TiO2-based multifunction
materials bear tremendous hope in contaminants degradation
(Chen and Mao, 2007; Li et al., 2017). Particularly, as one crystal
form of TiO2, anatase TiO2 is of immense signiﬁcance owing to its
remarkable performance in oxidation reaction. Based on that, Su

and her coworkers (2015b) successfully synthesized the anatase
TiO2 nanomaterial used in thermal catalytic oxidation of CN-75. The
proposed degradation pathway is shown in Fig. 10. Similar to previously mentioned degradation mechanism, reactive oxygen
contributed to the dominant oxidative degradation. However, three
types of oxidation intermediates, including naphthalene-ring, single-benzene-ring, and completely ring-opened products were
formed during the degradation process. The result was quite
different from the frontier mentioned Fe3O4 micro/nanomaterial
used in the degradation of CN-75, which did not produce that much
oxidation products during the thermal degradation treatment,
indicating a more extensive oxidative degradation of CN-75 over
anatase TiO2 than that of Fe3O4 micro/nanomaterials (Su et al.,
2014b, 2015b).
Attributed to the change of TiO2 property, doping TiO2 with
other species has been known to potentially improve the catalytic
activity of TiO2 (Dong et al., 2015). Li et al. (2017) successfully
synthesized the lithium-titanium composite oxides used in
2,20 ,4,40 -tetrabromodiphenyl ether (BDE-47) degradation. The
proposed degradation pathway is shown in Fig. 11. Accordingly,
accompanied by the weak hydrodebromination, oxidative reaction
was indicated to be the dominant degradation pathway following
the Mars-van Krevelen mechanism. The activity of oxygen species
played an important role in this process. Doping of Li could not only
generate more oxygen vacancies, but also tend to donate electrons
to neighboring Ti and O atoms. Thus, the mobility of the reactive
oxygen species could be enhanced, leading to superior catalytic
oxidation activity. The ﬁnal degradation products were formic,
acetic, propionic butyric acids etc. Similarly, a more recent research
using CueTiO2 nanocomposites to degrade BDE-47 under mild
condition was reported by Lei et al. (2018a). With the assistance of
hydrazine hydrate (N2H4H2O) reducing agent, it showed fast and
deep debromination of a debromination efﬁciency about 87.7% in
3s at 25  C. There is no doubt that this is a novel and efﬁcient
method to degrade POPs. Nonetheless, the ﬁnal product is diphenyl,
which is much bigger than that of most thermal degradation.
Accordingly, it is obvious that thermal degradation as a relatively
simple method is more complete than other POPs degradation
approach.
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Fig. 4. Hydrodehalogenation pathways comparison towards BDE-209 and CB-209 (Huang et al., 2013; Li et al., 2016).

Fig. 5. Chemical structure and bond length marking of (a) BDE-209 and (b) CB-209 (Li et al., 2016).

2.3. Al2O3-based thermal degradation materials
Apart from above mentioned multifunctional materials, Al2O3,
as a catalyst and/or catalyst support used in organic pollutants
elimination has been endowed heightened interests owing to its
large surface and pore volume (Li et al., 2010; Lu et al., 2017). In
addition, among multiple kinds of Al2O3 crystalline forms, g-Al2O3,
attributed to its speciﬁc defective spinel structure, processes large
amounts of surface-adsorbed oxygen species, Brønsted and Lewis
acid sites (Kim et al., 2005; Liu et al., 2017c; Lu et al., 2017). Given
that, Lu et al. (2017) successfully synthesized micro/nano-g-Al2O3
rod-like ﬁbers to perform the gaseous degradation of 1chloronaphthalene (CN-1), and the proposed mechanism is
shown in Fig. S1. Accordingly, the dissociated CN-1 was ﬁrstly
adsorbed on the Al3þ Lewis acid and Brønsted acid sites via complex interaction and hydrogen bonding, and the post-sequential
degradation pathway was similar to that described previously in

this paper (Huang et al., 2018b; Li et al., 2017).
Besides, a series of FeeAl composite oxides were synthesized to
degrade BDE-47 and 1,2,3,4-TeCN (CN-27) (Liu et al., 2017c; Yang
et al., 2016). Signiﬁcantly, Yang et al. used different urea dosages
to synthesize diverse morphology and composition catalysts by the
hydrothermal method, which was of great importance to generate
various products during degradation process and synthesis desired
high-reactivity materials (Lin et al., 2011; Yang et al., 2016). Most
above mentioned multifunctional materials merely stay in the
stage of laboratory research, however, Liu et al. (2016b) purchased
Pd/g-Al2O3 from Acros Organics and applied to remediate highconcentration PCDD/Fs in the soil. The whole experiment was
carried out in a designed continuous pyrolysis system (CPS) with
effective air pollution control devices (APCDs). Even though the
experiment does not belong to thermal POPs degradation, it has
provided a good reference for the application of thermal catalytic
treatment into practical production.
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Fig. 6. Proposed CN-75 degradation mechanism using Fe3O4 micro/nanomaterial (Wu et al., 2019).

Fig. 7. Hydrodechlorination mechanisms of the optimized geometries of the minima states for (a) CB-209 and (b) CN-75 (Su et al., 2016).

2.4. Vanadium oxide-based thermal degradation materials
As known, vanadium oxides have been extensively used in
contaminants elimination attributed to their adequate active sites
and high nucleophilic adsorption (Weber et al., 1999; Yu et al.,
2016a; Zhan et al., 2018c). Speciﬁcally, V2O5eWO3eTiO2 catalyst
is one of the most widespread commercial catalysts used extensively in the treatment of PCDD/Fs from the off-gases of the
municipal solid waste (MSW) incinerator plant (Gallastegi-Villa
et al., 2017; Heck, 1999; Hsu et al., 2018; Yu et al., 2016c; Zhan
et al., 2018b). What's more, to achieve a broader operating window in seeking to the mutually catalytic removal of various pollutants generated during waste incineration, researchers have been
keen on developing inexpensive novel catalysts for a long time.
Recent promising investigations have been mainly devoted to
substituting the WO3 for other transition metal oxides, such as CeOx
(Zhan et al., 2018c), MnOx (Yu et al., 2016a; Zhao et al., 2016) and
CuOx (Zhao et al., 2016) etc., as well as substituting the TiO2 for
other supports, such as carbon nano tubes (CNTs) (Du et al., 2017;
Wang et al., 2018a), ZSM-5 zeolites (Gallastegi-Villa et al., 2016),
activated carbon (Yu et al., 2016b), cordierite (Chen et al., 2016d)
etc. Considering the complicated operating conditions, the effect of
other species, including O3 (Wang et al., 2018a; Yu et al., 2016c;

Zhan et al., 2018c; Zhao et al., 2016), hydrochloric acid (HCl) (Zhan
et al., 2018b), NaCl (Du et al., 2018), NO (Wang et al., 2016), NH3
(Wang et al., 2016), chlorinated benzenes (Ji et al., 2018), chlorinated phenols (Ji et al., 2018) etc., have gained close attentions
simultaneously (listed in Table S1).
Compared to other thermal degradation materials, vanadium
oxide-based materials are closest to practical application. Nevertheless, a study (Zhan et al., 2018a) concerning the comparison of
catalytic degradation of PCDD/Fs by V2O5-WO3/TiO2 catalyst under
the laboratory condition and MSW incinerator plant revealed that
the degradation efﬁciency of PCDD/Fs in the simulated ﬂue gas was
generally higher than that in the MSW incinerator ﬂue gas. Further
investigation suggested that the complex composition of MSW
incinerator ﬂue gas, as well as the honeycomb shaped catalyst
rather than the powdered one led to the divergence between the
laboratory research and industrial application. Besides, highchlorinated PCDD/Fs were the main concern in most experiment
investigations, but the low-chlorinated PCDD/Fs contaminants
were the burning issues of actual production that needed to solve
urgently. Accordingly, the laboratory research of V2O5-WO3/TiO2
catalyst still mismatches the actual production, let alone other
degradation materials. Consequently, there still has a long way to
go to narrow the gap between laboratory research and industrial
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Fig. 8. Proposed degradation pathways of CB-1 over the Ni0.5Co0.5Fe2Oz (Huang et al., 2018b).

application. Moreover, in consistent with previously mentioned
concept, no matter where the degradation process is carried out,
nanosized materials with the properties of high speciﬁc surface
area and a possible uniform distribution of active components on
carriers are instrumental in achieving high POPs degradation efﬁciency (Zhan et al., 2018a).
Apart from above mentioned thermal degradation materials,
there are still many other multicomponent composite oxides used
in POPs degradation, including Co3O4, Co3O4eCeO2 composite oxide, other iron oxides based multifunctional materials and so on
(Lin et al., 2011, 2012b; Su et al., 2013, 2015a). In short, most researchers hold the view that oxidation mechanism is the dominant
pathway in POPs thermal degradation, accompanied by some weak
competitions, such as hydrodechlorination, hydrodebromination,
CeC bridge bond breakage etc. In the meantime, the active oxygen
species can be replenished through stepwise electron gain by O2

2
adsorbed on the catalyst surface: O2 / O
2 / 2O / 2O , with
small molecular organic acids, CO2, CO etc. as the ﬁnal products.
Additionally, there are multiple speciﬁc degradation mechanisms
in terms of diverse POPs owing to their different molecular sizes
and chemical properties, such as p-conjugated effects, the
discrepant strength of CeCl and CeBr bonds etc. Simultaneously,
for the complex and changeable conditions of actual production,

there still has a long way to go to narrow the gap between laboratory research and industrial application. Signiﬁcantly, the development of nanomaterials has a great potential to tackle this
bottleneck.

3. Multifunctional materials for electrochemical remediation
of POPs
Apart from thermal degradation method, electrochemical
technique owing to its relatively lower energy consumption, milder
condition, and shorter half time has also gained immense attentions in the remediation of environmental pollutants (Martin et al.,
2016; Niu et al., 2012, 2016). In terms of electrochemical technology
using in POPs degradation, numerous literatures have been reported in relatively early years, including electrochemical hydrodehalogenation (Bonin et al., 2005; Yang et al., 2006) and
electrochemical intramolecular reduction with multiple noble or
~ ach et al., 2006). In general, the
transition metal electrodes (Dun
electrochemical remediation efﬁciency is closely related to mass
transfer distance, crystal face exposure, overpotential etc. Signiﬁcantly, with the development of nanomaterial, the mass transfer
distance in electrochemical reaction has been reduced. The dominant exposure of the crystal face as well as the overpotential are
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early studies with respect to electrocatalytic reduction of POPs at
different electrodes and in various solvents have been comprehensively reviewed by Martin and his coworkers (Martin et al.,
2016). Additionally, as two important methods in advanced
oxidation processes (AOPs), electrochemical oxidation and electroFenton, with the assistance of electrochemically generated radicals
have also been extensively outlined in recent years (Niu et al., 2016;
Oturan and Aaron, 2014; Rodrigo et al., 2014; Vallejo et al., 2015).
Nonetheless, to the best of our knowledge, there are not systematic
summary for the recent novel electrocatalytic materials pertaining
to various POPs remediation. Herein, we developed this part by
offering comments and references to recent promising literatures,
mainly pertaining to carbon-based electrocatalytic materials, silver
cathode electrochemical materials, multicomponent composite
metal oxides electrochemical materials, as well as electro-Fentonbased materials. In this review, electrochemical remediation technology was mostly concentrated on the disposal of PBDEs, PCDD/Fs,
HBCD, DDT, lindane, a-HCH, b-HCH, PFOA and PFOS in POPs.
3.1. Carbon-based electrochemical materials
As known, electrocatalytic reaction generally refers to a series of
chemical reactions caused by electron transfer under the action of
an electric ﬁeld. The electrode material acts as a catalyst, which can
reduce the activation energy of the reaction or provide a new reaction pathway, thereby accelerating the reaction or allowing the
occurrence of the reaction that cannot conduct originally. Therefore, the choice of electrode material is of great importance for the
efﬁciency of electrochemical treatment (Radjenovic and Sedlak,
2015). Carbon-based electrocatalytic materials, which can both
act as anode and cathode electrodes, have been extensively reported on account of their various structures, easy accessibility, and
harmless to the ecological system (Dong et al., 2016; Kumaravel
et al., 2013; Vallejo et al., 2013b). These materials using in POPs
degradation consist of glassy carbon cathode (McGuire and Peters,
2014), transition metal salen complexes electrogenerated at carbon
cathode (Peters et al., 2014; Wagoner et al., 2013), relative early
~ ach
carbon-supported transition metals (Mubarak et al., 2006; Dun
et al., 2006), as well as metal free boron and/or nitrogen doped
diamonds (Liu et al., 2019; Liu et al., 2014) etc. The following part
mainly focused on the promising metal free carbon-based electrochemical materials that had been highly thought of in recent
years.

Fig. 9. Residual (a) CN-75, (b) CB-209, and (c) BDE-209 content as a function of heating
time. Inset shows the pseudo-ﬁrst-order kinetic plot of the reaction. (Li et al., 2016; Su
et al., 2014b).

able to be better controlled, which in turn enhances the electrochemical removal efﬁciency (Liu et al., 2014; Martin et al., 2016;
Mubarak and Peters, 2017). Recent reviews dealing with the topic of
the electrochemical techniques from different angles had included
electrochemical reduction, electrochemical oxidation, electroFenton process, as well as electrochemically assisted remediation
(Martin et al., 2016; Niu et al., 2016; Oturan and Aaron, 2014;
Rodrigo et al., 2014; Vallejo et al., 2015). Each technique, however,
possesses their own merits and challenges. A series of relatively

3.1.1. Graphene-based electrochemical materials
Interestingly, a relatively new study was developed by Dong and
his colleagues (2016), which fabricated the electrochemically
reduced graphene oxide (ERGO) modiﬁed gas diffusion electrode
(GDE) using in the removal of POPs from wastewater. Speciﬁcally,
under the electrocatalysis of carbon black, oxygen performed a
two-electron reduction reaction with H2O2 as the primary product.
And H2O2 further reacted at the ERGO electrode to generate O2
and OH. The defects concentration and electrochemical active
sites of the ERGO were increased as the reduction time increasing,
leading to different catalysis on the oxygen reduction reaction.
Additionally, the oxygen elimination degree was just dependent on
the reduction potential, and the direct one-electron oxygen
reduction reaction to O2 was found only under the electrocatalysis
of ERGO (60 min and 120 min), which was instrumental in the
complete degradation of POPs (shown in Fig. 12).
3.1.2. Boron-doped diamond electrochemical materials
Boron-doped diamond (BDD) owing to their high thermal conductivity, electrochemical stability, inert surface and high oxygen
evolution overpotential has gained immense interests in a long
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Fig. 10. Possible degradation pathways of CN-75 over anatase TiO2 (Su et al., 2015b).

time. It was proven to have higher oxidation rate and current efﬁciency than other materials, such as PbO2 and Ti/SnO2eSb2O5
(Anglada et al., 2009; Brillas et al., 2004; Chen, 2004; Farhat et al.,
2015; Sola-Gutierrez et al., 2018; Vallejo et al., 2013b). To explore
the inﬂuence of electrode materials more deeply, Dominguez et al.
(2018a) developed a comparative experiment using different anodes (Pt, dimensionally stable anode (DSA) and BDD) and the same
carbon felt (CF) cathode on lindane electrooxidation. Considering
lindane oxidation and mineralization as well as cost-effectiveness,
BDD was chosen to be the most prominent one. Further analysis
suggested that the faster oxidation rate of BDD anode could be
related to its greater O2-evolution overvoltage compared to the

other two active anodes (Barhoumi et al., 2015). Simultaneously,
the generated OH was weakly adsorbed on the surface of BDD
anode, thus being prone to oxidizing the organics near the anode
(Oturan et al., 2013). Furthermore, low energy consumption is always one of the most signiﬁcant factors for the development of
pollutants removal materials, which is closely related to the possibility of its future industrial applications (Labiadh et al., 2015). The
treatment cost of the process, therefore, was evaluated based on
the energy consumption of per unit total organic carbon (TOC)
mass. The results indicated that the mineralization of lindane solution using the Pt and DSA anodes consumed two and four times
more energy, respectively, than the BDD anode, which once again
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Fig. 11. Proposed CN-75 degradation mechanism using Fe3O4 micro/nanomaterial (Li et al., 2017).

Fig. 12. Schematic illustration of the electrocatalysis of the ERGO-modiﬁed carbon black GDE on the oxygen reduction reaction in an electrochemical AOP system under mild
condition (Dong et al., 2016).

conﬁrmed the superiority of BDD anodes. Using the BDD anode and
CF cathode, Dominguez et al. (2018b, 2018c) also focused on the
removal of hexaclorocyclohexanes (HCHs, isomers a, b, g, and d)
presenting in a real groundwater from a landﬁll of an old lindane

factory. Beneﬁting from the natural characteristics of the groundwater from lindane production site (conductivity ¼ 3.7 mS cm1
and [Fe2þ] ¼ 5.8 mg L1), the electrooxidation process could be
carried out without any reagent addition (electrolyte, catalyst, pH
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adjusters), acquiring a complete depletion of the four HCH isomers
and a mineralization degree of 90% at 4 h electrolysis with a current
intensity of 400 mA. The research showed a promising prospect for
the degradation of POPs in actual environment using simple, efﬁcient and low energy consumption method.
Besides, it is worth mentioning that BDD electrode also bears
tremendous hope in the disposal of ﬂuorinated POPs. A recent
investigation (Barisci and Suri, 2020) using BDD electrode to
remove the short (C3eC6) and long (C7eC18) chain perﬂuorocarboxylic acids (PFCAs) was developed, achieving 74% TOC
removal and 37% deﬂuorination ratio for 10 mg L1 of PFOA solution
after 1 h treatment. The underlying degradation pathway was
proposed according to the products analysis. Above all, one direct
electron transferred from PFOA molecule to anode surface, followed with the formation of perﬂuoroheptyl radical via decarboxylation of PFOA radical. The perﬂuoroheptyl radical might
subsequently on the one hand react with formed hydroxyl radical
resulting in the elimination of HF and hydrolysis of C6F13COF, on the
other hand react with O2 to form perﬂuoroheptylperoxy radical,
generate of C7F15O, and then form perﬂuorohexyl radical with
release of COF2 (Barisci and Suri, 2020; Lin et al., 2013; Ma et al.,
2015; Yang et al., 2017; Zhuo et al., 2012). Both pathways were
proposed by several researchers, and the latter pathway implied
that the degradation of PFOA on BDD anode started from its
carboxyl group instead of cleavage of carbon bonds (Barisci and
Suri, 2020). Similar mechanism was proposed by Wang et al.
(2020), who used BDD electrode materials to degrade PFOS. The
investigation illuminated that the direct electron transfer in combination with attacking by hydroxyl radicals adsorbed on the anode
surface dominated the electrochemical degradation of PFOS. For
the sake of further practical application, the inﬂuence of Cl was
also comprehensively investigated by them, which indicated that
the presence of certain concentration Cl could accelerate PFOS
degradation on BDD electrode attributed to the generation and
reaction of Cl. Another distinguished example (Vallejo et al.,
2013a) with respect to the comparison of Fenton and electrochemical oxidation of PCDD/Fs elimination was investigated using
BDD on silicon anode and stainless steel cathode. The reaction
mechanism and degradation ability were demonstrated bellow.
When using the two AOPs methods to remediate high polluted
landﬁll leachates, the hydroxyl radicals were efﬁciently generated
on the BDD anode surface by means of electrochemical oxidation
and gained a relatively high PCDD/Fs reduction efﬁciency. On the
contrary, the Fenton oxidation turned out to have an increase of
PCDD/Fs concentration on account of the production of potential
PCDD/Fs precursors during the Fenton reaction. In addition, a
similar earlier experiment was carried out by Brillas et al. (2004),
which using a BDD electrode to destruct chlorophenoxy herbicides
by anodic oxidation and electro-Fenton methods respectively.
However, an increase of toxic substances did not turn out in the two
remediation processes. Accordingly, the above-mentioned investigations vividly indicated the diversity of products in terms of
different methods using in various pollutants elimination, and
heightened the necessity of a more rigorous assessment of the
oxidation technology in pollutant remediation process.
3.1.3. Nitrogen doped diamond (NDD) electrochemical materials
Compared with BDD electrode, nitrogen doped diamond (NDD)
electrode could be more negative due to the negatively shift of
hydrogen evolution potential (Liu et al., 2014; Raina et al., 2009).
Meanwhile, N-doping possesses the capacity of increasing the
number of catalytic sites through inducing strain and defect sites.
Besides, the high electronegativity of nitrogen polarizes the CeN
bonds and the adjacent carbon atoms, introducing uneven charge
distribution, which in turn induces a reduced energy barrier
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towards electrochemical reaction (Liu et al., 2014; Shao et al., 2008;
Wang et al., 2011b). All of the mentioned above guarantees NDD as
an outstanding alternative material for POPs degradation. In a study
(Liu et al., 2014) of electrocatalytic debromination of PBDEs, vertically aligned nitrogen-doped nano-diamond (VA-NDD)/Si rod array
(RA) was successfully synthesized and chosen as electrode material.
Further investigation indicated that this material could offer direct
channels for effective electron transport and provide a high aspect
ratio, thereby improving the electrochemical reduction performance. Comparison tests revealed that the kinetic constant of the
VA-NDD/Si RA was much greater than those of VA-BDD/Si RA,
graphite, Pt wafer and Pd ﬁlm electrodes under the same experimental condition. Simultaneously, the investigation indicated that
the superior activity also derived from the low hydrogen evolution
potential and N-doping induced active sites. Moreover, the durability test demonstrated that the VA-NDD/Si RA electrode was
stable and reusable. The simpliﬁed debromination pathway of BDE47 is shown in Fig. 13. Accordingly, BDE-47 could be eventually
debrominated to diphenyl ether. However, compared with thermal
degradation demonstrated previously (shown in Fig. 11), on the one
hand, it's obvious that thermal degradation possessed a more
complete degradation with the ﬁnal products of small molecular
non-toxic species (Li et al., 2017). On the other hand, the electrocatalytic debromination of BDE-47 by VA-NDD/Si RA electrode
material was a more stable and environmental-friendly method.
The stability and thoroughness of POPs degradation calls for much
more attentions and efforts.
3.1.4. B and N co-doped diamond (BND) electrochemical materials
Apart from BDD and NDD electrode materials, B and N co-doped
diamond (BND) has also exhibited distinguished electrocatalytic
performance owing to their high oxygen evolution potential,
outstanding electrochemical stability, as well as chemical inertness
properties (Liu et al., 2019; Mochalin et al., 2011; Wang et al.,

Fig. 13. Simpliﬁed debromination pathway of BDE-47 over VA-NDD/Si RA materials
(Liu et al., 2014).
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2011b). Moreover, BND can combine the advantages of both BDD
and NDD electrode materials, tune the electronic structure of carbon materials, as well as polarize the C atoms adjacent to B and N
atoms, thus enhancing the electrocatalysis activity (Liu et al., 2019;
Martin et al., 2016; Panchakarla et al., 2009; Zhang et al., 2015a;
Zheng et al., 2013). A recent striking example (Liu et al., 2019)
designed BND electrode for electrochemical degradation of PFOA
via sulfate activation. The bottleneck of sulfate activation pertaining
to lack of active and robust electrodes was eliminated by BND
electrode, enabling the generation of SO
4 and OH from sulfate
electrolyte through electrochemical oxidation. Additionally, electrocatalytic oxidation at different electrolytes revealed that oxidation rate of sulfate electrolyte was signiﬁcantly enhanced (2.3e3.4
times) compared with those at nitrate and perchlorate electrolytes
(shown in Fig. 14 (a)). An in-depth investigation was performed in
the presence of radical scavengers, methanol and tert-butanol
(TBA), which elucidated that both SO
4 and OH were responsible for PFOA oxidation on BND electrode, and the contribution of
SO
4 was more signiﬁcant (shown in Fig. 14 (b)). Accordingly, the
research vividly demonstrated that both electrolytes and speciﬁc
active species were closely related to the POPs removal efﬁciency.
SO
4 and OH are two distinguished oxidative radicals that have
been considerably reported. The SO
4 based oxidation processes
mainly undergo the electron transfer reaction, while the OH based
oxidation processes are prone to conducting addition reactions and
hydrogen abstraction. The different reaction mechanisms of these
radicals can explain why the reaction rate constants of SO
4 is
larger than that of OH. However, most common contaminants
have functional groups that can be attacked by the OH, making the
hydroxyl radical reaction more extensive (Wacławek et al., 2017,
2019).
3.2. Silver cathode electrochemical materials
In spite of its cost, silver cathode electrochemical material is also
a promising candidate owing to its propensity to “electrocatalyst”
reductive cleavage of carbon-halogen bonds (Martin et al., 2016;
McGuire and Peters, 2014; Peverly et al., 2013b). The electrode can
cause both a positive shift in cathodic peak potentials and an increase in current efﬁciency that mostly combines with glassy carbon electrode for pollutants remediation. Although it may not that
remarkable as B and/or N doped diamond, this material exactly
takes a place for electrochemical remediation of POPs. Particularly,
numerous recent works with the assistance of cyclic voltammetry
and controlled potential (bulk) electrolysis to analyze the reductive
dehalogenation of HBCD (Wagoner et al., 2014), DDT (McGuire and
Peters, 2014), BDE-209 (Peverly et al., 2013b) and Lindane (Peverly

et al., 2013a) at silver cathode were developed in dimethylformamide (DMF) or other solvent system containing a certain dose of
tetramethylammonium tetraﬂuoroborate (TMABF4). On the one
hand, cyclic voltammetry can reveal the reductive cleavage of
carbon-halogen bonds, which is well suited to discover the
oxidation-reduction processes of POPs (Martin et al., 2016;
Mubarak and Peters, 2017). On the other hand, unlike cyclic voltammetry, controlled-potential electrolysis requires highly efﬁcient
stirring of the solution (even ultrasonication) so that mass transport of the electroactive species to the electrode surface is high.
Consequently, the electrolysis time is shortened, thereby minimizing the occurrence of perhaps unwanted side reactions and
their involving intermediates. Accordingly, the combination of the
two methods provides important and complementary insights into
the identities and characteristics of the electron-transfer processes
and the concomitant chemical reactions (Martin et al., 2016;
McGuire and Peters, 2014).
3.3. Multicomponent composite metal oxides electrochemical
materials
In addition, multicomponent composite metal oxides have also
been widely recognized as prominent candidates in recent years for
electrochemical remediation of POPs, because composite materials
might combine the merits of each component to make up for the
shortcomings of the single component material. (Prathap and
Srivastava, 2013; Lin et al., 2012a; Niu et al., 2012; Zhuo et al.,
2011, 2016). In a study (Zhuo et al., 2016) pertaining to electrochemical reduction of PFOS at Ti/PbO2, Ti/TiO2-nanotube arrays
(NTs)/PbO2, and Ti/TiO2-NTs/Ag2O/PbO2 anode respectively, Ti/
TiO2-NTs/Ag2O/PbO2 anode exhibited a high oxygen evolution potential, and the longest life service. The material achieved a
degradation ratio of 74.87%, with a pseudo ﬁrst-order kinetic constant of 0.0165 min1 at a constant current density of 30 mA cm2
after 180 min electrolysis. Through a series of characterization and
analysis methods, a possible mechanism was proposed that PFOS
was desulphurized at the anode to form C8F17 and then transformed into C8F17OH, followed by intramolecular rearrangement
and hydrolysis reactions to form C7F15COO. Kolbe decarboxylation
occurred in C7F15COO at the anode to generate C7F15, which
evolved C6F13COO in a similar way and the CF2 unit fell off from
C7F15COO. Subsequently, PFOS was gradually degraded into shortchain perﬂuorocarboxyl anions by repeating the CF2 unzipping
cycle (Fig. 15).
Besides, Ti/SnO2 electrode doping with other species have also
been highly thought of in ﬂuorinated POPs degradation on account
of its high oxygen evolution potentials, which in turn facilitated

Fig. 14. PFOA oxidation on BND electrode (a) at 0.05 M Na2SO4 (8.4 mS cm1), NaNO3 (8.4 mS cm1), NaClO4 (8.4 mS cm1) electrolytes and (b) at 0.05 M Na2SO4 with the presence
of methanol or tert-butanol, current density of 4.0 mA cm2 (Liu et al., 2019).
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Fig. 15. Proposed electrochemical oxidation mechanism of perﬂuorooctane sulfonate at the Ti/TiO2-NTs/Ag2O/PbO2 anode (Zhuo et al., 2016).

directly extracting electron from organic molecules to electrode
(Lin et al., 2013; Ma et al., 2015; Yang et al., 2017; Zhuo et al., 2011).
Zhuo et al. (2011) doping Ti/SnO2 with Sb and Bi to degrade PFOA in
water. The experiment indicated that Sb and Bi co-doping was
instrumental in enhancing the stability and durability of the electrode, achieving more than 99% PFOA degradation, with a ﬁrstorder kinetic constant of 1.93 h1. Furthermore, Yang et al. (2017)
doped Ti/SnO2 with F and Sb to remove PFOS. Attributed to the
formation of SneSb interlayer between Ti substrate and SnO2
coating, the electrode constancy was considerably improved.
Moreover, F doping could be conducive to the formation of
smoother electrode surface, which in turn produced physically
adsorbed OH and heightened the oxygen evolution potential.
3.4. Electro-Fenton-based materials for POPs remediation
The Fenton's reagent, a pioneering work reported by Fenton in
1894, is a mixture of H2O2 and Fe(II), which constitutes the basis of
the chemical generation of the strong oxidant OH (Sires et al.,
2014; Sychev and Duka, 1985). The electro-Fenton (EF) process is
one of the most prominent technologies of electrochemical AOPs,
based on the generation of H2O2 at cathode and further through an
indirect electrochemical manner to produce OH in aqueous solution (Ni et al., 2018; Oturan and Aaron, 2014; Sires et al., 2014).
Therefore, the pollutant degradation efﬁciency is closely related to
the cathode material for H2O2 synthesis (Liu et al., 2015). A
comprehensive development of cathode materials used in H2O2
generation was outlined by Oturan et al., including mercury pool,
graphite, carbon-PTFE O2 diffusion, and three-dimensional electrodes (carbon felt, activated carbon ﬁber, reticulated vitreous
carbon, carbon sponge, and carbon nanotubes), among which carbon cathodes have been highly thought of due to their nontoxic
property, excellent current efﬁciency, stability, and chemical
resistance (Le et al., 2015; Oturan and Aaron, 2014). A preeminent
example (Liu et al., 2015) using hierarchically porous carbon (HPC)
to generate H2O2 in situ from O2 reduction, achieved a high H2O2
production rate (41.2e14.0 mM/h), realizing a rapid PFOA
(50 mg L1) degradation rate with ﬁrst-order kinetic constant of
1.15e0.69 h1 at low potential (0.4 V) in a wide range of pH (2e6).
Besides, according to the comparation of kinetic constant, the effect
of Fe2þ concentration, pH value and applied potential on PFOA
degradation were investigated (shown in Fig. 16). Speciﬁcally, the
kinetic constants for PFOA degradation were 0.70 h1, 0.95 h1,
1.15 h1 and 1.20 h1 at 0.3 mM, 0.7 mM, 1.0 mM and 1.5 mM Fe2þ
respectively. Thus, within a certain range, as the Fe2þ concentration

increased, the PFOA degradation efﬁciency was heightened. The
kinetic constants were 1.15 h1, 0.89 h1 and 0.69 h1 at pH 2, pH 4
and pH 6 respectively, which showed that the lower pH of the solution, the higher PFOA degradation efﬁciency. This was because
lower pH could promote H2O2 decomposition and enhance Fe2þ
catalyzing H2O2, thus increasing the generation of hydroxyl radical.
Besides, as the potential negatively shifted from 0.2 to 0.6 V, the
process was also promoted on account of the increased H2O2 production rate at more negative potential.
Concluding the electrochemical technology for POPs remediation using diverse electrode materials reported in recent years, this
technique shows a better performance in the treatment of POPs
existing in the water environmental medium compared with
thermal degradation, especially for the ﬂuorinated POPs. However,
their reaction rate, removal efﬁciency, as well as the completeness
of POPs degradation are all relatively lower than thermal degradation. And except for carbon-based electrochemical materials,
other related research attention has a tendency to decrease. To
broke these bottlenecks and further achieve a wide range of practical application, the choice and optimization of electrode material,
supporting electrolyte, solvent system and other operational strategies must be profoundly explored. Additionally, although it may
be quite complicated to investigate a novel innovative electrochemical degradation system for POPs degradation, it does indeed
an effective way to realize a real breakthrough.
4. Multifunctional materials for photocatalytic degradation
of POPs
Since the monumental work done by Fujishima and Honda1
regarding electrochemical photolysis of water at a semiconductor
electrode in 1972, photocatalytic technology has been being a
subject to high focus among researchers (Fujishima and Honda,
€
1972; Mattsson and Osterlund,
2010). Shortly after that, Carey
et al. successfully realized photocatalytic decomposition of PCBs in
aqueous solution with TiO2 powder (Carey et al., 1976). Henceforth,
photocatalysis process as an environmental-friendly, relatively
inexpensive and high-efﬁcient method to remove refractory pollutants especially the POPs in wastewater, began to develop rapidly
(Azri et al., 2016; Chong et al., 2010; Oturan and Aaron, 2014; Wang
et al., 2014; Wang et al., 2017a). Besides, with the emergence of
nanomaterial, more and more researchers got to focus on the size of
catalysts. Till now, nearly all of the photocatalytic materials involve
in nanotechnology. There is no doubt that the development of
nanotechnology provides an opportunity for improving the
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Fig. 16. The kinetics of PFOA degradation at (a) Fe2þ concentration of 0.3e1.5 mM (pH 2, -0.4 V), (b) pH 2e6 (0.4 V, 1.0 mM Fe2þ) and (c) potential of 0.2~-0.6 V (pH 2, 1.0 mM
Fe2þ) (Liu et al., 2015).

photocatalytic efﬁciency and promoting the development of photocatalysis to practicality.
Photocatalysis, mainly making use of diverse semiconductors as
its photocatalysts, including metal oxides, like TiO2 (Dong et al.,
2015), ZnO (Ong et al., 2018), Cu2O (Sullivan et al., 2016), Ga2O3
(Li et al., 2013b), In2O3 (Li et al., 2014b), silver salt composites (Liang
et al., 2019), bismuth composites (Lee et al., 2018), as well as nonmetal semiconductors (Xie et al., 2015) etc., have made
marvelous progresses in POPs degradation. Accordingly, the
following discussion mainly carried out with regard to abovementioned promising semiconductors. In particular, however,
several drawbacks could not be neglected, especially the low energy utilization rate, which has turned into the key challenge that
hindered the practical application of photocatalytic process. To
tackle this bottleneck, there are three basic measures, including
enhancing the absorption of light, improving the separation of
photogenerated charges, and promoting the surface reactions of
adsorption and mass transfer processes (Gomara et al., 2007; Wang
et al., 2011a). In view of these measures, a great deal of efforts have
been devoted to doping (Liu et al., 2019; Wang et al., 2019), sensitization (Son et al., 2019), development of new narrow bandgap
semiconductors (Liang et al., 2019), design of core-shell structure
(Liu et al., 2017a), and improvement in crystal face exposure (Yu
et al., 2014) etc. In the meantime, a variety of novel photocatalysts and photocatalytic reactors have been investigated (Lei
et al., 2018b; Yang et al., 2017). Herein, the review outlined a
number of promising photocatalytic materials on the basis of
various catalyst compositions, especially the signiﬁcant ones that
had made remarkable progresses in recent years (mostly were listed in Table 1). In addition, the mechanism and impact factors of
photocatalysis process were also elaborated for the sake of a better
comprehension and development of photocatalytic technology. In
this review, photocatalytic degradation technology mainly dealt
with PBDEs, PCDD/Fs, PCP, PFOA, PCBs and SCCPs in POPs.
4.1. Mechanism of photocatalysis process
As for the mainstream of conventional photocatalysis, extensive
reports have illustrated at length (Chong et al., 2010; Dong et al.,
2015; Herrmann, 1999; Kisch, 2013; Ong et al., 2018; Rauf and
Ashraf, 2009). In general, the classical photocatalysis process
takes place in heterogeneous system with the help of multifunctional semiconductor catalysts owing to their unique lone electron
properties in the outer orbital, which are capable of absorbing
efﬁcient photons. Moreover, these materials also own the capacity
of adsorbing reactants and inducing varieties of reactions on their
surface. The fundamental mechanism of photocatalysis process can
be divided into ﬁve independent steps (Herrmann, 1999; Ong et al.,
2018):

1. Mass transfer from the reaction system to the multifunctional
photocatalytic materials' surface.
2. Adsorption of the reactants on the surface that have been activated by the incident photon.
3. Photocatalytic reaction on the surface of the adsorbed phase.
4. Desorption of the product from the photocatalysts surface.
5. Mass transfer of the products from the interface region to the
reaction system.
Above mentioned is the basic principle of the photocatalysis
process, corresponding to which is a series of reactions, and Table 2
listed the signiﬁcant parts among them (Chong et al., 2010; Dong
et al., 2015). Above all, as the light irradiates the photocatalyst,
incident photon energy is absorbed by the valence band (VB)
electrons of the semiconductor, and a transition occurs owing to
this process. On the one hand, if the energy is sufﬁcient to jump to
the bottom of the conduction band (CB), a photogenerated electron
will appear in the CB and a photogenerated hole will be left in the
VB respectively (Eq. (1)). The excess energy of photogenerated
electrons will be released in the form of thermal energy, and then
the electrons appear stably at the bottom of the CB. On the other
hand, if the energy is insufﬁcient to make the VB electron transit to
the bottom of CB, the energy of photogenerated electrons will
release and return to the VB without valid transition. Most of the
photogenerated electrons and holes migrate to the surface of
multifunctional semiconductor materials for reduction or oxidation
of the pollutants respectively. However, if the electron and hole
encounters during the migration, they will recombine and lose the
capacity of reduction or oxidation (Chong et al., 2010; Dong et al.,
2015).
Additionally, the photogenerated holes that migrate to the surface cannot leave the semiconductor surface, and only the semiconductor VB energy level is more positive than the pollutant
oxidation energy level, can the pollutant adsorbed on the surface be
oxidized and decomposed. Alternatively, when the energy of holes
are high enough, they can combine with OH or hydrogen peroxide
to form OH, and then leave the catalyst surface to participate in the
oxidative decomposition of pollutants (Eq. (2), Eq. (3), Eq. (9)).
Nevertheless, the holes accumulated on the surface of the catalyst
will also be recombined by photogenerated electrons if they are not
captured by the reactants in time. Besides, if effective photogenerated electrons are trapped by dissolved oxygen, a series of
chain reaction will take place accordingly (Eq. (4)- Eq. (8)) (Kisch,
2013; Ong et al., 2018). It can be indicated that photogenerated
electrons and holes must have a considerable amount of consumption channels, otherwise one of them will accumulate in the
catalyst, and the two will recombine in large quantities, resulting in
the catalytic reaction to be stopped.
Apart from above classical mechanism of photocatalysis, there
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Table 1
Multifunctional materials used in photocatalysis degradation of POPs.
Photochemical catalyst

Matrix

Irrigation

Target pollutant

Initial concentration

Reaction time

removal
ratio

Ref.

PdeTiO2
PdeTiO2
PdeTiO2
PteTiO2
AgeTiO2
AgeTiO2
CueTiO2
CueTiO2
CoeZn-Pc-TiO2
CuOeTiO2
CuOeTiO2
RGO-TiO2
RGO-TiO2-H2O
CM-n-TiO2
CM-n-TiO2
KH-570-TiO2-NT
BiVO4/Bi2O3
AgeAg3PO4-geC3N4erGO
(GO)-Ag3PO4
PdeCu2O
PdeCu2O
RGO
RGO-CoFe2O4eAg
b-Ga2O3
sheaf-like Ga2O3
sheaf-like Ga2O3

aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
seawater
seawater
aqueous solution
soil
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
sewage water

UV
UV
UV
UV
UV
UV
UV
visible light
visible light
UV
UV
UV
UV
UV
UV
UV
visible light
visible light
visible light
visible light
visible light
UV
visible light
UV
UV
vacuum UV light

BDE-47
BDE-209
BDE-15
BDE-47
BDE-47
BDE-47
BDE-47
BDE-209
POPs
BDE-47
BDE-209
BDE-209
BDE-47
Aroclor1250
Aroclor1260
BDE-47
PCDD/Fs
BDE-47
BDE-209
BDE-47
3-Chlorobiphenyl
BDE-209
SCCPs
PFOA
PFOA
PFOA

5 mg L1
10 mmolL1
10 mmolL1
5 mg L1
5 mg L1
5 mg L1
5 mg L1
10 mmolL1
130 mmol L1
5 mg L1
5 mg L1
10 mg L1
5 mg L1
1 mg L1
1 mg L1
10 mg L1
e
5 mg L1
2.5 mg L1
10 mM
25 mM
10 mmolL1
e
40 mg L1
0.5 mg L1
0.5 mg L1

5min
<1 h
20min
40min
15min
13 min
30min
25min
30min
7.5min
0.75min
12 h
14 h
15min
15min
10.71min
60 h
2h
8h
5 h,
15 h
8h
12 h
3h
45min
65min

90%
100%
100%
>90%
>90%
100
>90%
>90%
100%
100%
100%
72%
100%
100%
100%
>90%
37.2%
93.4%
97.33%
50%
95%
60%
91.9%
98.8%
100%
100%

Wang et al. (2019)
Lee et al. (2014)
Lee et al. (2014)
Wang et al. (2019)
Wang et al. (2019)
Lei et al. (2016a)
Wang et al. (2019)
Lv et al. (2016)
Mahmiani et al. (2016)
Lei et al. (2016b)
Lei et al. (2016b)
Lei et al. (2014)
Lei et al. (2018b)
Shaban et al. (2016b)
Shaban et al. (2016b)
Yan et al. (2017)
Lee et al. (2018)
Liang et al. (2019)
Chen et al. (2018)
Miller et al. (2017)
Zahran et al. (2014)
Sheng et al. (2018)
Chen et al. (2016c)
Zhao et al. (2012)
Shao et al. (2013)
Shao et al. (2013)

Ga2O3
In2O3 NPNSs
In2O3 NPs
In2O3 PNPs

aqueous
aqueous
aqueous
aqueous

UV
UV
UV
UV

PFOA
PFOA
PFOA
PFOA

50 mg L1
30 mg L1
30 mg L1
30 mg L1

60min
30min
60min
30min

100%
100%
100%
100%

Xu et al. (2020)
Li et al. (2012c)
Li et al. (2014b)
Li et al. (2014b)

solution
solution
solution
solution

Table 2
Signiﬁcant reaction about photocatalysis process.
Reactions

Number
eCB

þ hþVB
þ

Catalyst þ hn /
H2O þ hþVB/ OH þ H
H2O2 þ hv / 2OH
O2 þ eCB / O2 
O2 þ Hþ / HO2
HO2 þ HO2 / H2O2 þ O2
eCB þ H2O2 /OH þ OH
H2O2 þ O2 /OH þ OH þ O2
POPsþ OH / Intermediates
Intermediates / CO2 þ H2O

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

are some novel and acute mechanisms for the degradation of POPs
by multifunctional photocatalytic materials in recent years. By
comparing Pd/TiO2, Pt/TiO2, Ag/TiO2 and Cu/TiO2 four kinds of
noble metal doping photocatalysts, Wang et al. discovered a novel
insight that both Pd/TiO2 and Pt/TiO2 catalyst utilized in PBDEs
degradation possessed the direct H-atom transfer properties
instead of the solely conventional electron transfer dominant
mechanism (Wang et al., 2019). The speciﬁc process, shown in
Fig. 17, which vividly revealed that Pd and Pt could make use of
generated H2 to form active hydrogen species. In addition, Miller
et al. also found the similar phenomenon that it was the hydrogen
inducing mechanism combined with the direct photocatalysis
rather than merely direct photocatalysis showed more promising
prospects in PBDEs degradation by novel Cu2OePd catalyst (Miller
et al., 2017). Besides, Lei et al. discovered a multi-electron transfer
mechanism based on the storing and shuttling electrons capacity of
graphene in graphene/TiO2 composites. Since the sufﬁcient electrons were available for attacking the POPs, by-products were
extremely reduced during the degradation process, thus the

elimination efﬁciency was greatly increased accordingly (Lei et al.,
2014). It is also worth noting that with the development of nano
materials, mass transfer in photocatalysis process is accelerated
tremendously, and the chance of effective separation is commendably increased due to the shortened distance between photoelectrons and holes (Orendorz et al., 2007). Accordingly, the
multifunctional materials for photocatalysis degradation in recent
years are mainly dedicated to small size materials.
4.2. TiO2-based photocatalytic materials
In terms of numerous photocatalytic materials, TiO2 semiconductor catalyst has emerged as the most popular one especially
in water puriﬁcation, owing to its relative durability, cost-effective,
low toxicity, superhydrophilicity, environmentally safe, and distinct
stability in POPs degradation (Mahmiani et al., 2016; Wang et al.,
2014; Yan et al., 2017; Zhang and Fang, 2010). However, as
mentioned previously, the wide bandgap (3.0e3.2eV) and low
electronic utilization efﬁciency of TiO2 extremely inhibited the
realization of its practical application (Mahmiani et al., 2016;
Shaban et al., 2016b). To overcome these drawbacks, several
promising approaches were outlined in this review, including
doping with metal materials, doping with non-metal materials,
semiconductor structure control and surface organic modiﬁcation.
4.2.1. Doping with metal materials
Among the technologies for improving the catalytic efﬁciency of
TiO2 photocatalysis, doping with metals such as noble metals (Lei
et al., 2016a; Li et al., 2014a; Wang et al., 2011a; Wang et al.,
2019), non-noble metals (Azri et al., 2016; Lv et al., 2016;
Mahmiani et al., 2016), metal oxides (Guo et al., 2019; Lei et al.,
2016b; Wu and Ng, 2008) etc. has attracted extensive attentions
owing to their admirable capacities of narrowing band gap,
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Fig. 17. Four kinds of noble metal doping photocatalytic degradation mechanism (Wang et al., 2019).

retarding electron-hole recombination and enhancing adsorption
of contaminants (Daghrir et al., 2013; Dong et al., 2015; Yan et al.,
2017).
Aiming at increasing the degradation efﬁciency of POPs, doping
with noble metal has gained great attentions for their widely high
catalytic activity for multiple pollutants, especially for PBDEs in the
water or wastewater media (Lei et al., 2016a; Li et al., 2014a; Wang
et al., 2011a; Wang et al., 2019). Furthermore, to achieve the
degradation of highly brominated PBDEs, most previous researches
selected UV irradiation to induce hydrodebromination reaction,
which might result in various by-products inevitably, causing more
hazard inﬂuences to human and the environment (Li et al., 2014a;
Robrock et al., 2008; Sun et al., 2009; Wang et al., 2018b). Doping
with noble metal has shown a prospective potential for eliminating
highly brominated PBDEs completely (Li et al., 2014a). On the one
hand, the selectivity of various noble metal doping catalysts is so
low that offers a profound condition to the degradation of multiple
PBDEs concurrently (Li et al., 2014a). On the other hand, in addition
to traditional electron transfer mechanism, doping with Pd and Pt
are supposed to make use of generated H2 to form active hydrogen
species, which intensely accelerates the photocatalysis as well
(Wang et al., 2019). Moreover, studies elucidated that doping with
noble metals (e.g., Au, Ag, Pd) onto TiO2 semiconductor had also
remarkably enhanced the charge separation efﬁciency (Li et al.,
2014a; Wang et al., 2011a). To be speciﬁc, the doping noble
metals have the potential to improve afﬁnity interaction between
noble metals and halogen atoms, trap the eCB, and promote electrons transfer, which signiﬁcantly enhances the storage of electrons
and enriches electrons on TiO2 surface, thereby accelerating the
cleavage of the chemical bonds (Laguna et al., 2010; Lei et al., 2016a;
Li et al., 2014a; Takai and Kamat, 2011; Wang et al., 2011a). In
addition, studies have shown that noble metals surface derivations
could build an interfacial electric ﬁeld, leading to band bending,
and further formed the Schottky type contact and/or junctions with
n-type TiO2. The special structure would facilitate interfacial
transfer of photogenerated electrons from the CB of TiO2 to the
noble metals, thus improving the performance of the semiconductor composite (Fan et al., 2018; Tapin et al., 2013). In view of
this, novel Pd and Ru bimetal quantum dots co-anchored on titania
nanotube arrays electrodes composite was designed by Fan et al.

(2018), who combined the electrochemical and photocatalytic
technology to degrade PCP. Various characterization techniques
and comprehensive DFT calculations indicated that the composite
equipped with double Schottky junctions signiﬁcantly promoted
the interfacial charge separation and transfer, which in turn led to
more than 90% reductive dichlorination of PCP.
In spite of the advantages of TiO2 doping with noble metals,
non-ignored cost issue intensely restrains its practical application,
which appeals to more economical and abundant substitutes urgently, and then comes to the doping of non-noble metals. Mahmiani et al. prepared Zn(II) and Co(II) tetracarboxyphthalocyanines anchored on the surface of TiO2 semiconductor,
which had shown a high efﬁciency of POPs degradation (Mahmiani
et al., 2016). It is worth noting that dye sensitization as an effective
method to extend the visible light response of TiO2 and cut down
the high costs of ultraviolet lamps required for unmodiﬁed TiO2
shows excellent prospects of photocatalysis. Particularly, phthalocyanines as a promising sensitizer has been chosen for their inexpensive, highly efﬁcient, thermally and chemically stable
characteristics (Aguirre de Carcer Garcia et al., 2013; Huang et al.,
2014a). In addition, copper as an efﬁcient co-catalyst has also
been chosen by several researchers to degrade POPs in recent years
(Azri et al., 2016; Lv et al., 2016; Wang et al., 2019). Unlike the
mechanism of doping with noble metals, doping with non-noble
metals has the potential to enhance visible light utilization and
promote the adsorption of multiple hydrophobic POPs that initially
interacts weakly with TiO2 semiconductor, and further facilitates
the electron transfer from the CB of TiO2 to the contaminants (Lv
et al., 2016; Mahmiani et al., 2016).
Additionally, doping TiO2 with metal oxides has also been
proven to be efﬁcient in photocatalytic degradation of POPs (Guo
et al., 2019; Kum et al., 2013; Lei et al., 2016b; Wang et al., 2013).
A study (Lei et al., 2016b) of CuO-modiﬁed TiO2 photocatalysts was
developed to degrade PBDEs. It was indicated that selectivity
existed in the deposited copper oxides cluster when reduced BDE47 and BDE-209. Based on the comprehensive analysis, a novel
degradation mechanism was proposed (shown in Fig. 18). Specifically, the CuO dopant was capable of facilitating the charge separation, then further promoting the photocatalysis. On the one hand,
the CB of CuO lay lower than that of TiO2, so the presence of CuO
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Fig. 18. A mechanism for the photocatalytic reduction of BDE-209 and BDE-47 on CuO/TiO2 composites (Lei et al., 2016b).

nanoparticles on TiO2 created a thermodynamically feasible
pathway to shuttle the electrons photogenerated on TiO2. On the
other hand, CuO was a p-type semiconductor and TiO2 was an ntype one. The charge separation also beneﬁted from the built-in
electric ﬁelds in the heterojunction, leading to high reduction
rates of BDE-209. However, inconsistent with the degradation of
BDE-209, there was a short induction period (20 s) needed in the
reduction of BDE-47, in which Cu2O was produced attributed to the
accumulation of excess electrons by the loaded CuO. Meanwhile,
the charge separation was promoted for the higher CB and VB of
Cu2O than those of TiO2. And the reduction potential of BDE-47
might be exceeded for the higher ﬂat band potential of
Cu2OeTiO2 than CuOeTiO2, leading to a rapid photocatalytic
degradation of BDE-47. Accordingly, it is obvious that the formation
of Cu2O is more necessary for the reduction of BDE-47 than BDE209.
More recently, through carrying out 10 PBDEs reduction
debromination with CuOeTiO2 nanocomposites, Guo et al. (2019)
elucidated that the more substituted Br atoms on the phenyl ring,
the more reactive for photocatalytic reduction debromination.
Accordingly, it is obvious that there are various mechanisms for
multiple PBDEs with different photocatalysts. Speciﬁcally, the
pseudo-ﬁrst-order rate constants of 10 PBDEs debromination, with
different total Br number (N) were obtained, and their relative rate
constants (kR) were evaluated against kR ¼ 1 for BDE209 (listed in
Table 3). In particular, the two phenyl rings of these PBDEs were
assigned to the “m-ring” and “n-ring”, representing the ring with
more and less Br substitutions, respectively, m ¼ 1e5, n ¼ 0e5, and

Table 3
Relative rate constant (kR) of ten PBDEs (Guo et al., 2019).
PBDEs

N

m,n

kR

BDE-209
BDE-166
BDE-116
2-CH3-BDE-61
BDE-99
BDE-75
BDE-30
BDE-47
BDE-7
BDE-15

10
6
5
4
5
4
3
4
2
2

5, 5
5, 1
5, 0
4(CH3), 0
3, 2
3, 1
3, 0
2, 2
2, 0
1, 1

1
(2.9 ± 0.2)  101
(2.0 ± 0.2)  101
(2.7 ± 0.3)  102
(5.7 ± 0.9)  104
(5.5 ± 1.1)  104
(2.4 ± 0.4)  104
(2.2 ± 0.4)  105
(2.5 ± 0.5)  106
(4.5 ± 1.3)  108

Note:
BDE-209,
decabromodiphenyl
ether;
BDE-166,
2,3,4,40 ,5,6hexabromodiphenyl ether; BDE-116, 2,3,4,5,6-pentabromodiphenyl ether; 2-CH3BDE-61,
2-methyl-3,4,5,6-tetrabromodiphenyl
ether;
BDE-99,
2,20 ,4,40 ,5pentabromodiphenyl ether; BDE-75, 2,4,40 ,6-tetrabromodiphenyl ether; BDE-30,
2,4,6-tribromodiphenyl ether; BDE-47, 2,20 ,4,40 -tetrabromodiphenyl ether; BDE-7,
2,4-dibromobiphenyl ether; BDE-15, 4,40 -dibromobiphenyl ether.

m  n. Accordingly, when m values were the same, as the
decreasing of the Br number on n-ring, the debromination efﬁciency reduced correspondingly. However, when N values were the
same, the bigger the m value was, the faster the kR was, which
strongly indicated that the kR of PBDE is mainly dependent on m.
Further analysis reconﬁrmed the result that the substituted Br
atoms on the m-ring, other than the total Br number determined
PBDEs debromination efﬁciency. In other words, kR was found to
depend on the Br number on a phenyl ring with more Br atoms than
the other one. The study presents a comprehensive understanding
of the relation between the kR and the structure of PBDEs. When
m > n, the m-ring of a PBDEs is more prone to undergo the electron
transfer-initiated reductive debromination.
4.2.2. Doping with non-metal materials
Apart from metal-doping materials, doping with non-metal
materials on TiO2 semiconductor, such as carbon (Shaban et al.,
2016a, 2016b) and reduced graphene oxide (RGO) (Lei et al., 2014,
2018b) also showed remarkable ability in POPs degradation. Shaban et al. discovered that modifying TiO2 with carbon exhibited
pleasant improvement in diverse photocatalytic processes (Shaban
et al., 2013, 2016a; 2016b; Shaban and Khan, 2010). Particularly,
while removing PCBs in aqueous solution with carbon modiﬁed
TiO2 nanoparticles, the TiO2 bandgap will be narrowed from
2.99 eV to 1.8eV, which results in high removal efﬁciency because of
the increasing absorbed light photons (Shaban et al., 2016a, 2016b).
Meanwhile, owing to the unique two-dimensional structure, high
speciﬁc surface area, and excellent electrical conductivity, graphene
has been proven to be a promising candidate for the dopant of
multiple semiconductor photocatalysts (Xiang et al., 2012). More
concretely, based on the capacity of both shuttling the accumulated
electrons to initiate multi-electron transfer to POPs and trapping
electrons, Lei et al. (2014, 2018b) synthetized GRO-TiO2 photocatalyst for the degradation of BDE-209 and BDE-47, which not only
degraded BDE-209 efﬁciently but also obtained a marvelous result
of eliminating the BDE-47 via a designed one-pot consecutive
photocatalytic reduction and oxidation system. The special structure of RGO-TiO2 photocatalyst could not only allow the spatial
separation of redox sites, but also enhance the overall quantum
efﬁciency (Lei et al., 2014, 2018b).
4.2.3. Other modiﬁcations of TiO2 semiconductors
Except for doping to enhance the efﬁciency of TiO2 photocatalysis, semiconductor structure control and surface organic
modiﬁcation also attracted extensive interests in POPs degradation
(Dong et al., 2015; Yan et al., 2017; Zhu et al., 2012). In general, TiO2
particles exist in the form of powder or ﬁlm, which not only have
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the potential to encounter the coagulation issue due to the instability of the nanosized particles but also run into the difﬁculty of
dispersion and recovery in photocatalytic removing pollutants. All
of these drawbacks pose a key challenge to the practical application
of TiO2 photocatalyst (Dong et al., 2015; Mor et al., 2006; Yan et al.,
2017). Delightfully, with the emergence of TiO2 nanotube, the TiO2
catalyst using in pollutants elimination has been signiﬁcantly
increased. However, challenge still remains for the intensive
reduction of speciﬁc surface area for nanotube compared nanoparticle, which will restrict the light adsorption, thereby cutting
down the photocatalytic efﬁciency. Given this bottleneck, it is urgent to modify TiO2 nanotube with suitable measures. Yan et al.
(2017) developed a novel method by modifying TiO2 nanotube
with silane coupling agent. Study illustrated that the modiﬁed
composite could signiﬁcantly improve the catalytic activity owing
to the enhancement of the pollutant adsorption and the separation
of electron-hole pairs.

showed profound prospects in visible light-driven (VLD) photocatalysis (Liang et al., 2018; Liu et al., 2016a; Miao et al., 2018; Yang
et al., 2013). Particularly, Chen et al. (2018) successfully prepared
the graphene oxide (GO)-Ag3PO4 to degrade BDE-209. The study
indicated that GO had the ability to trap electrons and promote the
transformation of the accumulated electrons to BDE-209. These
abilities could not only enhance the separation of electron-hole
pairs, but also prevent the Ag3PO4 from light corrosion, thereby
improving the degradation of BDE-209. In addition, Liang et al.
(2018) synthesized the Ag@Ag3PO4/g-C3N4 photocatalyst, which
could degrade BDE-47 efﬁciently attributed to the oxidative activity
of Ag3PO4, the reductive activity of g-C3N4, as well as the promotion
of heterojunction formed with the assistance of RGO. Simultaneously, the formation of Ag in the reduction of GO process also
promoted the photocatalytic degradation for the reason that it
broadened the visible light adsorption, and the Ag could also serve
as an efﬁcient electron transfer mediator to enhance redox reaction.

4.3. ZnO-based photocatalytic materials

4.5. Cu2O-based photocatalytic materials

Compared to TiO2 semiconductor, ZnO has emerged as a
promising alternative photocatalyst owing to its higher absorption
efﬁciency, lower manufacturing cost, as well as antifouling and
antibacterial properties (Lee et al., 2016; Ong et al., 2018; Qi et al.,
2017). Similar to TiO2, however, high recombination and wide
direct band gap energy (3.37eV) are still the core constraints for its
practical application. The number of investigations related to ZnO
semiconductor for POPs degradation is relatively small in the
meantime (Lee et al., 2016; Ong et al., 2018; Qi et al., 2017).
Nevertheless, in terms of the elimination of recalcitrant organic
compounds, using diverse modiﬁed ZnO semiconductors have been
extensively investigated, which could offer potential inspirations
for the further degradation of POPs (Lee et al., 2016; Ong et al.,
2018; Rajamanickam and Shanthi, 2016; Serra et al., 2019). A
meaningful study by Jency et al. (2018) innovatively prepared the
ZnO modiﬁed gold nanocomposites (ZnOeAueNCs) and elucidated
their high photocatalytic activity for the degradation of PCBs and its
isomers, extracting from reservoir soil. The apparent rate constant
of the reservoir soil extract degradation was 0.021 min1. Au
nanoparticles could store the photogenerated electrons, inducing
the Fermi level to shift toward more negative potentials, till the CB
edge of the semiconductor. Therefore, Au nanoparticles loaded on
the ZnO surface could inhibit the recombination of photogenerated
electrons and holes. Moreover, a signiﬁcant step of the degradation
process was the electron transfer from the ZnO surface to the
adsorbed oxygen molecule. ZnO doping with Au nanoparticles
could cut down the local work function of this step. It suggested
that oxygen adsorbed at the interface between the Au nanoparticles
and the ZnO. Thus, the lower work function near the interfacial
oxygen adsorption sites could remarkably promote electron
transfer, and further produce more active oxide species and free
radicals. The investigation is of immense signiﬁcant to conﬁrm the
possibility of ZnO-based photocatalytic materials using in the
degradation of POPs, and opens a novel avenue for future research.

So as to above mentioned new-type semiconductor materials,
Cu2O-based photocatalytic materials are also promising candidates
in photocatalysis for their signiﬁcant properties of enhancing light
harvest and electron-hole pairs separation (Kusior et al., 2019; Liu
et al., 2017b; Shang and Guo, 2015; Sullivan et al., 2016). In view
of these materials addressing the problem of POPs photocatalytic
degradation under visible light, Zahran and his coworkers have
made considerable efforts. They developed the Cu2O cubes, surfacedecorating with Pd nanoparticles, which had been shown as an
efﬁcient approach in the reductive dechlorination and debromination of PCBs and PBDEs (Miller et al., 2017; Zahran et al., 2014).
Further investigation showed that beneﬁting from both the narrow
bandgap of Cu2O to generate H2 from water using visible light and
the subsequent activation of H2 to generate active hydrogen atoms
by Pd, the POPs degradation efﬁciency was accelerated remarkably
compared with traditional direct photolysis (Miller et al., 2017;
Zahran et al., 2014). In general, contacting with previously
demonstrated noble-metal doping photocatalysts, it is obvious that
the noble-metal doping photocatalytic efﬁciency is closely dependent on the generation and conversion of H2, thus the developing of
novel cost-effective materials that own these properties will make
signiﬁcant advances in pollutants degradation.

4.4. Silver phosphate (Ag3PO4) semiconductor photocatalytic
materials
Recently, Ag-based semiconductor photocatalytic materials,
especially silver phosphate (Ag3PO4) coupling with C3N4, graphene,
metal organic frameworks etc. have also received remarkable attentions in the photocatalytic degradation of organic pollutants
(Chen et al., 2018; Liang et al., 2019; Liang et al., 2018). Meanwhile,
it was proven that Ag3PO4 owned not only more than 90% quantum
efﬁciency, but also a narrow bandgap about 2.4 eV, which in turn

4.6. Bi-based photocatalytic materials
Additionally, to maximize the response range of the solar energy
in photocatalysis, diverse Bi-based semiconductors with narrow
bandgaps have been developed in recent years, such as BiVO4 (Park
et al., 2013), bismuth-rich bismuth oxyhalides (BixOyXz; X ¼ Cl, Br
and I) (Jin et al., 2017), and MBiO3 (M ¼ Na, K, Li, Ag) (He et al.,
2014). These novel visible light-driven (VLD) materials have been
highly thought of in pollutants treatment owing to their narrow
bandgap, high response to visible light, as well as chemical stability
properties (Chen et al., 2016a; He et al., 2014; Jin et al., 2017; Park
et al., 2013). It is worth noting that Lee et al. (2018) ﬁrstly
degraded 17 kinds of PCDD/Fs in real-ﬁeld soil effectively using the
new-type BiVO4/Bi2O3 photocatalyst under visible-light attributed
to the well-formed p-n heterojunction. To be speciﬁc, the heterojunction could be deﬁned that two or more substances combine via
a certain mode to form composite materials according to the match
of the bandgaps. The designed heterojunction is a charming way to
accelerate the separation of electron-hole pairs, which in turn
promotes the photocatalytic activity of photocatalysts (Di et al.,
2017). Besides, the study also made use of n-hexane to migrate
contaminants from inside of the soil to the surface, which
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established the applicability of integrated photocatalysis-solvent
migration systems in real-ﬁeld settings. Further electronscavenging experiments indicated that dechlorination, an
electron-derived reaction, was the dominant mechanism (Lee et al.,
2018).
4.7. Graphene-based photocatalytic materials
In view of the large surface area, remarkable electronic mobility
(200 000 cm2 V1 s1), chemical stability, as well as strong interaction with hydrophobic organic pollutants on account of the hydrophobic interaction, p-p interaction, and other weak
interactions, graphene with the bandgap of 2.1e4.3 eV has been
highly thought of in photocatalytic degradation of organic contaminants (Du et al., 2008; Huang et al., 2012; Liu et al., 2011; Sheng
et al., 2018; Yeh et al., 2011). In regard to POPs degradation, as
previously described, the main attentions have been paid into
synthesizing innovative graphene-based materials decorating with
metal or other semiconductors, which mainly proﬁted from their
excellent storing and shuttling electrons ability or the formation of
heterojunction (Chen et al., 2018; Lei et al., 2018b; Lei et al., 2014;
Liang et al., 2019). Recently, considering new-type graphene-based
materials have the drawbacks of the high cost and potential second
pollution in the application due to containing the metal, Sheng et al.
(2018) made use of RGO and merely derived from the weak interactions, including hydrophobic interaction, p-p interaction, as
well as halogen-binding interaction between the PBDEs and RGO,
without doping any particles to degrade PBDEs. According to the
pseudo-ﬁrst-order kinetics, the BDE-209 degradation rate was
0.09 h1, about 60% of BDE-209 (10 mmolL1) disappeared after 8 h
irradiation. In spite of the not so well efﬁciency compared with
those graphene-based doping materials, the investigation proposed
a green and cost-efﬁcient approach to degrade the high hydrophobicity POPs in water environmental medium with environmentally benign carbon nanomaterials.
Additionally, given the high chemical ﬂexibility and tunable
adsorption properties of RGO, as well as the attractive catalytic
activities of ferrite materials, Chen et al. (2016c) successfully synthesized RGO/CoFe2O4/Ag nanocomposite to absorb and degrade
SCCPs under visible light. The underlying mechanism was proposed
as follows. Firstly, under visible-light excitation, localized surface
plasmonic resonance effect could help produce excited electrons,
leading to excess electron charges and holes generating on the
surface of CoFe2O4 and Ag (Zhang et al., 2013). Then, partial photogenerated electrons would in turn transfer to graphene sheets
and the surface loaded Ag particles. The electrons at graphene
sheets and Ag particles could activate the dissolved oxygen to
produce superoxide anion radicals O
2 . Besides, the holes on the
surface of CoFe2O4 nanoparticle could convert the adsorbed water
into hydroxyl radicals. Finally, the surface photo-induced holes,
superoxide anion radicals and hydroxyl radicals concurrently
degraded and mineralized the SCCPs adsorbed on the RGO/
CoFe2O4/Ag.
4.8. Ga2O3-based photocatalytic materials
With a wide band gap of 4.8 eV (b-Ga2O3), Ga2O3-based photocatalytic materials also have a place in photocatalytic degradation
of POPs, especially for the treatment of PFOA in aqueous solution
(Do et al., 2020; Xu et al., 2017; Zhang et al., 2019). Earlier investigation of photocatalytic decomposition of PFOA by b-Ga2O3 materials was developed by Zhao et al. (Zhao et al., 2012; Zhao and
Zhang, 2009). The photogenerated electrons inducing from the bGa2O3 conduction band were said to be the dominant degradation
substance for PFOA, and the reaction followed the pseudo-ﬁrst-
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order kinetics (k ¼ 1.434 h1, C0 ¼ 40 mg L1, in the presence of
thiosulfate and bubbling N2). Shortly after that, sheaf-like Ga2O3
nanomaterial was prepared via a polyvinyl alcohol-assisted hydrothermal method followed by calcination, which possessed a
larger speciﬁc surface area (36.1 m2/g) and a considerable number
of nanopores, showing remarkable photocatalytic activity for PFOA
decomposition, with the rate constant of 4.85 h1, higher than that
of commercial Ga2O3 (Shao et al., 2013). Apart from developing the
experiment in pure water, the photocatalytic degradation experiment also conducted in secondary efﬂuent of sewage. The results
indicated that bicarbonate and organic matters had a negative inﬂuence on the PFOA decomposition for the reason that the
competitive adsorption of bicarbonate on the surface of Ga2O3
inhibited the adsorption of PFOA (Li et al., 2012b). With the
adjustment of pH and the irradiation of vacuum UV light, PFOA
decomposition efﬁciency was greatly promoted, gaining 100% PFOA
removal efﬁciency within 65 min treatment (Shao et al., 2013). The
enhancement of PFOA decomposition was derived from the direct
photolysis of pollutant through vacuum UV light. However, the
vacuum UV light is often absorbed by the atmosphere and cannot
reach the ground. In-depth research should be carried out to
broaden the light absorption threshold value of the photocatalysts
(Wang et al., 2017a). Nevertheless, the study still shows a profound
reference for the treatment of POPs in real wastewater.
To promote the photocatalytic process, the addition of oxidants
has been extensively investigated (Trojanowicz et al., 2018). Peroxymonosulfate (PMS), an environmental-friendly oxidant that can
be activated by UV light to produce strong oxidizing sulfate radicals
(SO
4 ), has been highly thought of in POPs degradation (Marinescu
et al., 2018; Wu et al., 2018). Accordingly, PFOA decomposition
using Ga2O3 material assisted by PMS was investigated by Xu et al.

(2020). Attributed to the production of numerous SO
4 , O2 and
photogenerated electrons, the PFOA, with initial concentration
ranging from 50 ng L1 to 50 mg L1, could all be degraded
completely. Moreover, the PMS/Ga2O3/UV system also exhibited
excellent PFOA degradation efﬁciency in real wastewater, with
75e85% TOC removal under 254 nm UV irradiation. Signiﬁcantly,
the speciﬁc degradation mechanism was proposed according to the
analysis of intermediates and key active species (shown in Fig. 19).
On the one hand, the ﬂuorine atom reacted with photogenerated
electrons, leading to the cleavage of CeF bonds and the formation of
C7F13H2COOH, then came into the formation of C6F13COOH
(PFHpA), followed by the formation of C5F11COOH (PFHxA),
C4F9COOH (PFPeA), C3F7COOH (PFBA), C2F5COOH (PFPA) and
CF3COOH (TPA) in the same way, and ﬁnally mineralized to CO2 and
ﬂuoride ions in the stepwise manner (Li et al., 2013b). On the other
hand, accompanied by elimination and hydrolysis reaction,

SO
4 and O2 could oxidize PFOA into shorter chain perﬂuoroalkyl
substances (PFAS), and ﬁnally produced small inorganic molecules.

The scavenger experiments proved that the SO
4 and O2 oxidation
were the key pathway contributing to PFOA degradation.
4.9. In2O3-based photocatalytic materials
Similar to Ga2O3-based photocatalytic materials, In2O3-based
photocatalytic materials is also a promising candidate for PFOA
decomposition (Li et al., 2012b, 2012c, 2013a, 2013b, 2014b; Lopes
da Silva et al., 2017). Signiﬁcantly, various nanostructures of In2O3
photocatalytic materials have been investigated to explore the
relationship between the catalyst structure and its photocatalytic
performance. To be speciﬁc, the morphology has important impact
on the surface atomic arrangements, coordination and speciﬁc
surface area of the catalyst (Li et al., 2012c). Taking this into account, nanoporous nanospheres (NPNSs) (Li et al., 2012c), porous
microspheres (Li et al., 2013b), nanocubes (Li et al., 2013b), porous
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Fig. 19. The mechanism of PFOA degradation (The active species are marked in red, and the ion or compounds removed during degradation are marked in blue) (Xu et al., 2020).
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

nanoplates (PNPs) (Li et al., 2014b), and non-porous nanoplates
(NPs) (Li et al., 2014b) In2O3 materials were synthesized and
extensively studied to degrade PFOA by Li and his co-workers. With
the addition of various solvents, different morphologies In2O3 were
synthesized by a solvothermal process (shown in Fig. 20). As shown
in Fig. 20 (a) and (b), a ring-like polycrystalline structure of In2O3
NPNSs with uniform size about 100 nm was obtained. The material
was constructed by the interlocking stack of ultrathin nanoplates,
and each plate-like nanoparticle was irregular polygon with size of
about 5e12 nm. Fig. 20 (c) showed that the In2O3 porous microsphere with a diameter of 180 nm was built of several nanoparticles
with diameters of 5e15 nm, and Fig. 20 (d) pertained to the In2O3
nanocubes with a side length about 40e150 nm (white arrows in
Fig. 20 (d) showed some cube-like In2O3 nanoparticles). Fig. 20 (e)
indicated the In2O3 PNPs with a large number of mesopores
(7.8 nm) and micropores (1.7 nm) distributed throughout the platelike nanoparticles. Unlike the porous surface of In2O3 PNPs, Fig. 20
(f) suggested that the In2O3 NPs consisted of a large quantity of
nanoplates (40e160 nm) with smooth surface, and some nanoplates were agglomerated because of calcination. According to
Brunauer-Emmett-Teller (BET) gas sorptometry measurements, the
speciﬁc surface area of the In2O3 NPNSs, porous microspheres,
nanocubes, PNPs, and NPs were 39.0 m2ge1, 42.3 m2ge1, 13.6 m2ge1,
156.9 m2ge1, 14.8 m2ge1 respectively. Generally, a high surface area
can offer more active adsorption and reaction centers, and thus has
a beneﬁcial effect on the activity. Correspondingly, kinetic study
indicated that the PFOA decomposition of these materials appeared
to follow pseudo ﬁrst-order kinetics, and the reaction rate constants were 5.9 h1, 7.9 h1, 1.8 h1, 9.5 h1, 4.4 h1 respectively,
which were all consisted with the order of speciﬁc surface area.
Besides, comparative experiments elucidated that the rate constants of In2O3 materials were all much higher than that of TiO2,
0.106 h1 (Li et al., 2013b). In addition to the inﬂuence of speciﬁc
surface area, tight and close coordination between PFOA molecules
and In2O3 via a bidentate or bridging mode was also a signiﬁcant
factor for the high PFOA decomposition efﬁciency. It suggested that
PFOA molecules could insert an O atom from its COOH group into
an oxygen vacancy site on the In2O3 surface, which was beneﬁcial
for direct charge transfer and subsequent photocatalytic decomposition of pollutants. Moreover, the superior activity of In2O3 also
derived from high oxygen vacancy defects, which could clearly
illustrate the high activity of porous microspheres without that
large speciﬁc surface area (Li et al., 2012c, 2014b). In view of the
highly resemble mechanism of In2O3-based and Ga2O3-based
photocatalytic materials to degrade PFOA, the speciﬁc

decomposition pathway did not describe in detail.
Above mentioned are mainly focused on the property and
function of the materials with regard to photocatalytic degradation
of POPs. However, what can't be ignored is that photocatalysis is
easily affected by both diverse synthesis conditions and various
photocatalytic parameters. To be speciﬁc, multiple fabrication
methods, type and the ratio of photocatalytic components, initial
concentration of POPs, photocatalyst dosage, pH, light intensity,
light wavelength, reaction solvent, temperature, O2, H2O etc. are all
have signiﬁcant impacts on the photocatalytic degradation of POPs
(Chen et al., 2018; Fu et al., 2018; Lei et al., 2014, 2016a; Liang et al.,
2019; Shaban et al., 2016a, 2016b; Sheng et al., 2018; Wang et al.,
2019; Xia and Lo, 2016). In order to achieve superior photocatalytic degradation of POPs, it is of immense signiﬁcance to have a
deep insight into these impact factors. For instance, pH is a key
factor that has the potential to inﬂuence most of the photocatalysis
process (Chen et al., 2018; Fu et al., 2018; Lei et al., 2014; Liang et al.,
2019; Shaban et al., 2016a; Sheng et al., 2018). However, the reason
is virous in terms of different photocatalysts. On the one hand, the
catalyst may dissolve under excessive acidic or alkaline conditions,
which in turn decreases the photocatalytic efﬁciency (Chen et al.,
2018; Lei et al., 2014). On the other hand, at low pH the functional group of the catalyst is supposed to be protonated, and the
high pH may cause the ionization and hydrophilicity, thus weakening the adsorption of the target contaminants (Liang et al., 2019;
Pan and Xing, 2008; Sheng et al., 2018). In addition, apart from
above mentioned inﬂuencing factors, there is no doubt that photocatalysis could be affected by the intensity and wavelength of the
light (Lei et al., 2014; Liang et al., 2019; Xia and Lo, 2016). Simultaneously, many other factors also have vital inﬂuences on the
photocatalytic degradation of POPs, which distinctly indicates that
the enhancement of the photocatalyst stability and adaptability
appeal to considerable efforts in the future research, and the
practical application of photodegradation of POPs still has a long
way to go.
Concluding the photocatalytic degradation of POPs using
various multifunction materials, this technology is a type of
environmental-friendly one that has a brilliant prospect in the long
run. Speciﬁcally, doping semiconductor catalysts with diverse
substances and developing new narrow bandgap semiconductors
are two key technologies to enhance the absorption of light,
improve the separation of photogenerated charges, as well as
accelerate the surface reactions of adsorption and mass transfer
processes, thereby promoting the photocatalytic degradation efﬁciency. Additionally, the low energy utilization rate is still the core
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Fig. 20. (a) Low-magniﬁcation and (b) high-magniﬁcation TEM images of In2O3 NPNSs, FESEM images of In2O3 (c) microspheres and (d) nanocubes, (e) Low-magniﬁcation (Li et al.,
2012b, 2013b; 2014b).

problem of this technology that needs to be tacked urgently. In the
meantime, a variety of novel photocatalysts and photocatalytic
reactors should be explored and investigated, which has the potential to make a real breakthrough in this area.
5. Other multifunctional materials for POPs degradation
As demonstrated in previous three parts, except for POPs
degradation by multifunctional materials with the assistance of
heat, electricity, and light, there are many other materials for POPs
remediation. For instance, reductive degradation of POPs by
nanoscale zero-valent iron (Calderon et al., 2017; Lou et al., 2019;
Tso and Shih, 2014; Wang et al., 2017b; Yu et al., 2012), Pd/Fe
bimetallic nanoparticles (Park et al., 2018), Ni/Fe bimetallic nanoparticles (Tan et al., 2016) and other zero-valent iron-based nanoparticles (Stefaniuk et al., 2016; Wu et al., 2012). Besides, some
researchers focus on the catalytic degradation of POPs with the help

of reducing agent under ambient condition (Lei et al., 2018a).
However, as the materials mentioned previously, these ones also
own their merits and drawbacks. For example, compared with
thermal degradation material, these materials exist a phenomenon
of relatively incomplete degradation. To be speciﬁc, in terms of the
BDE-47 degradation, thermal degradation tends to produce small
molecule non-toxic substance, but for the materials that degrade
POPs in relative mild condition, the ﬁnal products are mostly
diphenyl ethers. Additionally, these materials avoid the shortcoming of high energy consumption compared with thermal catalytic process (Huang et al., 2018a; Lei et al., 2018a; Li et al., 2017).
Furthermore, the combination of multiple methods also attracted a
number of research attentions, such as microwave-assisted thermal
POPs degradation (Chang et al., 2013; Qiu et al., 2019), the combination of biotechnology with diverse functional materials degradation methods under concrete conditions (Li et al., 2018).
Generally, the co-development of diverse technologies is conducive
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to realizing the high efﬁciency and overall removal of POPs.
6. Future challenges and prospects
In short, this review comprehensively outlined the POPs
degradation by diverse multifunctional materials with the assistance of heat, electricity and light respectively. Generally, thermal
degradation has tended to develop stably in recent years which
displayed fast degradation rate and most thorough degradation
process. However, an inevitable bottleneck is the energy consumption problem, which limits the development of this technology to a great extent. In addition, electrochemical technology does
not develop quite rapidly owing to their relative incomplete
degradation and narrow application scope. Nonetheless, boron
and/or nitrogen doped diamonds still act out as a type of distinguished electrode material for POPs degradation, especially with
regard to the disposal of lindane, alpha hexachlorocyclohexane,
beta hexachlorocyclohexane, as well as ﬂuorinated POPs. In the
meantime, electrochemical technology also performs better than
thermal degradation for POPs remediation in the water environment medium. In terms of photocatalytic degradation of POPs, it
has been investigated most extensively in recent years and has a
trend to be enriched continuously owing to its environmentalfriendly property. Although photocatalytic degradation of POPs
exhibits a relatively higher efﬁciency than electrochemical remediation approach, there is still a distance compared with thermal
degradation. Meanwhile, the drawback of incomplete degradation
also exists in photocatalytic degradation. Considering the diverse
inﬂuencing factors that may decrease the efﬁciency of photocatalytic POPs degradation, the commercialization of this method
has a potential to be further impeded. Nevertheless, similar to
electrochemical remediation technology, photocatalytic degradation also shows a better performance for POPs in the water environment medium. Diverse degradation methods are supposed to be
developed simultaneously due to their different feasibility for POPs
degradation under various environmental conditions, thus promoting the complementarity of multiple technologies. For instance,
thermal degradation is generally expert in treating POPs in ﬂue gas
and ﬂy ash, but electrochemical remediation and photocatalytic
degradation exhibit a higher degradation efﬁciency for POPs in the
water environment medium. Therefore, the co-development of the
diverse technologies is conducive to the realization of the overall
removal of POPs.
Furthermore, in regard to each POPs degradation technology, on
the one hand, the development of a new-type novel multifunctional material requires monumental devotion of time and energy
to the complex experimental design and diverse impact factors
investigation during the degradation processes, but a landmark
breakthrough may be derived from this way. On the other hand, a
modiﬁcation of existing materials is simultaneous a wise choice
that can also make a progress in the POPs degradation, which may
not that remarkable or innovative, but more easily to realize. Both
pathways are of immense signiﬁcance to the development of POPs
degradation using multifunctional materials. Moreover, to achieve
cost-effective, environment-friendly approach, as well as largescale practical application of complete POPs degradation by
multifunctional materials, the key future investigation is supposed
to involve the improvement of the following points:
1. A topic that deserves further efforts is the intensive study and
application of nanoparticle materials owing to its higher speciﬁc
surface area, faster mass transfer, longer lifespan of charge carrier, and better morphology control properties, which is beneﬁcial to design desirable materials and further improve the POPs
degradation efﬁciency. However, the problem of nanoparticle

aggregation, nonuniform distribution, and recovery should be
taken into consideration simultaneously to implement the high
efﬁciency of POPs degradation.
2. Numerous attentions should be paid to narrow the gap between
laboratory research and actual application. Up to now, the laboratory research still mismatches the actual production attributed to both the higher concentration in the experimental
investigation and the easier and incomplete experimental condition compared to the complex actual environmental samples
and production processes. Additionally, some studies even use
POPs substitutes to carry out the degradation investigation,
which not only counts against a comprehensive understanding
of the degradation mechanism, but also ignores the actual intermediate reaction process deriving from the structures of
POPs themselves, resulting in a lack of the analysis of potential
harmful by-products. What's more, energy consumption and
running costs under actual operating conditions should also be
taken into account when designing multifunctional materials
and their corresponding POPs degradation process. No matter
how outstanding the POPs degradation material in laboratory
research is, the investigation won't be used in actual application
if it is not economical and environmentally friendly. Therefore,
increasing the degradation study of actual environmental samples, reducing the use of POPs substitutes, improving the tolerance of materials to the actual complex application conditions,
as well as ensuring the low-cost and environmental friendliness
of degradation process are of immense signiﬁcance to realize the
actual application for POPs degradation by multifunctional
materials.
3. Achieving complete catalytic degradation of POPs is a remarkable task. The incomplete degradation may lead to the generation of harmful by-products that probably more hazardous than
the initial POPs. At present, thermal degradation exhibits a
promising prospect in view of this target compared with the
other two catalytic technologies. But the energy consumption
bottleneck of thermal degradation should be taken into
consideration simultaneously. In addition, more attentions
should be paid in enhancing adsorption, promoting mass
transfer, as well as increasing the number of active species. For
instance, assistive technologies, such as ultrasound and microwave, are effective means to improve the reactivity and thoroughness of POPs degradation. And adding ozone, persulfate
and other auxiliary agents is also a wise choice. Besides, a
combination of diverse degradation techniques, including electrochemical remediation or photocatalytic degradation integrating with biodegradation may also bring about the goal of
complete POPs degradation. However, these methods will
inevitably increase the complexity and cost of the degradation
process.
4. Exploring the degradation of more POPs in different environmental media is a signiﬁcant task called for further investigation. To date, most of the investigations are focused on
degrading PBDEs, PFOA, PFOS, PCBs, PCDD/Fs, HCBs, PCP, HCHs,
etc. A large-scale research of various POPs from different environmental media are necessary and instrumental in realizing
the eventual target of a comprehensive solution of the POPs
pollution problems.
In summary, low energy consumption and no secondary pollutants produced in the treatment process are momentous directions, which is the premise of all speciﬁc technologies
developed. Taking this into consideration, increasing the investigation of nanoparticle materials, narrowing the gap between laboratory research and actual application, achieving complete POPs
degradation, as well as exploring the degradation of more POPs in
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different environmental media are of signiﬁcant importance to
realize the ﬁnal goal for eliminating POPs in the environment.
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