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A B S T R A C T

Heavymetal complexeswith highmobility arewidely distributed inwastewater frommodern industries,
which are more stable and refractory than free heavy metal ions. Their removals fromwastewater draw
increasing attentions and various technologies have been developed, among which advanced oxidation
processes (AOPs) are more effectively and promising. Progresses on five representative types of AOPs,
including Fenton (like) oxidation, electrochemical oxidation, photocatalytic oxidation, ozonation and
discharge plasma oxidation for heavymetal complexes degradation are summarized in this review. Their
rationales, advantages, applications, challenges and prospects are introduced independently. Combi-
nations among these AOPs, such as electrochemical Fenton oxidation and photoelectrocatalytic
oxidation, are also comprehensively highlighted. Future efforts should be made to reduce acid
requirement and scale up for practical applications of AOPs for heavy metal complex degradation
efficiently and cost-effectively.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Heavy metal pollution in water has drawn increasing
attentions since heavy metals possess potential threats to human
beings by accumulating in the organisms [1,2]. Large number of
heavy metals including Cr, Ni and Cu tend to combine with
complexing agents (CAs) such as ethylenediaminetetraacetic acid
(EDTA) which are widely applied in diverse industries with the
rapid development of industry [3–7]. CA complexed component
accounts for a large part of heavy metal speciation in wastewater
from these industries [8]. For example, more than 60% of Cr(III) in
tannery wastewater exists in forms of highly stable and soluble Cr
(III)-organic complexes [9]. Contrast with free heavy metal ions,
heavy metal complexes have characteristics of more stable and
intricate structure, because CAs have many functional groups
such as carboxy, amino, phenolic hydroxyl. It is reported that the
stability constant of Cu-EDTA is five orders of magnitude higher
than that of Cu(OH)2 [10]. Heavy metal complexes have high
mobility, and are more refractory to be removed fromwastewater
by conventional water treatment methods [11,12], which have
been a pressing matter from aqueous phase.
ang).
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Various methods have been developed for the removal of heavy
metal complexes from wastewater, including membrane separa-
tion [13], adsorption [14] and chemical precipitation [15].
Membrane separation technology utilizes the ultrafiltration
membranes with structures containing numerous large pores,
which can only trap heavy metal ions combined with water-
soluble macromolecular polymers or high molecular weight
complexes [16]. The adsorption method mainly uses the porosity
of adsorbents which play major roles in directly adsorbing heavy
metal complexes in wastewater [17]. The chemical precipitation
method generally adds chemicals with a higher stability constant
for complexing with metal ions, and forms insoluble precipitates,
including a sulfide precipitation method and a complexation
precipitation method [18]. However, the use of membrane
separation treatment process has restrictions because the mem-
brane is ease to be plugged by impurities causing low efficiency
[19]. Adsorption method has some inherent limitations, such as
difficulty in the regeneration of adsorbents [20]. The disadvantage
of chemical precipitation method is associated with high cost due
to addition of a lot of reagents. Therefore, more and more
researchers pay attention to emerging technologies for decontam-
ination of heavy metal complexes from wastewater.

In the past decades, advanced oxidation processes (AOPs)
constitute a promising technology for the treatment of heavymetal
complexes due to highly oxidizing ability, including Fenton
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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oxidation [21], electrochemical oxidation [22], photocatalytic
oxidation [23] and ozonation oxidation [24]. The AOPs base on
the intermediacy of hydroxyl (

�
OH) and other radicals to destroy

metal-binding complexes and then liberate free metal ions, which
can be further eliminated by conventional methods such as
chemical precipitation. Meanwhile, CAs can be simultaneously
oxidized into non-toxic or low-toxic products like water, carbon
dioxide (CO2) and inorganic salts [25–27]. The AOPs can not only
destruct heavymetal complexes fromwastewater, but also achieve
the purpose of recovering metals.

Herein, the goal of this review is to present a precise and
comprehensive summary concerning various types of AOPs, based
on Fenton (like) oxidation, electrochemical oxidation, photo-
catalytic oxidation, ozonation and discharge plasma oxidation.
Furthermore, the review expounds the reaction mechanisms,
advantages and applications to the degradation of heavy metal
complexes. The challenges and prospects of AOPs for decomposi-
tion of heavy metal complex fromwastewater are also introduced.

2. Fenton oxidation

Fenton oxidation is an attractive and effective technology that
can degrade large amounts of harmful organic pollutants. Fenton
oxidation technology can be divided into homogeneous and
heterogeneous (Fenton-like) reactions [28].

2.1. Homogeneous Fenton oxidation

Homogeneous Fenton oxidation employs hydrogen peroxide
(H2O2) and ferrous ion (Fe2+) as reactants [29]. As an environmen-
tally friendly oxidant, H2O2 has been extensively utilized as an
important reagent in the removal of a huge amount of refractory
organics [30]. Typically, H2O2 can generate the production of
highly reactive and nonselective

�
OH by reacting with Fe2+ at pH

near to 3 (Eq. 1).
�
OH is a strong oxidant, whose oxidation potential

is as high as 2.8 V [31].

Fe2þþ H2O2 ! Fe3þþ OH� þ  �OH ð1Þ
The mechanism of Fenton oxidation for elimination of heavy

metal complexes is to use �OH to destroy the connection of organic
ligands with metal ions and the released organic matters can be
subsequently degraded, which is shown in Fig. 1. The released
heavy metal ions are usually removed by hydroxide precipitation.

Homogeneous Fenton oxidation is recognized as traditional
form of AOPs to destruct metal complexes. Ma et al. [32] used in-
situ Fenton reaction to depolymerize Cr-polyphenol complexes and
confirmed the reaction mechanism. �OH generated by Fenton
reaction preferentially convert Cr(III) to Cr(VI), and then attack
organic ligands for degradation. Fu et al. [33] found that 92.8% of
Ni2+ removal was achieved during 60min treatment under the
[(Fig._1)TD$FIG]

Fig. 1. Mechanistic diagram of Fenton (like) oxidation for heavy metal complex
decomposition [74_TD$DIFF].[18_TD$DIFF]
optimal condition of 1mmol/L Fe2+, 141mmol/L H2O2 and initial
pH value at 3. Wang et al. [21] also found that 99.8% Ni2+ and 93.4%
Ni-EDTAwere removed by homogeneous Fenton oxidation and the
effluent could meet the standard of industries wastewater in
China. Lin et al. [34] developed the strategy of couplingmicrowave-
enhanced homogeneous Fenton oxidation with hydroxide precipi-
tation to remove the metal-EDTA inwastewater successfully. More
recently, the interior microelectrolysis (IM) employing iron and
carbon as the anodic and the cathodic materials is further
implanted in homogeneous Fenton process. A large amount of
Fe2+ produced in IM is to be used in homogeneous Fenton process.
Lan et al. [35] found that the highest removal efficiency of Cu2+ and
chemical oxygen demand (COD) reached up 100% and 87%with the
optimal operating parameters in IM-Fenton combined system for
Cu-EDTA treatment.

Homogeneous Fenton oxidation has several advantages, such as
higher degradation efficiency, simple and flexible operation and no
need for energy input, because homogeneous Fenton reaction does
not require material transfer in different phases [36]. However, the
homogeneous Fentonprocess alsohas obvious drawbacks, e.g., strict
requirements for pH, large dosages of agents of catalyst (Fe2+) and
production of a large amount of ferric sludge that needs further
disposal [37]. Carboxyl and hydroxyl groups in Fenton oxidation
maycauseheavymetals to coordinatewithby-products, and lead to
the formation of larger molecular species [32]. These drawbacks
have greatly restrictedpractical applications and targeted solutions
should be proposed to further enhance its applicability.

2.2. Fenton-like oxidation

Fenton-like oxidation, i.e., heterogenous Fenton oxidation
develops rapidly nowadays, which employs solid catalysts to
enable the lower dissolved metal ions with widened range of pH
(Fig.1) [38]. Avarietyof solid catalysts have functions in Fenton-like
process for heavy metal complexes destruction, mainly iron-
bearing materials. Herein pyrite is chosen as an example to
illuminate the mechanism of Fenton-like oxidation. Pyrite is
oxidized by oxygen or ferric ion (Fe3+) to release numerous ferrous
ions andcaneffectivelydecomposeH2O2,which facilitates the cycle
between Fe2+ and Fe3+ [39] (Eqs. 2–4). Meanwhile, �OH is produced
todestruct heavymetal complexes [4]. The released organic ligands
are further mineralized into CO2 by �OH and the freemetal ions are
eliminated through reduction by aqueous Fe2+ and pyrite (Fig. 1).

2FeS2 þ  7O2 þ  2H2O ! 2Fe2þ þ  4SO2�
4  þ  4Hþ ð2Þ

2FeS2 þ  15H2O2 ! 2Fe3þ þ  4SO2�
4  þ  2Hþ þ  14H2O  ð3Þ

2FeS2 þ  14Fe3þ þ  8H2O ! 15Fe2þ þ  2SO2�
4  þ  16Hþ ð4Þ

Fenton-like oxidationweakens pH limit and reduces the sludge
production, which is better applicable to water with different acid
and alkali conditions. Fu et al. [40] compared Fenton and Fenton-
like treatment of Ni-EDTA complexes containing wastewater and
found Fenton-like system was more efficient than Fenton one. In
addition, with the development of nanomaterials, more and more
studies have made use of nanomaterials to the heterogeneous
Fenton process [41,42]. Zero-valent iron was used as catalyst in
Fenton-like oxidation to treat Ni-EDTA containing wastewater. The
removal efficiency of Ni and COD attained 98.4% and 78.8%,
respectively [43]. Liu et al. [44] found that a polymer-supported,
nanosized and hydrated Fe(III) oxide (HFOD) was effective as a
Fenton-like catalyst to remove heavymetal complexes. Cu removal
was mainly for the sake of adsorption free Cu2+ and citric acid was



Table 1
Typical studies on heavy metal complex decomposition based on electrochemical oxidation.

System Anode Cathode Current density
(mA/cm2)

Heavy metal
complexes

pH Rection
time (min)

Heavy metal
removal (%)

TOC
degradation
(%)

Heavy metal
recovery (%)

Ref.

Anodic oxidation Ti/SnO2-Sb-Pd-500 Ti plate 10 Ni-EDTA 2.3 120 87.5 _ 19.8 [48]
Carbon felt FeC@Co/N 30 Ni-EDTA 3.0 120 97.5 92.6 _ [49]
Ti/SnO2-Sb-Pd Ti plate 30 Ni-EDTA 2.3 120 87.5 _ 17.9 [5]

Anodic oxidation/
Electrocoagulation

Iron plate Stainless
steel

72.9 Cu-EDTA 3.0 30 98.2 _ _ [50]

Boron doped
diamond

Ti/Pt grid _ Cr-EDTA 7.8 48 _ 88 _ [27]

SnO2–Sb2O5/Ti Pt/Ti _ Cr-Oxalic
Cr-Malonic

5.3 30 _ 41.9-43.3 �100 [51]

Electrooxidation/
micro-electrolysis

Iron scrap pieces Activated
carbon

_ Cu-EDTA 3.0 20 99.6 80.3 83.4 [52]

Electrochemical
Fenton oxidation

Carbon felt (CF) Co-N-
MoO2/CF

30 Ni-EDTA 3.0 120 68 63.7 _ [22]

Iron sheets Iron
sheets

20 Cu/Ni-EDTA 2.0 30 63.18 (Cu),
32.38 (Ni)

_ _ [53]

[(Fig._2)TD$FIG]

Fig. 2. Scheme of the electrochemical oxidation used for heavy metal complex
degradation. AO: anodic oxidation; EF: Electrochemical Fenton oxidation.
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degraded to form formic acid, acetic acid and small acid of oxalic
acid through decarboxylation process. Liang et al. [45] developed
the novel Cuo-CeO2-CoOx composite nanocatalyst to realize the
complete decomposition of the Ni(II)-citrate complexes in the
reaction of 60min. The spherical Cu2O-Fe3O4@chitosan bifunc-
tional catalyst successfully oxidized Cr(III)-organic complexes and
effectively inhibited Cr(VI) accumulation. In the presence of
20mmol/L H2O2, over 85% of Cr(III)-organic complexes were
removed in the pH range of 3–6, and the amount of Cr(VI)
remaining in the solution was negligible [46].

Although significant progress has been made for Fenton-like
oxidation, it still has the disadvantages in aspects of low water
volume treatment capacity and sludge treatment [47]. Catalyst is
essentially critical and Fe-bearing catalysts are more promising.
Effective strategy to promote the cycling of Fe(II) and Fe(III) is
essential to reduce cost and secondary pollution. Thereby design
and exploration of efficient and recyclable catalyst are invariable
research hotspots in Fenton-like oxidation field.

3. Electrochemical oxidation

For the purpose of recovery of heavy metal ions from heavy
metal complexes, electrochemical oxidation becomes the most
popular method (Table 1 [5,22,27,48–53]. Electrochemical pro-
cesses can be used independently or combined with other AOPs
such as Fenton oxidation [54].

3.1. Anodic oxidation

Heavy metal complexes can be destroyed in the anodic area by
either anode directly or in situ produced

�
OH [55]. The anodic

oxidation (AO) process involves following steps: (1) Direct electron
transfer to the anode surfaceM; (2)water or OH‒ in thewastewater
is liable to produce powerful physiosorbed

�
OH at the anode

surface, denoted M(
�
OH), generated via Eq. 5; (3) strong oxidant

�
OH destructs heavy metal complexes (Eq. 6) and free heavy metal
ions are deposited on the cathode (Fig. 2).

M  þ  H2O ! M �OHð Þ þ  Hþ þ  e� ð5Þ

M �OHð Þ þ  L ! M þ  LO þ  Hþ þ  e� ð6Þ
The AO has attracted increasing attention for high degradation

efficiency, versatility and flexibility [56]. The AO process con-
stitutes a direct and clean way to electrochemically generate

�
OH
radicals, without adding any chemical reagents or no secondary
pollutants. The unique reagent is electrons. Electrode material is
vital to AO performance and various combinations of anode and
cathode have been tested (Table 1). Guan et al. [57] studied the
electrochemical oxidation coupling of electrodeposition processes
to treat Ni-ammonia complexes wastewater, which used RuO2/Ti
and stainless steel as anode and cathode, respectively. This process
removed not only ammonia, but also recovered Ni. Wang et al. [58]
developed a novel higee electrochemical reactor with rotating
mesh-disc electrodes as cathode to eliminate the electroplating
wastewater containing Cu, Ni and Cr complexes. It was an effective
method to destroy Cu, Cr and Ni complexes, which reached 99.5%,
97.9% and 98.4% removals within 120min, respectively.

Nevertheless, oxygenevolution reactionof theanodewill compete
with the oxidation process of the organic ligand resulting in low
treatment efficiency [59]. This inherent drawback restricts actual
applications of AO process, whose negative impact can beminimized
bynovel electrodematerial development. Applied voltage should also
be optimized to reduce operation cost. Furthermore, electrochemical
reactors shouldbebetterdesigned for improvingefficiencyandsaving
energy during scaling-up applications.

3.2. Electrochemical Fenton oxidation

The AO process can also be coupled by other AOPs, such as
Fenton oxidation, namely electro-Fenton (EF) reaction, which
includes electroregeneration of Fe2+ ions in anode (Eq. 7) and the
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production of H2O2 in cathode. The in-situ generation of H2O2 is
derived from cathodic reduction of dissolved oxygen (Eq. 8).
Subsequently, Fe2+ reacts with H2O2 to generate strongly oxidative
�
OH for decomplexation of heavy metal complexes (Fig. 2).

Fe ! Fe2þ þ  2e� ð7Þ

O2 þ  2Hþ þ  2e� ! H2O2 ð8Þ
EF possesses several major merits compared to classical Fenton

reaction. It encompasses: (1) The in situ and continuous production
of H2O2 avoiding the hazards during its transport, storage and
handling; (2) higher removal efficiencywith sustaining production
of Fe2+; (3) negligible secondary pollutants and no formation of
sludge; (4) effective with high concentration wastewater [60,61].
The EF process has been recognized as a clean and effective way to
decontaminate heavy metal complexes [62]. Zhang et al. [22]
demonstrated that synthesized Co-N-doped MoO2 modified
carbon felt as cathode resulted in high H2O2 yield by oxygen
reduction via two-electron process and 68% of Ni-EDTA was
removedwithin 120min reaction at pH 3.0 in EF process. Zhao et al.
[53] explored the application of electro-Fenton method to
simultaneously destruct the coexistence pollutants of Cu/Ni-EDTA
in industry effluents. The results showed that the decomplexation
of Cu/Ni-EDTA startedwith the attack of �OH and the released Cu2+

and Ni2+ promoted the mutual decomposition of H2O2, which led
to significant removal efficiency.

Although EF technique does not require an additional oxidant
and reduces operating costs, the deposition of heavy metals on the
cathode needs to be considered, as the deposited heavy metals
often exist in oxide forms, masking the active sites of the cathodic
oxygen reduction materials [63]. The concentration of in situ
generated oxidant is relatively lower. Therefore, this technology
may have certain limitations in practical applications. Operating
factors, such as current density, solution pH and aeration rate
should be optimized before its practical application.
4. Photochemical oxidation

Solar energy as renewable energy is frequently considered
in environmental protection because it is abundant, free and
non-polluting. Decomposition of heavy metal complexes has
Table 2
Typical studies on heavy metal complex decomposition based on photochemical oxida

System Photocatalyst Current density
(mA/cm2)

Heavy metal
complexes

pH

Photocatalysis TiO2 – Cu-EDTA, Fe-EDTA 6.0
TiO2 – Pb-EDTA 6.0
TiO2 – Metal-EDA (Cd, Cr,

etc.)
4.0

TiO2 – Cu-EDTA, Cd-EDTA 4-6
Photoelectrocatalytic
oxidation

TiO2 0.113 Cu-EDTA 3.5
TiO2 1.5 V (Bias

potential)
Cu-cyanide, Cu-
EDTA

11

EDTA/K4P2O7 2.0 V (Bias
potential)

Cu-cyanide 11

TiO2 1.0 V (Bias
potential)

Cu-cyanide 12

– 0.5 Cu-EDTA 3.2
UV activated oxidation Fe2+ – Cr-EDTA –

Fe3+ – Ni-tartrate, Ni-
citrate, etc.

3-
9.5

Fe3+ – Cu-EDTA, Cu-
citrate, etc.

1.8-
5.4
also been performed by applying photochemical method [64].
Photochemical oxidation can be used independently or
combined with other AOPs (Table 2 [6,26,65–74]), including
photocatalytic oxidation, photoelectrocatalytic oxidation and
UV activated oxidation.

4.1. Photocatalytic oxidation

The rationale of photocatalytic oxidation is to use sufficient
energy to illuminate photocatalysts, exciting the formation of
photogenerated holes and electrons at the semiconductor surface,
which can react with chemical species to achieve degradation of
heavy metal complexes (Eq. 9) [75,76]. Besides light energy,
photocatalyst functions essentially, amongwhich titanium dioxide
(TiO2) with high stability and nontoxicity has been mostly popular
[77]. Holes at the valence band of photocatalyst can migrate to the
surface and either directly oxidize adsorbed heavy metal com-
plexes or oxidize hydroxide to produce

�
OHwhich then proceeds to

destroy the ligands (Eqs. 10–12). The released metal ions are
removed by adsorption onto the photocatalyst (Eq. 13) (Fig. 3a).

Photocatalyst þ  hn ðUV=solar lightÞ ! Photocatalyst 

ðhþ
 þ  e� Þ ð9Þ

hþ
 þ  OH�! �OH ð10Þ

�OH þ CA   ! Simple organics ð11Þ

Metal� CA þ �OH=hþ! Mxþ þ Oxidation products þ  CO2 ð12Þ

Mxþ þ  e�! Photocatalyst þ Metal ð13Þ
Benefits of TiO2 photocatalysis for the treatment of metal

organic complex include: (1) Heavy metal complex is destructed;
(2) the organic ligand is mineralized into CO2, NH3 and other
simple organic intermediates; (3) the released metal ions are
subsequent removed via adsorption onto the photocatalyst
[78,79]. Photocatalytic oxidation is widely applied in the removal
of heavy metal complexes. Rhoads et al. [65] used TiO2 photo-
catalysis to degrade Cu-EDTA, and Cu-EDTA removal efficiency and
Cu recovery efficiency reached 100% and 61% within 60min
operation, respectively. Vohra et al. [66] also developed photo-
catalytic oxidation with TiO2 photocatalysis 60% of Pb-EDTA was
removed in a 60-min duration.
tion.

Rection time
(min)

Heavy metal
removal (%)

TOC
degradation
(%)

Heavy metal
recovery (%)

Ref.

60 80-100 – 50-80 [65]
60 > 99 – 70-80 [66]
120 > 90 80 – [67]

40 100 – – [68]
40 80 – 85 [69]
– – – 90 [70]

120 99.8 – 91 [71]

– 81 – 82.72 [6]

120 74.18 – 75.54 [72]
60 100 70-80 – [73]
– 100 > 58 – [26]

10 > 95 30-48 – [74]
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Fig. 3. Schematic illustration of heavy metal complexes decomposition by
photochemical oxidation. (a) Photocatalytic oxidation; (b) photoelectrocatalytic
oxidation; (c) UV activated oxidation.

J. Du et al. / Chinese Chemical Letters 31 (2020) 2575–2582 2579
Development of promising photocatalyst is the main effort that
researchers focus on. Although TiO2 has advantages, it can only
work under UV light condition [80]. The photogenerated electrons
and holes are easily recombined. Photocatalyst with visible light
response and prevention of recombination of electrons and holes is
of great interest. The photocatalyst may flow away with the
effluent or deposit with heavy metals. Therefore, reduced loss and
inactivation for photocatalyst during applications are essentially
important.

4.2. Photoelectrocatalytic oxidation

Photoelectrocatalytic oxidation, birthed from the combination
of electrocatalysis and photocatalysis process, has received much
attention recently [81]. Photocatalyst is localized on conductive
substrate as the anode and an external bias potential is applied to
drive the photogenerated electrons to the cathode, thereby
delaying the recombination of electron-hole pairs (Fig. 3b).
Photoelectrocatalytic oxidation is impressive and has been
effectively used to break heavy metal complexes. Similar to the
photocatalytic process,

�
OHhas a great effect on the decomposition

of heavy metal complexes, which is generated by reaction of
photogenerated holes on the anode with water molecules. In
photoelectrocatalytic process, photocatalysis breaks down the
connection of heavy metal complexes and releases heavy metals
which then deposit on cathode by relying on the strong oxidizing
properties of

�
OH [82].

There is no need to recycle the photocatalyst which avoids the
loss of catalyst because the photocatalytic material is fixed on the
conductive substrate in photoelectrocatalytic oxidation. Mean-
while, photoelectrocatalytic process promotes the separation of
the photoexcited charge carriers and increases the lifetime of holes
under the applied voltage, which greatly improves its perfor-
mance. It has been regarded one of the most promising techniques
for effective destruction of heavy metal complexes. Chaudhary
et al. [83] compared different AOPs for Cu-EDTA decomposition. It
was found that the electrochemical oxidation alone could
efficiently recover Cu, but failed to completely mineralize of
EDTA. In contrast, photocatalytic oxidation was capable of
achieving degradation of EDTA, but left heavy metals in the bulk
solution. The efficiency of Cu recovery and EDTA degradation was
90% and 96% through photoelectrocatalytic oxidation. Zhao et al.
[84] also used photoelectrocatalytic process to remove Ni-EDTA in
comparison with individual photocatalytic and electrooxidation
process, which included that photoelectrocatalytic method was
the most effective, resulting in 45% of Ni and nearly 90% of total
Ni-EDTA being removed within 180min. Furthermore, oxidants
can also be added to photoelectrocatalytic process to further
improve the efficiency [85,86]. Zeng et al. [87] explored the
improvement of Cu-EDTA decomplexation and simultaneous Cu
recovery in photoelectrocatalytic system assisted by H2O2/Cl�. The
degradation percentage of Cu-EDTA was 97.63%, and the Cu
recovery percentage was 97.66% within 60min. Similarly, removal
efficiency was satisfactory via addition of S2O8

2� ion into photo-
electrocatalytic system. The decomplexation percentage of
Cu-EDTA reached 98.4% and the Cu recovery percentage was
98.3% during 60min [88].

Photocatalyst is also paid special attention to in photoelec-
trocatalytic oxidation. Besides the properties mentioned in
photocatalytic oxidation and architecture of electrochemical
system should be considered, the attachment of photocatalyst
on anode requires particular concern to prevent abscission and
deliver photogenerated electron. The applied external bias
potential also needs optimization for reducing energy consump-
tion and photocatalyst damage.

4.3. UV activated oxidation

Besides application in photocatalysis process, UV radiation
combined with powerful oxidants such as H2O2, persulfate (PS)
and chlorine, has been widely employed to remove heavy metal
complexes, resulting in various kinds of photochemical AOPs
[89,90]. The elimination of heavymetal complexes is based on free
radicals generated during photoexcitation process. The UV/H2O2

process is the most frequently applied, because H2O2 can be
photolyzed by UV radiations, leading to the formation of �OH
(Eq. 14) [91]. The UV/PS process has recently attracted significant
attention for the destruction of refractory organic pollutants via
the generation of sulfate radical (SO4

��) (Eq. 15). SO4
�� is a more

powerful and selective oxidant, which is more prone to one-
electron oxidation reactions comparedwith

�
OH [92]. The UV/HOCl

process is being considered as an alternative technology due to
high reduction potential while breaks down into �OH and chlorine
atom [93] (Eq. 16). These reactive radicals play key roles in UV
activated oxidation for disposal of heavy metal complexes.

H2O2 
  � ð14Þ

S2O
2�
8  UVUV 2SO

��
4 ð15Þ

HOCl UVUV �OH þ  Cl� ð16Þ
In the case of UV activated process, the mechanism of heavy

metal complex removal is that the radicals generated by
photoexcitation attack the heavy metal complex, making heavy
metal ions released, and oxidizing the ligands (Fig. 3c). More
interestingly, the released heavy metal ions can also catalyze the
added oxidants to produce radicals, realizing autocatalytic process
[94,95]. When it is used to treat complexes containing heavy
metals with multiple valences, such as Cu, the couple of Cu2+/Cu+

redox cycle can further enhance self-catalytic successive oxidation
process [96].

UV activated oxidation process is easy to operate and does not
need to deal with secondary pollution caused by TiO2 adsorption,
thereby widely accepted for treating wastewater containing heavy
metal complexes. Rekab et al. [97] compared the treatment effects
of UV/TiO2 and UV/H2O2 technologies on Co-EDTA wastewater,
which showed that UV/H2O2 was more effective to the minerali-
zation of EDTA, whereas the UV/TiO2 process was more conducive
to the removal of Co2+ by adsorbed on surface of TiO2. Recently, Fe3+

H2O2�!UV 2 � OH

S2O2�
8 �!UV 2SO��

4

HOCl�!UV �OHþ Cl�
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is also considered as a cheap and abundant oxidant in UV activated
oxidation, i.e. UV/Fe3+ process, which is efficient to remove heavy
metal complexes [10,98]. Ye et al. [99] successfully reduced the
Cr-citrate complex from 10.4mg Cr/L to 0.36mg Cr/L along with
nearly 60% TOC removal utilizing UV/Fe3+ process.

The combination of oxidants with the UV radiation has
resulted into the rapid removal of heavy metal complexes.
However, this method still needs in-depth research because the
efficient decontamination of heavy metal complexes depend
largely on characteristics of metal. For example, UV/H2O2 process
causes Pb-EDTA to decompose rapidly in acidic solution with Pb
precipitation while the precipitations of Cd-EDTA and Zn-EDTA
are ineffective [100]. UV radiation is frequently used for
disinfection, which can be combined for decontamination of
heavy metal complexes. The installation and placement of UV
light source in treatment unit should be also taken into account
for efficient illumination.

5. Ozonation

Ozone (O3) has a high oxidationpotential of 2.07 V and can react
directly with organic compounds in the form of molecular O3, or
indirectly reactwith organic compounds through the generation of
�
OH during the chain reaction [101]. Based on the strong oxidizing
properties of O3, researchers have tried to destroy the heavy metal
complexes by ozonation. The principle of the ozonation process is
the generation of highly oxidizing radicals [102] (Eqs. 17–19),
specially

�
OH, capable of oxidizing high recalcitrant contaminants

to CO2 and H2O (Fig. 4).

O3 þ  OH� ! O��
2  þ  HO�

2 ð17Þ

HO�
3 ! O��

3  þ  Hþ ð18Þ

HO�
3! �OH þ  O2  ð19Þ
Ozonation, one of the commonly used AOPs, is an environmen-

tally friendly technology for wastewater treatment. The ozonation
process is emerging as a very promising and alternative
wastewater technique which is broadly employed in the field of
toxic organics degradation. Ozonation can be carried out at room
temperature and pressure without sludge formation, and the
residual O3 is also decomposed into water and oxygen. Liu et al.
[103] reported that Cu-dimethyl phthalate (DMP) degradationwas
enhanced by EDTA ozonation, and DMP was completely converted
to CO2 and water under the optimal conditions of pH 5.7 and
Cu2+/EDTA molar ratio was 3:1. The degradation of Cu/Ni-EDTA in
the blended system was a synergistic and continuous decarboxyl-
ation process, with Cu2+ and Ni2+ achieving 90% removal even
under extremely acidic conditions (pH 3–5) [104]. Huang et al.
[105] used ozonation to remove Cu-EDTA, which could completely
remove Cu-EDTA within 10min, and degraded 75%–80% of TOC
[(Fig._4)TD$FIG]

Fig. 4. Mechanism diagram of ozonation process and discharge plasma oxidation
for degradation of heavy metal complexes.
within 40min. Moreover, O3 is also coupled with other oxidant,
light and catalyst to improve ozonation efficiency, such as O3/H2O2,
O3/UV and O3/catalyst processes [106,107]. Finzgar and Lestan
[108] reported that 49.6% and 19.9% of Pb and Zn were actually
removed in O3/UV process for Pb-EDTA and Zn-EDTA treatment.
When catalyst is supplemented, the behavior of ozonation to
degrade heavy metal complex can be further improved [109].
Ozonation can also be integrated with other AOPs. For instance,
Zhao et al. [24] found that Ni-EDTA containingwastewaterwas first
treated by Fenton method, and then the effluent was directly used
for ozonation treatment, achieving the removal of 99.84% of Ni2+

and 57.13% of TOC.
Ozonation is known for its high efficiency, but still faces some

challenges. The selective nature and low solubility of ozone in
water and the slow reaction rate lead to low oxidation efficiency
[110]. On the other side, the production of ozone consumes energy
and increases costs. Ozonation has beenwidely applied in practical
engineering. Catalyst can further improve the performance of
ozonation. Effective and immobilized catalyst can broaden the
application of ozonation for decomposition of heavy metals
complexes. More efforts should be made to improve the
efficiencies of O3 utilization and pollutant degradation.

6. Discharge plasma oxidation

Non-thermal plasma is an ionized gas with generally equal
positive and negative ions produced by means of discharge or ray
[111]. It is a new material aggregation state composed of particles
such as electrons, ions, ions, molecules and free radicals, and is
known as the fourth state substance. The basic principle of heavy
metal complex decomplexation is based on various active
substances such as

�
OH,

�
O, H2O2 and O3 [112], when the discharge

plasma is triggered (Fig. 4). Discharge plasma oxidation due to its
multiple advantages [113]. Non-thermal plasma oxidation has high
reactivity and can be operated at normal temperature and pressure
without adding additional chemical reagents. Wang et al. [114]
used Cu-EDTA as a model pollutant to clarify the removal
mechanism by discharge plasma oxidation, and the decomplex-
ation efficiency of Cu complex reached nearly 100%. The findings
displayed that 1O2, O2

��, O3 and
�
OH produced by discharge plasma

were the main contributors for the decomposition of heavy metal
complexes, which continuously oxidized to produce lowmolecular
weight products. Cao et al. [115] also obtained similar results and
confirmed that O2

��,1O2,
�
OH and O3 caused 87.6%, 80.4%, 74.5% and

4.1% of EDTA-Cu degradation, respectively. Wang et al. [116]
pointed out that the Cu removal efficiency reached 80.2% during
60min after the discharge plasma oxidation treatment for
Cu-EDTA solution. A decomposition efficiency of 86.1% was also
obtained for Cu-humate through discharge plasma oxidation
treatment [117,118].

Comparedwith traditional AOPs, discharge plasma oxidation of
heavy metal complexes has not been extensively studied. Plasma
treatment of heavy metal complexes is still not mature enough,
and there are still problems such as high energy consumption and
high operating costs. Safety issue during its operation should also
be fully considered. These are important aspects that need to be
solved urgently.

7. Conclusions and perspectives

Heavy metal complexes have attracted widespread attention in
recent years due to high toxicity and difficulty in degradation. In
this review, AOPs for decontamination of heavy metal complexes
are discussed, including Fenton oxidation, electrochemical oxida-
tion, photocatalytic oxidation, ozonation and discharge plasma
oxidation. Discussing the mechanisms, applications, advantages
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and limitations of each method for removing heavy metal
complexes are introduced. These methods can efficiently degrade
heavy metal complexes, and somemeans can even simultaneously
recover heavy metals.

Despite the progress that has been made on AOPs for heavy
metal complexes decomposition. There are still issues needed to
be further studied. Most AOPs are operated under acidic
conditions, which requires supplement of large amount of acid
resulting in the increase of operation cost. Development of AOPs
under near-neutral condition will be more applicable. There are
many types of heavy metals and ligands in wastewater, but most
existing studies only focus on limited species. The nature of
heavy metals and ligands also affects the performance of AOPs,
which should be revealed. The realization of resource recovery is
a hot topic. Strategies that can recover heavy metals and prevent
the inhibition of AOPs performance are very important.
Combining different AOPs can achieve unexpected results,
which should be concerned. Most AOPs are operated in the
laboratory. Scaling up for practical applications should be
conducted urgently.
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