journal of environmental sciences 105 (2021) 100–115

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Review

Application of percarbonate and
peroxymonocarbonate in decontamination
technologies
Bo-Tao Zhang 1,∗, Lulu Kuang 1, Yanguo Teng 1,2, Maohong Fan 3,∗, Yan Ma 4
1 College

of Water Sciences, Beijing Normal University, Beijing 100875, China
Research Center of Groundwater Pollution Control and Remediation, Ministry of Education, Beijing
100875, China
3 Department of Chemical and Petroleum Engineering, University of Wyoming, Laramie, WY 82071, United States
4 School of Chemical and Environmental Engineering, China University of Mining and Technology (Beijing), Beijing
100083, China
2 Engineering

a r t i c l e

i n f o

a b s t r a c t

Article history:

Sodium percarbonate (SPC) and peroxymonocarbonate (PMC) have been widely used in

Received 27 October 2020

modified Fenton reactions because of their multiple superior features, such as a wide pH

Revised 26 December 2020

range and environmental friendliness. This broad review is intended to provide the funda-

Accepted 27 December 2020

mental information, status and progress of SPC and PMC based decontamination technolo-

Available online 14 January 2021

gies according to the peer-reviewed papers in the last two decades. Both SPC and PMC can
directly decompose various pollutants. The degradation efficiency will be enhanced and

Keywords:

the target contaminants will be expanded after the activation of SPC and PMC. The most

Sodium percarbonate

commonly used catalysts for SPC activation are iron compounds while cobalt composi-

Peroxymonocarbonate

tions are applied to activate PMC in homogenous and heterogeneous catalytical systems.

Activation

The generation and participation of hydroxyl, superoxide and/or carbonate radicals are in-

Radical

volved in the activated SPC and PMC system. The reductive radicals, such as carbon dioxide

Decontamination technologies

and hydroxyethyl radicals, can be generated when formic acid or methanol is added in the
Fe(II)/SPC system, which can reduce target contaminants. SPC can also be activated by energy, tetraacetylethylenediamine, ozone and buffered alkaline to generate different reactive
radicals for pollutant decomposition. The SPC and activated SPC have been assessed for application in-situ chemical oxidation and sludge dewatering treatment. The challenges and
prospects of SPC and PMC based decontamination technologies are also addressed in the
last section.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

∗

Corresponding authors.
E-mails: zhangbotao@126.com (B.-T. Zhang), mfan@uwyo.edu (M. Fan).

https://doi.org/10.1016/j.jes.2020.12.031
1001-0742/© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

journal of environmental sciences 105 (2021) 100–115

Introduction
Increasing amounts and categories of contaminants are migrating into different environmental matrices, such as soil and
water bodies, resulting from population expansion, industrialization and urbanization processes, which poses increasing
risk to ecological systems and human health (Sun et al., 2019).
The radical based decontamination technologies, such as advanced oxidation/reduction processes, have been proven to
be effective in removing a wide spectrum of organic pollutants, including high-concentration, non-biodegradable, hazardous or refractory compounds, which cannot be well degraded by conventional treatment methods (Zhang et al., 2015,
2008; Cheng et al., 2016). The Fenton oxidation system might
be the first and most widely used radical-based decontamination technologies because of its simple and easy operation
without a complicated apparatus or energy input. However,
the application of Fenton reaction is hindered by its narrow
optimal acidic pH range (2–4), massive iron sludge byproduct output, high cost and excess H2 O2 consumption (Fu et al.,
2015; Miao et al., 2015b).
Sodium percarbonate (SPC, Na2 CO3 1.5H2 O2 ) has been extensively used as a substitute for liquid-phase hydrogen peroxide to avoid the drawbacks of the conventional Fenton processes in different decontamination technologies. First, as a
solid-phase oxidant with good thermal stability and water solubility, SPC is much safer and easier to store, transport and
handle in actual applications without the possibility of splashing, spilling, corrosion and shock associated with liquid H2 O2
(Fu et al., 2015). Second, the SPC oxidation system can be implemented over a wider pH range compared to the narrow
optimum acid range of the classical Fenton reaction. For example, the high removal efficiencies of chlorobenzene (90%
degradation) at pH 11 and benzene (90% degradation) at pH
9 could be achieved in Fe(II)/SPC (Fu et al., 2015; Zhang et al.,
2017a). Moreover, the alkaline SPC and its product carbonate
can act as a buffer to neutralize the undesired pH decrease
since the degradation intermediates of organic contaminants
always decreases the pH values of the water or soil matrices
(Miao et al., 2015d). Third, the end products of the SPC oxidation system, such as CO3 2− , HCO3 − , CO2 and H2 O, occur
naturally in water and soil environments, which makes the
system compatible with the subsequent bioremediation possesses. In addition, SPC is not toxic for the fish while eliminating the toxic effects of deltamethrin on zebra fish (Zhang et al.,
2017b). Furthermore, the price of SPC is much lower than other
peroxides, such as Oxone (2KHSO5 KHSO4 K2 SO4 ) and hydrogen peroxide, which is significant for the large scale practical
application in site remediation (Gao et al., 2020). SPC can directly decompose various pollutants and the degradation efficiencies will be enhanced after the catalyst or energy activation. The generation and participation of hydroxyl, superoxide and carbonate radicals are involved in the activated SPC
system. There are minor amounts of peroxymonocarbonate
(PMC) with enhanced reactivity containing in the SPC solution
(McKillop and Sanderson, 1995, 2000).
PMC ions (HCO4 − ) can mainly be generated by the preequilibrium reaction of peroxides and bicarbonate, which is
naturally occurred anions at 1.0–5.0 mmol/L in fresh wa-
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ter and higher up to ten mM in karstic regions (Pi et al.,
2018). PMC is verified to be more than two orders of magnitude more reactive than H2 O2 toward nucleophiles due to
the superior leaving group tendency of carbonate compared
to OH− (Regino and Richardson, 2007; Richardson et al., 2000;
Bennett et al., 2016). The PMC will undergo homolysis of the
O–O bond, especially after being activated for the generation
of a series of reactive species, such as hydroxyl and carbonate
radicals as Eq. (1) (Ma et al., 2018). The PMC and activated PMC
oxidation systems have attracted increasing attention for organic contaminant abatement because they are effective under alkaline or near-neutral conditions. Similar to SPC, PMC
degradation systems are also simple, economic and environmentally friendly without corrosion, residue or side effects.
·−
HCO−
4 → CO3 + ·OH

(1)

This broad review article is intended to provide the fundamental information and state of the art updates about SPC
and PMC based decontamination technologies according to
the peer-reviewed papers in the last two decades. The chemistry properties of SPC and PMC are presented, and their direct
oxidation for pollution control are addressed. The emphasis of
this article is put on the degradation of contaminants by activated SPC and PMC in homogenous and heterogeneous catalysis systems. Energy and other activation methods for SPC
are summarized, and the application of SPC for in situ chemical oxidation and other remediation technologies are also assessed. Finally, the challenges and prospects of SPC and PMC
based decontamination technologies are also addressed.

1.

Chemistry of SPC and PMC

SPC is mainly obtained by the crystallization and granulation of sodium carbonate and hydrogen peroxide solution
in a fluidized bed (Walawska et al., 2007). The SPC structure
has been determined as sodium carbonate sesquiperhydrate
(Na2 CO3 1.5H2 O2 ) rather than peroxy salt (Carrondo et al.,
1977), which is different from other analogous salts, such as
persulfate, perborate, and peroxymonosulfate (Zhang et al.,
2015). The hydrogen bonding between carbonate and hydrogen peroxide is the adduct cohesion. SPC is considered as a
portable form, solid form or dry carrier of H2 O2 because of its
structure (Muzart, 1995). SPC is available as microgranules and
stable at room temperature, and its thermal decomposition
starts at >100°C. SPC is soluble in water (1 mol/L at 20°C)
and the pH of 1% aqueous solutions is 10.5.
SPC is mainly produced for antiseptic agents and as an
ingredients of washing powder formula for stain bleaching.
SPC is extensively used in organic synthesis for functional
group oxidations, such as olefins, amines, thiones, nitroalkanes, sulfides, aldehydes and ketones, and SPC is regarded as
the best oxidant in the solvent-free condition since it can
act as the H2 O2 source in anhydrous or near-anhydrous conditions (Gómez et al., 2007; McKillop and Sanderson, 1995;
Muzart, 1995). The versatile SPC is also applied to lignin depolymerization, cellulose digestibility, dehairing of leather,
and chemical therapy in parasite management.
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In contrast to SPC, PMC is a true peroxide with the structure
of H–O–O–CO2 − , which is analogous to other peroxides such
as peroxynitrate (H–O–O–NO) and peroxymonosulfate (H–O–
O–SO3 − ). Based on the results of nuclear magnetic resonance
(NMR, the peak at 161.7 ppm), the generation of PMC was
proven to be formed by a labile pre-equilibrium reaction between H2 O2 and bicarbonate (Reaction (2) and Eq. (3)). The
equilibrium constant K = 0.32 ± 0.02 L/mol was obtained and
the observed rate constant was (1.96 ± 0.04) × 10−3 sec−1
at pH = 7.4, the concentration of H2 O2 [H2 O2 ] = 2.0 mol/L
and 25°C (Richardson et al., 2000). The potential of the
HCO4 − /HCO3 − couple was 1.8 ± 0.1 V vs. Normal hydrogen
electrode (NHE) (Yao and Richardson, 2003; Liu et al., 2006). The
half-life of the equilibration of 1 mol/L H2 O2 and dilute bicarbonate solution is approximately 10 min at pH 7.4 and 25°C
(Bakhmutova-Albert et al., 2010). The PMC monoanion dissociates to its dianion (CO4 2− ) with a pKa 10.0 (Attiogbe and
Francis, 2011).
−
HCO−
3 + H2 O2 ↔ HCO4 + H2 O


HCO−
4 [H2 O]


K=
[H2 O2 ] HCO−
3

(2)



(3)

The PMC ion was isolated as a salt (KHCO4 H2 O2 ) and characterized by X-ray crystallography, NMR and Raman spectroscopy (Adam and Mehta, 1998; Bakhmutova-Albert et al.,
2010). Since it is difficult to isolate and store the unstable PMC
salt, in situ preparation of PMC is the preferable method for
its applications. PMC has been widely used as chemiluminescence reagents (Dong et al., 2014; Chen et al., 2015), bleaching,
organic synthesis (Yao et al., 2003) and chemical warfare agent
decontamination (Richardson et al., 2000). The second-order
rate constant of sulfide oxidation by PMC is approximately
300-fold greater than that by H2 O2 (Richardson et al., 2000).
Both SPC and PMC can directly decompose various pollutants. The degradation efficiency will be enhanced and the target contaminants will be expanded after the activation of SPC
and PMC. The generation and participation of differnt radicals
are involved in the activated SPC and PMC system.

2.

Application of SPC in pollution control

2.1.

Direct oxidation and application for pollution control

Since SPC is effective for functional group oxidations (olefins,
amines, thiones, nitroalkanes, sulfides, aldehydes and ketones), it can directly oxidize or remove various pollutants
in water or soil over a wide pH range, such as chlorinated
aromatic hydrocarbons (Viisimaa and Goi, 2014), volatile organic sulfides (Chen et al., 2019), polycyclic aromatic hydrocarbons (Zhang et al., 2013), trichloroethene (Zhang et al., 2011)
and dyes (Nalliah, 2019; Ohura et al., 1992). For example, the
removal efficiencies of dimethyl trisulfide and methanethiol
were 94.9% and 83.4% in 100 mg/L SPC at 16 hr from water,
respectively (Chen et al., 2019). The oxidation performances
of chlorinated aromatic hydrocarbons by solo SPC were much
better than that by only hydrogen peroxides in soil, which
might be due to the generation of highly reactive peroxymonocarbonate (Viisimaa and Goi, 2014). Furthermore, SPC

was also used as a slow-release oxygen source to support aerobic biodegradation of the contaminant propylene glycol in
subsurface soil and the encapsulated sodium percarbonate released oxygen for markedly increased microbial survival in a
two-month period (Vesper et al., 1994). As an algicide, SPC is
also used to selectively suppress the excessive growth of bluegreen algae from algal blooming, such as Anabaena flos-aquae,
Aphanizomenon flos-aquae and Microcystis aeruginosa, to supply
oxygen for organic matter mineralization and stimulate the
self-purification in water bodies (Walawska et al., 2007).

2.2.
Degradation of pollutants by activated SPC in
homogenous catalysis systems
The reaction rate, the decomposition efficiencies and mineralization degree are rather low for contaminants by SPC direct
oxidation. After SPC activation, a series of radicals and reactive oxygen species (ROS) are generated or involved in the system, which rapidly and effectively oxidize many target contaminants or transfers them to nontoxic products. Hydrogen
peroxide, sodium and carbonate ions are released and an alkaline oxidative environment is created after SPC dissolves in
water as Eq. (4) (Zhang et al., 2017a). Similar to the conventional Fenton reaction, Fe(II) is extensively utilized to activate
SPC. The Fe(II)-catalyzed SPC oxidation system has been successfully applied as a modified-Fenton process for the effective degradation of many pollutants, such as monoaromatic
hydrocarbons (Fu et al., 2015), chlorinated organic compounds
(Miao et al., 2015d; Zang et al., 2014; Zhang et al., 2017a), pesticides (de Luna et al., 2020), pharmaceuticals and personal care
products (Wang et al., 2019; Yan et al., 2018).
Na2 CO3 · 1.5H2 O2 → 2Na+ + CO32− + 1.5H2 O2

(4)

The two-stage degradation processes can usually be observed in the Fe(II)-catalyzed SPC system. For instance, as
shown in Fig. 1a, the rapid tetrachloroethene decomposition
occurred in the first 1 min, which was attributed to the large
amount of ROS and radicals generated by the sufficient initial
Fe(II) and SPC concentrations at this stage (Miao et al., 2015d).
In the second stage, the increase in decomposition efficiency
was slow and the process came to a halt quickly because of
the pH-dependent Fe(III) accumulation and the precipitation
of ferric hydroxide, which exhibited a lower catalytic activity
and poor recovery to Fe(II) (Fu et al., 2015).
The high-level dosage of Fe(II) is necessary in the Fenton and Fenton-like oxidation processes since Fe(II) is difficult to regenerate from Fe(III) and Fe(II) becomes insoluble under neutral and alkalescent conditions. The degradation rates
and efficiencies of the Fe(II)-catalyzed SPC system can be effectively improved by the introduction of a variety of chelating agents, which enhances the solubility and maintains
the availability of Fe(II) in solution. The tetrachloroethene
and benzene degradation performances in chelated Fe(II)catalyzed SPC were compared using six different chelating
agents, namely, citric acid (CA), oxalic acid (OA), ethylenediaminetetraacetic acid (EDTA), L-ascorbic acid, trisodium citrate and EDTA-Na2 (Miao et al., 2015c; Fu et al., 2016b).
The addition of CA and OA significantly enhanced the tetrachloroethene decomposition and the optimum molar ratio of
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Fig. 1 – Tetrachloroethene decomposition profiles in the (a)
Fe(II)/SPC or (b) Fe(III)/SPC system and effect of reducing
agents. Conditions: SPC 0.5 mmol/L; Fe(II)/Fe(III)
0.5 mmol/L; tetrachloroethene 0.12 mmol/L; reducing agent
1 mmol/L (Miao et al., 2015a). SPC: sodium percarbonate;
Ct /C0 : ratio of concentration at time t and initial time.
Reproduced by permission of Elsevier.

chelating agents to Fe(II) was 1/2. The enhancement effect is
via increasing the Fe(II) concentration and enabling the intensity of hydroxyl radical to be more stable. In contrast, the
degradation was greatly inhibited in the EDTA-Na2 , L-ascorbic
acid and trisodium citrate chelated systems due to their radical scavenging effect. Moreover, excessive CA and OA also
caused negative effect on the removal performances because
of their completion reaction with radicals. The CA/Fe(II)/SPC
oxidation system was also successfully applied to the degradation of phenanthrene (Yu et al., 2018) and trichloroethene
(Zang et al., 2017) with enhanced performances. Glutamate
could also be used as a chelating agent in the Fe(II)/SPC system
and enhanced benzene decomposition, which is attributed to
the promoted regeneration of Fe(III) to Fe(II) and avoiding iron
precipitation (Fu et al., 2016a).
In the Fe(III)/SPC system, the tetrachloroethene degradation in the pseudo-second-order kinetic model was significantly improved by the addition of CA, OA and glutamate by
increasing the concentration of total soluble iron ions in so-

lution and decreasing the pH (pH < 3), which resulted in the
continuous production of the hydroxyl radical (Miao et al.,
2015b). The addition of (S,S)-ethylenediamine-N,N-disuccinic
acid (EDDS) also greatly improved the ethylbenzene removal
in the Fe(III)/SPC system (Cui et al., 2017). The introduction
of EDDS prevented iron from precipitation and increased the
concentration of total soluble Fe in solution, leading to a large
amount of hydroxyl radical generation.
Since the regeneration from Fe(III) to Fe(II) is the ratelimiting step in the Fenton and Fenton-like oxidation processes, the addition of a suitable reducing agent in the
Fe(II)/SPC system can accelerate the redox cycle of Fe(III) to
Fe(II) and the more available Fe(II) will benefit the degradation performance. Various reducing agents, including hydroxylamine hydrochloride, sodium ascorbate, ascorbic acid
and sodium sulfite, were added in the Fe(II) and Fe(III) catalyzed SPC system for tetrachloroethene decomposition performance comparison (Miao et al., 2015a). In the Fe(III)/SPC
system (Fig. 1b), all reducing agents obviously enhanced tetrachloroethene degradation from 4% to 10%−98% in 5 min. In
the Fe(II)/SPC system (Fig. 1a), only hydroxylamine improved
the degradation performance, while other reducing agents
had negative effects. The appropriate ratio of reducing agent
should be optimized since excessive reducing agents can
serve as radical scavengers. For example, the reaction rates
(k) of the hydroxyl radical with hydroxylamine hydrochloride
and ascorbic acid are 9.5 × 109 and 1.0 × 1010 L/(molsec),
respectively. The hydroxylamine and chelating agents (CA
or EDDS) can play synergistic roles for trichloroethylene
decomposition in the Fe(II)/SPC system (Fu et al., 2018,
2017). The chelating agents maintained the iron in a soluble form and hydroxylamine generated soluble Fe(II) from
Fe(III).
The radical probe tests, radical scavenging experiments
and electron spin resonance (ESR) spin-trapping technologies
were applied to elucidate the radical generation mechanism
and their roles in the degradation processes. Nitrobenzene
(NB) is an oxidant probe to identify hydroxyl radical with a
high reaction rate (3.9 × 109 L/(molsec)). The NB removal was
increased from 48% in the Fe(II)/SPC system to 59% in 90 min
after the chelating agent (EDDS) addition. The results verified the presence of hydroxyl radical according to Eq. (5) and
its generation could be enhanced by chelating agents. NB removal was deceased to 55% after hydroxylamine addition,
which confirmed that hydroxylamine acted as its scavenger
and adversely influenced the •OH yield. Carbon tetrachloride
(CT) can be used as a reluctant probe to explore the presence of
superoxide radical with high reactivity (1.6 × 1010 L/(molsec))
while it is not reactive with •OH (< 2 × 106 L/(molsec)). The CT
removal efficiencies were 11%, 20% and 28% in the Fe(II)/SPC,
Fe(II)/SPC/EDDS and Fe(II)/SPC/EDDS/hydroxylamine systems,
respectively. The scenarios indicated that the presence of O2 •−
according to Eqs. (6) and (7) in all of these system and the addition of chelating and reducing agents favored O2 •− generation
(Fu et al., 2018).
k = 63−76 L/ (mol·sec )

Fe2+ + H2 O2 −−−−−−−−−−−−−−→ Fe3+ + OH− + ·OH
Fe3+ + H2 O2

k = (0.1−2 )×10−2 L/(mol·sec )

→

Fe2+ + H+ + HO2 ·

(5)

(6)
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k = (1−5 )×109 L/(mol·sec )

HO2 · → O·−
+ H+
2

(7)

The scavenging experiments were conducted to distinguish the contribution of different radicals. The alcohols without α-hydrogen, such as tert–butyl alcohol (TBA), are specific
•OH quenching reagents (3.8 × 108 - 7.6 × 108 L/(molsec)).
1,4-benzoquinone (BQ) was selected as the O2 •− quenching
reagent with high reactivity (9.6 × 108 L/(molsec)). The results of the scavenging experiments showed that •OH plays
dominant role in the Fe(II)/SPC system and the O2 •− contribution could be neglected. However, the relative O2 •− contribution increased gradually in the Fe(II)/SPC/EDDS (38%)
and Fe(II)/SPC/EDDS/hydroxylamine (44%) system (Fu et al.,
2018).
The ESR spin-trapping agent 5,5-dimethyl-1-pyrrolidineN-oxide (DMPO) was used to identify the reactive species in
different Fe-catalyzed SPC oxidation systems. The specific
DMPO•-OH adduct spectrum signals (quartet lines with peak
height ratio of 1:2:2:1) were observed in the Fe(II)/SPC (Fu et al.,
2015), Fe(III)/SPC (Miao et al., 2015b), Fe(II)/SPC/chelating
agents (Miao et al., 2015c) and Fe(II)/SPC/reducing agents
(Miao et al., 2015a) systems. In the chelated Fe(II)-catalyzed
SPC system, the intensity of DMPO•-OH adduct signals was
higher and maintained for a longer time than that in the
Fe(II)/SPC system (Miao et al., 2015c). The addition of reducing agents greatly enhanced the intensity DMPO•-OH adduct
signals in the Fe(III)/SPC system (Miao et al., 2015a).
The reductive radicals, such as the carbon dioxide radical (CO2 •− ) and hydroxyethyl radical (•CHCH3 OH), can be
generated when formic acid or methanol is added into the
Fe(II)/SPC system, which will enable the system to reduce
target contaminants, such as perchlorinated hydrocarbons
(Jiang et al., 2018a, 2018b; Tang et al., 2019a). Carbon dioxide radical (CO2 •− ) has a relatively high reduction potential of
E0 (CO2 /CO2 •− ) = −1.93 V vs. NHE and could react with perchlorinated hydrocarbons, methyl viologen (MV2+ ), quinones, porphyrins, nitro and nitrosobenzene (Jiang et al., 2018a, 2018b).
The carbon tetrachloride degradation efficiencies were increased from 19.7% in the Fe(II)/SPC system to complete removal in 15 min after formic acid addition (Jiang et al., 2018b).
The scavenger experiments with MV2+ (Eq. (8)) proved the primary role of the carbon dioxide radical for carbon tetrachloride removal. The scavenger experiments with TBA verified
that the scavenging of the hydroxyl radical influenced the generation of the carbon dioxide radical, which is produced via
the reaction of formic acid and the hydroxyl radical (Eq. (9)).
The generation of the carbon dioxide radical can also be verified by the distinctive ESR spectrum of DMPO–CO2 adducts.
The carbon dioxide radical can react with carbon tetrachloride to yield Cl− and •CCl3 (Eq. (10)), and •CCl3 can undergo
proton abstraction and further dechlorination to generate Cl−
and CO2 . Furthermore, SPC was preferable to hydrogen peroxides for carbon tetrachloride degradation under the same
conditions (Jiang et al., 2018a).
k = 6.4×109 L/(mol·sec )

2+
CO·−
−−−−−−−−−−−−−−−→ CO2 + ·MV+
2 + MV
k = 3.2×109 L/(mol·sec )

COOH− + ·OH −−−−−−−−−−−−−−−→ CO·−
2 + H2 O

(8)

(9)

CO·−
−−−−−−−−−−−−−−−−→ CO2 + ·CCl3 + Cl−
2 + CCl4 −

(10)

The aliphatic alcohols can react with the hydroxyl radical to generate the α-hydroxyalkyl radical (R•CHOH, k = (3.8–
42) × 108 L/(molsec)), which could reduce chlorinated organic
compounds by transferring an electron to the C–Cl bonds.
The carbon tetrachloride degradation efficiencies increased
from 14.5% in the Fe(II)/SPC system to 99.1% in 30 min after
ethyl alcohol addition (Tang et al., 2017a). The hydroxyethyl
radical (•CH(OH)CH3 ) was generated through the reaction of
ethyl alcohol and hydroxyl radical Eq. (11)). The hydroxyethyl
radical can react with carbon tetrachloride to yield Cl− and
•CCl3 (Eqs. (12) and ((13)). The generation of the hydroxyethyl
radical can be proven by the characteristic ESR spectrum of
DMPO–CHCH3 OH adducts (α H = 22.8 G, α N = 15.7 G). Moreover, other hydroxyalkyl radicals, such as •CH2 CH2 OH and
CH3 CH2 O•, might also be generated in the system through
Eqs. (14) and (15), which could react with carbon tetrachloride
and enhance its removal.
k = 1.1×109 L/(mol·sec )

CH3 CH2 OH + ·OH −−−−−−−−−−−−−−−→ ·CH(OH )CH3 + H2 O (11)
·CHCH3 OH + CCl4 → CH3 CHO + ·CCl3 + Cl− + H+

(12)

CH3 CH2 OH + ·CCl3 → ·CH(OH )CH3 + CHCl3

(13)

k=

1.9×109

L/(mol·sec )

k=

9.1×108

L/(mol·sec )

CH3 CH2 OH + ·OH −−−−−−−−−−−−−−−→ ·CH2 CH2 OH + H2 O
CH3 CH2 OH + ·OH −−−−−−−−−−−−−−−→ CH3 CH2 O · +H2 O

(14)
(15)

In addition to iron ions, the vanadium (IV) was also utilized as a catalyst for SPC activation for aniline degradation
in the homogenous system Li et al., 2019b). The SPC could
be activated by V(IV) as Eqs. (16) and (17) with the generation of V(V) and hydroxyl radical. V(V) could be reduced to
V(IV) by H2 O2 in solution through Eq. (18). Aniline could be efficiently decomposed in the V(IV)/SPC system. O2 •− and CO3 •−
were the predominant ROS for aniline degradation and hydroxyl radical coexist in the system according to the results
of quenching experiments (isopropanol (IPA) for •OH, BQ for
O2 •− and N,N-dimethylaniline (DMA) for CO3 •− ) and ESR spectra (Fig. 2). CO3 •− (generation by Eq. (19)) is more powerful
for oxidizing electron-rich organic compounds, such as aniline (6.0 × 108 L/(molsec)). The radical recombination of CO3 •(1.2 × 107 L/(molsec)) is slower than that of the hydroxyl radical (5.5 × 109 L/(molsec)).
VO2+ + H2 O → [VOOH]+ + H+

(16)

[VOOH]+ + H2 O + H2 O2 → HVO42− + ·OH + 3H+

(17)

HVO42− + 4H+ + H2 O2 → VO2+ + HO2 · +3H2 O

(18)

−
CO32− + ·OH → CO·−
3 + OH

(19)

2.3.
Degradation of pollutants by activated SPC in
heterogeneous catalysis systems
Similar to homogenous catalysis systems, most studies of heterogeneous catalysts for SPC activation were based on solidphase iron compounds. Due to its high surface area and reactivity, nano zero valent iron (nZVI) has been intensively used
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Fig. 2 – Influence of different radical scavengers, (a) isopropanol (IPA), (b), 1,4-benzoquinone (BQ) and (c) N,N-dimethylaniline
(DMA) on aniline degradation and (d) ESR spectra of the V(IV)/SPC system. Conditions: V(IV) and aniline 1.0 mmol/L; SPC
8.0 mmol/L; IPA 100 mmol/L for (d); 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) 100.0 mmol/L (Li et al., 2019b). mM in
figures: mmol/L. Reproduced by permission of Elsevier.

as a long-term and stable source of Fe(II) in modified-Fenton
systems, which can regenerate Fe(III) to Fe(II) according to following Eq. (20) (Zhang et al., 2015). The nZVI tends to aggregate
because of its inherent magnetic forces and high surface energies, which makes it less reactive. The aggregation can be
alleviated when nZVI is immobilized on suitable support materials.
2Fe3+ + Fe0 → 3Fe2+

(20)

Danish et al. prepared zeolite supported nano zero-valent
iron (Z-nZVI) composite using wet ion exchange method
and following reduction of sodium borohydride. The degradation of 1,1,1-trichloroethane and trichloroethylene in the
Z-nZVI/SPC system followed the pseudo-first-order kinetic
model, which is different from the two-stage degradation processes in the Fe(II)-catalyzed SPC system (Danish et al., 2016a).
The chelating (hydroxylamine) and reducing reagents (CA, OA
and glutamic acid) can enhance the degradation and almost
complete 1,1,1-trichloroethane and trichloroethylene removal
can be achieved after enhancement (Danish et al., 2016b).
Carbon nanomaterials have also been usually investigated
as catalyst supports due to their high specific areas, vari-

ous derivatization methods, and unique thermal and mechanical properties. Farooq et al. (2017b) synthesized reduced
graphene oxide supported nZVI (rGO-nZVI) using a solvothermal method. The nZVI nanoparticles with iron oxide shell
were homogeneously dispersed on the layered rGO surface,
which efficiently prevent the agglomeration and aggregation
of the nanoparticle. The 90% 1,1,1-trichloroethane removal
was achieved in 2.5 hr using the rGO-nZVI/SPC system, which
was attributed to the effective Fe(II) production on the rGOnZVI surface (Farooq et al., 2017b). The zeta potential of rGOnZVI is higher than the rGO and nZVI because of reducedoxygen functional groups in the supported nanocomposite,
and the groundwater ionic composition has a relatively minor
effect on this heterogeneous catalysis system (Farooq et al.,
2019).
The bimetal catalysts have been proven to be efficient in
the Fenton and Fenton-like heterogeneous oxidation systems
with increased catalytical reactivity and improved stability
(Zhang et al., 2020). A zeolite supported iron-nickel bimetallic nano composite (Z-nZVI-Ni) and iron-copper bimetallic
nano composite (Z-nZVI-Cu) were fabricated using liquidphase reduction and an ion exchange procedure, respectively (Danish et al., 2017a, 2017b). The bimetallic nano par-
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ticles were well dispersed on the zeolite according to the
characterization results. The Z-nZVI-Ni and Z-nZVI-Cu exhibited superior catalytical reactivity compared to the supported
monometallic composites and unsupported bimetallic composites for trichloroethylene degradation and mineralization
in heterogeneous SPC systems. The nZVI iron-copper bimetallic nanocomposite was immobilized on the reduced graphene
oxide using the chemical reduction and solvo-thermal methods (Farooq et al., 2017a). The catalysts prepared by the solvothermal method exhibited higher particle dispersion, larger
specific surface areas and higher catalytical reactivity compared to the catalysts synthesized by the chemical reduction
method.
The nano iron-based mono-metal oxides, bimetal oxides
and supported metal oxides have also been applied in the heterogeneous SPC oxidation systems. The removal efficiencies
of dichlorodiphenyltrichloroethane (DDT) and its decomposition products ranged from 84.3% to 96.8% in the commercial nano-Fe3 O4 activated SPC system and the hydroxyl radical was the dominant reactive species (Dai et al., 2019). The
magnetically recycle Fe3 O4 –CuO composite was fabricated using a one-step hydrothermal method, which could effectively
activate SPC for the mineralization of Acid Orange 7 (AO 7)
(Xu et al., 2020). The nano-Fe3 O4 was incorporated in the
zeolitic imidazolate framework (Fe3 O4 @ZIF-8) (Sajjadi et al.,
2018). The pseudo-first order kinetic degradation rate of
Methylene Blue in the Fe3 O4 @ZIF-8/SPC system was more
than six times that in the Fe3 O4 /SPC system. Furthermore,
the Fe3 O4 @ZIF-8 exhibited high catalytic efficiency and excellent stability for fifteen consecutive runs. The CeO2 /Fe3 O4
composite was also synthesized by co-precipitation method
and evaluated for SPC activation during dye degradation
(Ghanbari et al., 2019).
The ferrocene and biochar were also employed as heterogeneous catalysts for activating SPC. As an organometallic
compound, ferrocene has superior reversible redox properties
with an electron donor–acceptor conjugated structure. The
azo dye amaranth could be rapidly and effectively degraded
by ferrocene activated SPC and ferrocene was reusable and
effective for multiple SPC activation without any treatments
(Lin et al., 2017). The red algae-based biochar (RAB) was synthesized via the pyrolysis of Agardhiella subulata in CO2 atmosphere (Hung et al., 2020). The endocrine disruptor chemical
4-nonylphenol in marine sediments could be efficiently decomposed by RAB activated SPC at pH 9.0.

2.4.
Degradation of pollutants in energy and synthetical
activated SPC systems
The peroxide bonds of peroxides can be cleaved to generate different reactive radicals by energy (ultraviolet (UV), discharge plasma, ultrasound, microwaves, etc.) (Zhang et al.,
2015). The degradation efficiencies of bisphenol A (BPA) in
UV/SPC system was 87.8%, which was similar to UV/H2 O2
(88.9%), and UV/H2 O2 /Na2 CO3 (89.9%) at equivalent H2 O2 concentrations under the same condition (Gao et al., 2020). Both
•OH and CO3 •− contributed to BPA degradation according to
the quenching experiments of the TBA and phenol. The concentration of CO3 •− was two orders of magnitude higher than
that of •OH and the second order rate constant of BPA with

CO3 •− was 2.23 × 108 L/(molsec). The electron accepting property enabled CO3 •− to participate in the possible BPA degradation pathways. The UV/SPC system was also used in the effective removal of endocrine disruptor chemicals (metoprolol) (Ravis et al., 2010), natural organic matters (Sindelar et al.,
2014), organic sunscreen agents (benzophenone-3) (Liu et al.,
2020) and complete discoloration of petrochemical wastewater (Babaei and Ghanbari, 2016). The combination of UV with
ultrasound (US) for SPC activation significantly enhanced AO7
removal compared to the solo activators (Eslami et al., 2020).
The electrical discharge plasma systems have been employed to decompose diverse organic contaminants recently
because plasma contains various reactive species (H2 O2 , •OH
and ozone) and is accompanied by high-energy electrons, a
strong field and ultraviolet radiation. However, the low energy efficiency hinders its widespread application. The SPC
addition improved the energy yield of the surface discharge
plasma system by 131% and 92.1% dimethyl phthalate was
eliminated in 30 min Wang et al., 2018). The reactive species,
•OH, O2 •− , 1 O2 and CO3 •− , which generated via Eqs. (21)–
((25), played important role in dimethyl phthalate removal according to the quenching experiments of IPA, BQ, TBA and
1,4-diazabicyclooctane (DABCO). These intensive decreases in
dimethyl phthalate remove after isopropanol addition in the
“SPC + plasma” (47.2% decrease) and “plasma” (67.9% decrease) systems demonstrated that hydroxyl radical was a
dominant oxidative species in these two systems. The contribution of O2 •− and 1 O2 were strengthened while the role
of •OH was weakened after the SPC addition. The moderate
SPC dosages improved antibiotic tetracycline decomposition
efficiencies and rates in a dielectric barrier discharge (DBD)
plasma system as shown in Fig. 3 (Tang et al., 2019b). SPC
and DBD exhibited an obvious synergistic effect and the energy yield of DBD was increased by 155%. Both hydroxyl and
superoxide radicals play primary roles in the tetracycline removal according to the radical scavengers of TBA and BQ.
The addition of 15 mg/L SPC optimally enhanced the BPA
degradation performances in the strong ionization discharge
plasma system while overdosed SPC could restrain BPA removal (Geng et al., 2020).
k = 1.1×1010 L/(mol·sec )

e + H2 O2 −−−−−−−−−−−−−−−−→ OH− + ·OH
k = 19.6 L/ (mol·sec ) at 254 nm

H2 O2 + hv −−−−−−−−−−−−−−−−−−−→ 2 · OH
k=

6.5×10−2

L/(mol·sec )

H2 O2 + O3 −−−−−−−−−−−−−−−−→ HO2 · +O2 + ·OH
k

= (3.2−4.2)×108

L/(mol·sec )

−
CO32− + ·OH −−−−−−−−−−−−−−−−−−→ CO·−
3 + OH
k

= (6.7−8.6)×105

L/(mol·sec )

HO2 · +HO2 · −−−−−−−−−−−−−−−−−−→ 1 O2 + H2 O2

(21)

(22)
(23)
(24)
(25)

where e and hv are electron and light irradiation, respectively.
The microwave radiation is also applied to enhance degradation efficiency via non-thermal and thermal effect. Since
the microwave can be adsorbed by peroxides, the non-thermal
effect of microwaves causes higher vibration and rotational
energy levels of the excited molecule, resulting in breaking the peroxy bond and promoting radical generation. The
thermal effect improves the chemical reaction reactivity and
controllable reactions by transferring heat and aggravating
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Fig. 3 – Diagram of the dielectric barrier discharge system and the possible pathways of tetracycline decomposition in the
SPC promoted system. HV: high voltage; e: electron; m/z: mass charge ratio (Tang et al., 2019). Reproduced by permission of
Elsevier.

polar molecular vibration. The complete decomposition of
the halogenated aromatics, p-nonylphenol, 4-chloronaphthol
and 2,4-dichlorophenoxyacetic acid, could be achieved from
20% humidity soil in the microwave activated SPC system
(Cravotto et al., 2007). The microwave radiation enhanced 2,4dichlorophenol degradation by SPC, which mainly followed
pyrolytic pathways (Cravotto et al., 2010). The microwave radiation was also combined with UV to activate SPC for pollutant degradation (Zuo et al., 2020). The radical generation rate
of SPC was higher than H2 O2 , persulfate and peroxymonosulfate in the microwave-UV catalyzed system, and carbamazepine removal efficiencies in this synergistic system was
much higher than that in the solo microwave or UV catalyzed
system.
The energy and heterogeneous catalyst synthetical SPC
activation systems have also been investigated for effective
pollution control. The visible light could greatly enhance the
performances of the SPC/photo-catalysts system, such as
SPC/FeOCl (Chen et al., 2018) and SPC/g-C3 N4 (Li et al., 2019a).
The photogenerated holes, •OH and O2 •− all participated in the
contaminant decomposition processes.

2.5.
Degradation of pollutants in other SPC activation
systems
The tetraacetylethylenediamine (TAED) can react with peroxides to yield peracetic acid with strong nucleophilic ability and
high oxidation potential (1.81 eV) through a perhydrolysis process (Scheme 1), which is widely used as a bleaching agent.
The SPC/TAED oxidation system has been used to effectively
decompose chemical warfare agents including soman, mustard and VX with decontamination ratio of >99% (Qi et al.,
2013). The soman degradation was a perhydrolysis process
and mustard decomposition involved elimination of HCl and
oxidation of C and S atoms. The VX was degraded via the
cleavage of C–N, C–S, C–C and P–S bonds and the oxidation of S,
C and N atoms. The SPC/TAED oxidation system was also developed for rapid and effective degradation of organic dye and
the decomposition was enhanced by surfactants (sodium do-

decyl benzene sulfonate and Triton X-100) and salts (sodium
sulfate and sodium chloride) (Dong et al., 2020). The peracetic
acids were proved as the dominant species and •OH also involved in the system.
The ozone has showed excellent effects of sterilization, decolorization and degradation of organic contaminants in water treatment. SPC was used as the H2 O2 substitute to add in
the ozone process to improve the mineralization degree and
removal efficiencies. The decomposition of coumarin was increased from 49.8% to 96.5% after SPC addition (Tan et al.,
2019). The SPC/O3 was much superior to H2 O2 /O3 at equivalent
H2 O2 concentration because the alkaline environment in the
SPC/O3 system facilitated the •OH generation. The decolorization of Methylene Blue was significantly accelerated when the
SPC solution was buffered at pH 10 with phosphate compared
to the unadjusted pH, NaOH adjusted and carbonate adjusted
system, and the observed first order rate constant was higher
than sodium perborate, hydrogen peroxide and urea peroxide
(Yang et al., 2016).

2.6.
In situ chemical oxidation and sludge dewatering
based on SPC
Since the 1990s, in situ chemical oxidation (ISCO) has become
a popular method to remove organic pollutants from groundwater and soil with rapid treatment processes, which based on
the delivery of strong oxidants to the target zone (Zhang et al.,
2015). The oxidant stability is critical to determine the delivery distance subsurface in situ, oxidant lifetime and diffusion
distance in the target zone, such as aquifer and soil. The dissolved SPC is less stable than H2 O2 and spontaneously decomposes even at 4°C, which ascribed to the peroxide activation
by its HCO3 − or CO3 2− decomposition constituents (Ma et al.,
2018). For ISCO, the lower stability means that it is more reactive toward target pollutants and has a shorter influence radius and lifetime in the subsurface. SPC decomposed fastest
at pH 10.4 and trace metal cations accelerated the SPC decomposition (Ma et al., 2020). The minerals, including red clay,
maifanstone, hematite, calcite, albite, kaolinite, and sepiolite,
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Scheme 1 – Reaction of tetraacetylethylenediamine (TAED) with peroxides.

promoted SPC decomposition, but bentonite and montmorillonite slightly retarded the decay. The common groundwater
matrix anions (NO3 − , SO4 2− , Cl− , Br− , and HPO4 2− ) and natural organic matter (NOM) had negligible impacts while NO2 −
promoted the process.
The effects of various groundwater matrix constituents
(NOM, HCO3 − , Cl− , NO3 − and SO4 2− ) in the aquifer on contaminant degradation efficiencies by different SPC systems
were investigated by the research group of Lyu (Fu et al.,
2015, 2016b; Tang et al., 2019a; Jiang et al., 2018b; Lyu et al.,
2020; Huang et al., 2020). In the SPC/Fe(II) system, NOM and
HCO3 − had inhibitory influences on benzene removal while
NO3 − and SO4 2− had negligible effects. Cl− had a slightly
promotion effect on benzene removal at low concentration
and an inhibitory influence at high concentration (Fu et al.,
2015). In the chelated SPC/Fe(II) system, the effect of NOM,
Cl− , NO3 − and SO4 2− were negligible on benzene removal
(Fu et al., 2016b). The inhibitory influence of HCO3 − could be
eliminated by increasing the dosage of cheated reagents. In
the SPC/Fe(II)/ethanol system, only high concentration HCO3 −
showed a negative effect on the percarbonate degradation
(Tang et al., 2019a). In the SPC/Fe(II)/formic acid system, Cl−
and high concentration HCO3 − exhibited inhibitory influences
on the percarbonate decomposition (Jiang et al., 2018b). In the
SPC/V(IV) system, Cl− , NO3 − , SO4 2− , and initial pH did not
have remarkable effect on the aniline removal while HCO3 −
led to better aniline degradation (Li et al., 2019b). The surfactants are widely used to in situ solubilize dense nonaqueous
phase liquids and their effects on ISCO need to be considered. The nonionic surfactant Tween-80 and the anionic surfactant sodium dodecyl sulfate both showed inhibitory effects
(18% and 10%, respectively) on trichloroethylene degradation
in the SPC/Fe(II) and SPC/Fe(II)/CA systems, which might be attributed to their competition radicals with trichloroethylene
(Lyu et al., 2020; Huang et al., 2020). The SPC based ISCO also
needs to be systematically investigated for site remediation
to avoid pitfalls. For instance, the SPC/Fe(II) system failed to
degrade xylene in a slurry composed of chalk particles and
groundwater (Lemaire et al., 2011).
The SPC and activated SPC have been used to treat
trichloroethene (Zang et al., 2015), halogenated aromatic hydrocarbons (Viisimaa and Goi, 2014; Cravotto et al., 2007) and
polycyclic aromatic hydrocarbons (de la Calle et al., 2012;
Cajal-Mariñosa et al., 2012) in soil with high efficiency. SPC
was also used as a slow-release oxygen source to support aer-

obic bioremediation in subsurface soil (Vesper et al., 1994).
The metabolic activities of the native microorganisms were
enhanced by SPC and the microbial community structure influenced by the SPC dosage. The ureolysis, fermentation, and
chemohetrotrophy capabilities of microbes increased after
SPC addition (Pan et al., 2018)
The waste activated sludge is the major by-products of
wastewater treatment plants and effective sludge dewatering is critical to reducing the cost of sludge treatment, transportation and disposal. The SPC/Fe(II) system was successfully
used to facilitate sludge dewatering and its mechanism was
proposed as Fig. 4 (Li et al., 2020). The sludge water content
dropped from 90.8% to 55.6% after SPC/Fe(II) treatment, which
was 35.6% lower than the control sample. The hydroxyl radical and Fe(III) were the major contributors responsible for the
improved sludge dewaterability. Furthermore, the abatement
of fecal coliforms and recalcitrant organics by SPC/Fe(II) treatment will benefit the land utilization of dewatered sludge.

3.

Application of PMC in pollution control

3.1.
Degradation of pollutants by PMC in homogenous
systems
Since PMC has a relatively high reactivity and oxidation potential, it has been applied to directly oxidize various contaminants, such as chemical warfare agents (Zhao et al., 2018a),
dyes, 4-chlorophenol (Xu et al., 2011a), phenols (Yang et al.,
2019) and analgesic drug acetaminophen (Jiang et al., 2017).
It is difficult to store unstable PMC, so preparation of PMC by
bicarbonate with peroxides in situ is the preferred methods
(Liu et al., 2006). It takes 20–30 min to for the intensity of the
PMC characteristic peak (158.9 ppm) of the 13 C nuclear magnetic resonance (NMR) spectra to reach its maximum at pH
7.2 according to the time-series NMR analysis. The lower pH
resulted in fast PMC formation and higher PMC proportional
contents of the carbon species (Zhao et al., 2018a). For example, the PMC accounted for 52.4% and 22.7% of the total
carbon content at pH 8.0 and 10.0, respectively. The carbon
cycle for the PMC oxidation system was proposed based on
the NMR, ESR, and chemiluminescence analysis results. The
degradation rate of Methyl Blue in the pre-prepared PMC was
more rapid than mixing Methyl Blue with bicarbonate and
hydrogen peroxide, which was faster than using H2 O2 alone
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Fig. 4 – Proposed mechanism of facilitating the dewaterability of waste activated sludge by the Fe(II)/SPC treatment (Li et al.,
2020). Reproduced by permission of Elsevier.

(Xu et al., 2011a). PMC was also proven in the bicarbonatepersulfate oxidation system (Eq. (26)) and attributed to 48.6%
acetaminophen transformation via a one-electron abstraction
mechanism (Jiang et al., 2017). PMC can also be generated in
H2 O2 based in situ chemical oxidation and react with phenols
with different substituted groups via electrophilic attack manner as shown in Fig. 5a (Yang et al., 2019). The ultrasonic irradiation improved the decolorization rate of acid orange 8 by
about two times in the carbonate and hydrogen peroxide system. PMC and CO3 •− contributed 32.6% and 56.5% to the decolorization process (Zhao et al., 2018b).
HCO−
3

+

S2 O28−

−

+ 2OH →

HCO−
4

+ 2SO42− +H2 O

(26)

PMC can be further activated by variant valence transition metal ions to achieve more effective decomposition
of pollutants and Co(II) was proven to be the most efficient metal for the PMC activation, followed by Mn(II), Cu(II)
and Fe(II) (Xu et al., 2011b). The decolorization of orange II
in the Co(II)/bicarbonate/H2 O2 system was much faster and
higher oxidation efficiency than that of Fenton processes
(Long et al., 2012). The mineralization degree of contaminants
in the Co(II)/bicarbonate/H2 O2 system was low (19% total organic carbon and 42% chemical oxygen demand (COD) removal) while the BOD5 (biochemical oxygen demand)/COD
ratio increased from 0.046 to 0.46, which enabled this system to combine with a subsequent biological treatment
(Yang et al., 2012). The generation and participation of the
hydroxyl radical were involved in the dye oxidation by the
Co(II)/bicarbonate/H2 O2 system according to the photoluminescence probing of terephthalic acid, radical scavenging of
methanol and 2-propanol and spin-trapping ESR spectra of
DMPO (Xu et al., 2011b; Li et al., 2012). In addition, the superox-

ide radicals were also formed and partly contributed to dye decolorization (Luo et al., 2014). The Cu(II)/bicarbonate/H2 O2 system was used to degrade antimicrobial triclosan (Peng et al.,
2016) and organic dyes (Cheng et al., 2014). The algal toxicity
of triclosan significantly decreased in this system according
to the growth inhibition experiments of Scenedesmus obliquus.
The Mn(II)/bicarbonate/H2 O2 system was also used to oxidatively degrade azo dyes, such as calmagite, orange II and orange G (Bennett et al., 2016).

3.2.
Degradation of pollutants by PMC in heterogeneous
catalysis systems
The heterogeneous activation of PMC is beneficial to avoid
the heavy metal leakage using solid catalysts, which has the
properties of cost-effectiveness, easy recovery, high stability
and durability. Most heterogeneous catalysts for PMC activation are based on cobalt compounds since Co was verified
as the best PMC catalyst-activator as mentioned above. Co
was immobilized on diatomite using a wetness impregnation
and calcination method, which was demonstrated to be effective in the degradation of Methylene Blue and phenol in the
bicarbonate/H2 O2 system (Zhou et al., 2013). The Co leaching
was reduced to 0.16 mg/L because the weakly alkaline condition was maintained in the reaction media during catalysis processes. The Co−Mg−Al layered double hydrotalcite was
fabricated by a co-precipitated method, which showed high
catalytical performances in removing phenols (Jawad et al.,
2014) and dyes (Jawad et al., 2015) in batch and fixed-bed experiments. The Co leakage was efficiently prohibited due to
the weakly basic medium provided by bicarbonate and the
solid catalyst retained its stability and catalytic activity for
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Fig. 5 – (a) Generation of PMC in H2 O2 based in situ chemical oxidation and its reaction with phenols (Yang et al., 2019) and
schematic diagram of Cox Mn3- x O4 activated PMC application in (b) a permeable reactive barrier system and (c) a pump-treat
system for the groundwater remediation (Pi et al., 2018). Reproduced by permission of American Chemical Society and
Elsevier.

over 300 hr in the fixed bed reactor. The superoxide, hydroxyl
and carbonate radicals were involved in the degradation process, which was proved using photoluminescence probing,
radical scavengers and ESR spectra (Jawad et al., 2014).
The micron-spherical Co-Mn binary oxides (Cox Mn3- x O4 )
were synthesized using a solvothermal method followed by
an annealing process (Pi et al., 2018). The binary oxides were

proven to be more efficient than Co3 O4 and Mn2 O3 for 2,4dichlorophenol decomposition in the PMC activation system
at the natural level of 5 mmol/L bicarbonate. The bicarbonate
concentration played a more significant role than hydrogen
peroxide and the PMC activation system exhibited more efficient performance than the heterogeneous Fenton process
without bicarbonate, which verified that the activated PMC
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Fig. 6 – Optimized structure of (a) CuFeS2 and (b) HCO4 − , oblique view of (c) the unreconstructed and (d) reconstructed (001)-S
chalcopyrite surface, optimized configurations of the activated HCO4 − adsorbed on (e) Fe and (f) Cu sites, calculated Bader
charges of (g) Fe, Cu, and S atoms in the (001)-S chalcopyrite surface and (i) Fe, Cu, S, C, O and H atoms after activation of
HCO4 − by the Fe site and (h, j) corresponding charger transfers obtained from (g) and (i), respectively. E: energy (Xu et al.,
2019). Reproduced by permission of Elsevier.

process was the primary contributing route. The Cox Mn3- x O4
activated PMC system can be applied in a permeable reactive
barrier system (Fig. 5b) and a pump-treat system (Fig. 5c) for
groundwater remediation. The CuFeS2 and Al2 O3 -supported
CuFeS2 catalysts were prepared using a hydrothermal method,
which showed excellent catalytical performances for the almost complete removal of 2,4-dichlorophenol in batch and
fixed-bed experiments (Xu et al., 2019). The Fe(II)/Fe(III) redox couple is the active catalytic site and CuFeS2 has good
charge transferability according to the X-ray photoelectron
spectroscopy spectra and density functional theory calculation (Fig. 6). The optimized unit cell of CuFeS2 crystal is given
in Fig. 6a. The optimized HCO4 − exhibits a peroxy structure
with a 1.491 Å O−O bond (Fig. 6b). The reconstruction of the
surface within the chalcopyrite solid structure is illustrated in
Fig. 6c and d. The Bader charge analyses (Fig. 6g and h) indicates that nearly all the electronic charges were transferred
from S to Fe atoms rather than to Cu atoms. The Bader charge
analysis on the HCO4 − -adsorbed Fe site (Fig. 6i and j) implies
that the Fe site is the dominating catalytic active site for activated PMC and CuFeS2 crystal has a good charge transferability. The biochar derived from the pyrolysis of cotton straw was
also used as a catalyst for antibiotic sulfonamide decomposi-

tion in the urine matrix through a PMC activation mechanism
(Sun et al., 2018).

4.

Conclusions, challenges and prospects

SPC can directly oxidize or remove pollutants in water or soil
over a wide pH range. The Fe ions have been extensively used
to activate SPC to effectively degrade a wide variety of contaminants and suitable chelating or reducing reagents can enhance the processes by improving the Fe solubility and accelerating the Fe redox cycle, respectively. The generation and
contribution of hydroxyl and superoxide radicals were verified. The reductive radicals, such as carbon dioxide and hydroxyethyl radicals, can be generated when formic acid or
methanol is added, which will enable the system to reduce
target contaminants. The vanadium (IV) was also utilized as a
catalyst for SPC activation and O2 •− and CO3 •− were the predominant ROS for aniline degradation. Most heterogeneous
catalysts for SPC activation were based on solid-phase iron
compounds, such as supported n-ZVI, Fe-based bimetal and
mono-/bi-metal oxides. The SPC can also be activated by energy, TAED, ozone and buffered alkaline solution to generate
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different reactive radicals for pollutant decomposition. The
SPC and activated SPC have been assessed for applications in
ISCO and sludge dewatering.
PMC can effectively directly decompose various pollutants
since PMC exhibits a relatively high reactivity and oxidation
potential. Co(II) was proven to be the most efficient metal for
the PMC activation to achieve more effective decomposition
of pollutants. Most heterogeneous catalysts for PMC activation are based on cobalt compounds, such as support cobalt
and binary oxides. The support CuFeS2 and biochar were also
used as catalysts for PMC activation. The generation and participation of superoxide, hydroxyl and carbonate radicals were
involved in the activated PMC system.
Compared with sulfate radical-based and other hydroxylbased decontamination technologies, the research and actual
application of SPC and PMC are still superficial and inadequate. For example, the relationship of SPC and PMC degradation system is not fully investigated according to our literature search. Since the reactivity and oxidation potential of
the overall ROS in the SPC and PMC systems are generally
lower than sulfate radical-based decontamination technologies, the chemical oxygen demand removal might be inefficient. The combination of SPC and PMC systems with other
treatment technologies, such as subsequent natural or engineered biodegradation, will overcome their limitations and
extend their applications. Further breakthroughs of the SPC
and PMC system might occur in the future.
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