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ABSTRACT

The classical Fenton oxidation process (CFOP) is a versatile and effective application that is generally
applied for recalcitrant pollutant removal. However, excess iron sludge production largely restricts its
widespread application. Fenton sludge is a hazardous solid waste, which is a complex heterogeneous
mixture with Fe(OH);, organic matter, heavy metals, microorganisms, sediment impurities, and
moisture. Although studies have aimed to utilize specific Fenton sludge resources based on their iron-
rich characteristics, few reports have fully reviewed the utilization of Fenton sludge. As such, this
review details current sustainable Fenton sludge reuse systems that are applied during wastewater
treatment. Specifically, coagulant preparation, the reuse of Fenton sludge as an iron source in the
Fenton process and as a synthetic heterogeneous catalyst/adsorbent, as well as the application of the
Fenton sludge reuse system as a heterogeneous catalyst for resource utilization. This is the first review
article to comprehensively summarize the utilization of Fenton sludge. In addition, this review
suggests future research ideas to enhance the cost-effectiveness, environmental sustainability, and
large-scale feasibility of Fenton sludge applications.

© Higher Education Press 2022

1 Introduction

The sustainable treatment of industrial wastewater has
been of increasing importance due to the significant

presence of organic refractory and toxic contaminants.
However, traditional separation and conversion methods
are unable to effectively remove refractory and toxic
pollutants, thereby requiring the development of new,
effective technologies. In general, various highly loaded,
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refractory, toxic wastewater undergo advanced oxidation
processes (AOP) for treatment, such as the Fenton
oxidation process, O; oxidation, and photochemical
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oxidation (Badawy and Ali, 2006; Deng and Englehardt,
2006; Umar et al., 2010; Guvenc and Varank, 2021). As
compared to other AOPs, the Fenton process is most
significantly applied due to its high performance (fast
degradation rate), simplicity (operating at room tempera-
ture and atmospheric pressure) and non-secondary pollu-
tion (H,O, can be decomposed into environmentally safe
substances, such as H,O and O,) (Wang et al., 2016).

The British chemist H.J.H. Fenton developed the Fenton
oxidation process in 1984 based on the hypothesis of
Haber and Weiss. In general, the Fenton process includes
more than 20 chemical reactions (Barb et al., 1949;
Walling, 1975), of which its core reaction is presented in
Eq. (1). In the classical Fenton oxidation process (CFOP),
an appropriate transition metal (Fe) is first applied to
produce an active species, specifically *OH, which serves
as a catalyst in the decomposition of hydrogen peroxide
(H,0O5) and ultimately in the effective mineralization of
organic matter in wastewater (Duan et al., 2018; Jain et al.,
2018; Sillanpii et al., 2018). In general, highly oxidative
hydroxyl radicals (*OH) are acknowledged as the most
effective oxidant due to their highly oxidative and non-
selective reactions against organic contaminants (Paramo-
Vargas et al.,, 2016; Tang et al., 2019; Mahtab et al.,
2021b). Figure 1 presents the oxidation mechanism of the
Fenton process. As such, the Fenton process is widely
applied in various organic wastewater treatments.

Fe’t + H,0, + H-—»Fe’™ + H,O0++0H (1)

Organic pollutant

B &

Intermediates

& !

Fig. 1 Reaction mechanism for the Fenton process.

CFOP, however, presents several drawbacks, such as the
requirement for pH adjustment, high cost of H,O,, and
excess sludge production, which significantly limits its
application (Bautista et al., 2008; Oturan and Aaron, 2014;
Jain et al., 2018; Bello et al., 2019; Zhang et al., 2019b;
Ghernaout et al., 2020). These shortcomings hinder the
widespread application of this method, particularly due to
emerging restrictive legislature on sludge disposal and
economic assessments on wastewater treatment processes
(Mahtab et al., 2021a). The Fenton sludge yield is largely
dependent upon the proportion and volume of the reagents.
In addition, the sludge produced by Fenton’s treatment of
refractory wastewater is usually regarded as hazardous
solid waste due to the excessive amount of residual
pollutants, which increases the cost of sludge disposal and
the risk of secondary pollutants. Although researchers have
begun to study the resource utilization and reduction of
Fenton sludge, achieving bulk Fenton sludge consumption
is still a huge challenge. This present review aims to
summarize the physicochemical properties of Fenton
sludge and detail the application of various Fenton sludge
utilize systems as sustainable solutions.

2 Fenton sludge characterization

Fenton method applications generally produce excess
sludge, which is a significant disadvantage. According to
literature, approximately 40—180 mL/Lcaed wastewater OF
Fenton sludge is produced (Guedes et al., 2003; Benatti
et al., 2006; Mahiroglu et al., 2009), which covers a sludge
treatment cost of approximately 1-2 Euro/m*qgewater (Di
laconi et al.,, 2010). Sludge generation increases the
imminent risk of further pollution, which can be resolved
by sludge remediation and recycling. However, this sludge
remediation increases cost by up to 30%—35% of the total
working wastewater treatment cost (Neyens and Baeyens,
2003). Although some studies reported that the generated
sludge is easily settleable, can be dewatered due to its high
density, and has an efficient settling velocity that does not
require further conditioning (Bolobajev et al., 2014; Kattel
et al., 2016; Klein et al., 2016), still the physicochemical
characterization of Fenton sludge and related research is
limited.

Fenton sludge, a new type of complex heterogeneous
sludge, is a mixture of Fe(OH);, organic matter, heavy
metals, microorganisms, sediment impurities, and moist-
ure. Fenton sludge properties are largely dependent on its
wastewater source as well as the volume and ratio of the
added reagents. Table 1 presents the characteristic of
Fenton sludge under different wastewater. Fenton sludge
contains 20%—-30% organic matter, and the organic matter
mainly includes organic acids, phenols, and organic
substance flocculated and adsorbed during the Fenton
process. Fenton sludge organic content is largely com-
posed of 7.36% carbon, 12.52% oxygen, 2.25% hydrogen,
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Table 1 Characteristic of Fenton sludge from different wastewaters

Elements Dye wastewater (Zhang  Landfill leachate Papermaking wastewater ~Bagasse wastewater ~Papermaking wastewater
et al., 2018) (Dantas et al., 2020) (Fan et al., 2016) (Hua, 2017) (Zhang, 2013)

pH 11.3 - 7.2-7.4 7.46-7.66 7.2

TCOD (mg/L) 230 5500£1100

SCOD (mg/L) 81 -

Si (%) 0.32 0.41

Fe (%) 13.4 19.51

Ca (%) 0.35 0.47

Na (%) 12.57 12.81

Al (%) 0.091 0.07

Mg (%) 0.44 0.51

Cu (mg/kg) 12.71 13

Zn (mg/kg) 358 902

As (mg/kg) 0.22 -

Ni (mg/kg) 51 123

Cr (mg/kg) 0.07 0.05

H (%) 2.25 - -

0 (%) 12.52 - -

N (%) 0.78 - -

S (%) 0.85 - -

Organic content (%) 24.51 28.5 16-18

HHV (MJ/kg) 3.54 - —

CaO (%) 1.17 5.46 3-35

Na,O (%) 0.33 0.68 <1.7

MnO (%) 0.06 0.17 <1.7

Fe,0; (%) 56.06 53.2 50-60

K,0 (%) 0.01 0.06 <1.7

MgO (%) 0.1 0.06 1-1.6

Notes: a) O content = organic content in sludge-C-H-N-S (Fan et al., 2016).

0.78% nitrogen, and 0.85% sulfur (Hua, 2017). Only a
small part of the Fenton sludge (after dewatering) is solid
matter, such that over 70% is water. The ash from Fenton
sludge contains mainly Fe(OH);, which can be converted
to Fe,Oj3 at higher temperatures. Furthermore, some heavy
metals such as Mg, Cu, As, Ni, Cr, and Zn can also be
detected. Benatti et al. investigated the composition and
metals in Fenton sludge, to which their results found
metals in Fenton sludge that were mainly constituted of
amorphous materials (> 80%) (Benatti et al., 2006).
Meanwhile, the metals in Fenton sludge that originated
from distinct wastewater presented similar characteristics,
specifically exchangeability and the presence of amor-
phous iron oxide (Benatti et al., 2009). Therefore, Fenton
sludge can be categorized as an iron-contained hazardous
waste, such that utilization and recovery can be catered
around its iron-rich characteristics.

3 Fenton sludge reuse system: Application
and mechanisms

Many efforts are being made to find proper and suitable
uses for Fenton sludge to minimize the production Fenton
process solid waste. However, due to the high content of
heavy metals and other harmful organic substances in
Fenton sludge, the few studies on its utilization have
mainly focused on the aspects detailed below.

3.1 Preparation of coagulant

Ferric ions and polymeric ferric sulfate (PFS) are
commonly used flocculants in wastewater treatment
(Zhang et al., 2010; Ge et al., 2020). The composition of
Fenton sludge is mainly Fe(OH)3, and it can be dissolved
as Fe’" in an acidic environment. Therefore, some
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researchers try to convert solid waste-Fenton sludge into
flocculant to realize the reduction and resource utilization
of Fenton sludge. Figure 2 summarizes a literature survey
of various reuse systems/methods with respect to different
flocculants, which can be dived into two categories: One is
the sludge directly recycling system, another is synthetic
flocculant through acid dissolution-modification (reduc-
tion and oxidation) processes. In the sludge recycling
system, the solid waste from Fenton oxidation process is
generally directly introduced into a coagulation reactor
(Yoo et al., 2001). As compared to the sole addition of
coagulants, a mixture of Fenton sludge and coagulants as
well as coagulation recycling can significantly reduce
coagulant dose requirements and sludge production by up
to 50% (Yoo et al, 2001). In addition, sludge recycling
during coagulation lowers the overall sludge generation
during the Fenton oxidation process.

Several efforts have been made to convert Fenton sludge
into a low-cost potential synthesized flocculant. The
preparation process of flocculants from Fenton sludge
mainly includes acid dissolution, reduction, and oxidation.
The main oxidation methods include direct oxidation,
catalytic oxidation, and microbial oxidation. Among them,
the direct oxidation mainly uses strong oxidants such as
HNO;3, H,0,, NaClO;, and KCIO3. Zhang et al. produced
a low-cost PFS through sulfuric acid dissolution-iron
powder reduction-sodium chlorate oxidation, showing that
the coagulation performance of sludge-based PFS is better
than that of poly aluminum sulfate, but lower than that of
commercial PFS (Zhang, 2013). However, Fenton sludge
contains about 20%—30% organic matter, and these organic
substances will not only cause the appearance of synthetic
PFS to become dark black, but also likely affect the
flocculation performance of synthetic PFS. Hua et al.
comparatively studied the effect of organic matter on the
flocculation performance of synthetic PFS, and the results
showed that after calcination at 400°C to remove organics,
the flocculation effect of synthetic PFS was significantly
improved, and the removal efficiency was increased from
70% to 77% (Hua, 2017). In addition to the above method,
alkalization is also a common flocculant synthesis process
for Fenton sludge. Fan et al. synthesized a magnetic poly
ferric sulfate (MPFS) product through alkalization, of

== Sludge Recycling | Coagulation
< process

which properties such as functional groups, polymer
crystal structure, and surface structure are able to meet
the requirements of commercial coagulants (Fan, 2016).
Therefore, optimizing the preparation of flocculants may
be a promising utilization solution of Fenton sludge.

3.2 Reused of Fenton sludge as an iron source

Previous studies have conducted the use of iron-rich
Fenton sludge as a recycled iron source in the Fenton
process (Bolobajev et al., 2014; Kattel et al., 2016; Klein
etal., 2016), which shows that sludge reused system can be
classified into two categories: sludge/H,O, system and
Fe**/sludge/H,0, system. In sludge/H,O, system, the
acidic environment generally leads to the dissolution of
iron on the surface of Fenton sludge and the dissolution
mechanism may be mainly attributed to the following three
types: protonation, complexation and reduction. The
protonation mechanism is likely that the H* in the aqueous
solution reacts with the OH bond at the surface of sludge to
break the O-Fe bond and Fe** dissolves. The dissolution of
iron by complexation involves the attachment of a
complexing ligand onto the ferric oxyhydroxide surface,
thereby resulting in iron dissolution (Kattel et al., 2016).
Both humic and fulvic acids have been previously reported
to effectively conjugate iron ions and thus form ion-ligand
complexes (Voelker and Sulzberger, 1996; Paciolla et al.,
1999). As a result, the adsorbed complexing ligands offer
an electron to the ferric oxyhydroxide surface, thus
reducing Fe’* to Fe’™ (Kattel et al., 2016). Then the
subsequent reaction mechanisms of activating H,O, by
dissolved Fe*" are as follows (De Laat and Gallard, 1999;
Kattel et al., 2016):

Fe’* + H,0,—>Fe(HO,)*" + H' Q)
FeOH*" 4+ H,0,—>Fe(OH)(HO,)" +H"  (3)
Fe(HO,)*"—Fe*" + HO, “4)

Fe(OH)(HO,)"™—>Fe*" + OH ™ + HO; 5)

Sludge to be disposed reduced
up to 50%, coagulant reduced
by 50%.

Flocculation performance is
better than poly aluminum
sulfate;

Meet the requirements of
commercial coagulant.

Fig. 2 Flowsheets of Fenton sludge utilization to produce flocculants
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According to Egs. (2) and (3), the reaction of H,O, with
Fe** produces ferric-hydroperoxyl complexes that decom-
pose to generate Fe>™ and HO;, as detailed in Egs. (4) and
(5). However, the reaction rate of Egs. (2)—(5) is extremely
low, 2.7x103 M'/s, which is about 10 of the homo-
geneous Fenton reaction (Fe**/H,0,) (Ensing et al., 2003).
Therefore, the Fenton-like reaction using Fenton sludge as
the iron source may be mainly based on heterogeneous
catalysis. Heterogeneous Fenton oxidation occur on the
ferric oxyhydroxide surface in the H,O,/sludge system
following a series of reactions (Lin and Gurol, 1998):

= Fe’*OH + H,0, « (H,0,)s (6)
(H,0,)s— = Fe’" + H,0 + HO; (7)

= Fe’" + H,0,— = Fe’*OH + H,0 + HO*  (8)

= Fe*" + 0,— = Fe*"OH + HO; )
HO;—H" + 05 (10)

= Fe’"OH + HO; /05 —
= Fe’" + H,0/OH + 0, (11)

Decantation and centrifugation wastewater treatment
often result in the continuous loss of a ferric activator
(Kattel et al., 2016), thereby requiring the addition of Fe**
as an iron replacement (Bolobajev et al., 2014). On the
contrary, due to the addition of Fe**, the efficiency of
organic contaminants’ degradation was improved com-
pared with the sludge/H,0, system. The complete
utilization of the oxidant H,O, can also be achieved by
adding fresh activator (Fe*") to the H,O,/sludge system.
Studies reporting Fenton sludge reuse as iron source
systems are listed in Table 2. According to research by Li
et al., the Fenton oxidation process using Fe** produced by
electrolysis of Fenton sludge as the iron source can
significantly reduce the COD and color of wastewater (Li
et al., 2007). A previous study applied 160 mL sludge/L of
petroleum refinery wastewater over 180 min, to which the
results exhibited 53% mineralization (Diya’uddeen et al.,
2015). Cao et al. investigated a sludge reuse system with
additional regeneration, to which the results indicated
effective wastewater treatment and enhanced biodegrad-
ability (Cao et al., 2009). Similarly, another study executed
pulping wastewater treatment, of which a ferric salt
recovery rate of 74.8% and total solid reduction of
87.3% were observed, which significantly lowered the
resulting second environmental pollution (Chen et al.,
2011). Previous studies have indicated similarities between
the efficiencies of Fenton sludge reuse systems and CFOP
within four reuse cycles (Bolobajev et al., 2014; Kattel

et al., 2016; Klein et al., 2016), but the actual reuse cycles
are significantly dependent on the applied wastewater and
reuse methods. Li et al. and Kishimoto et al. conducted an
electrolytic tank to reuse the Fenton sludge for Fenton
process, indicating that iron recovery rate could reach
100% with the separation batch mode with high treatment
efficiency (Li et al., 2007; Kishimoto et al., 2013). Kavitha
and Palanivelu reused iron sludge for Fenton oxidation
process after solid waste re-dissolution through chemical
regeneration with acid and hydroxylamine (reducing
agent), to which a contaminant removal of 97% was
observed during the iron-containing sludge recycled
(Kavitha and Palanivelu, 2004). The repeated use of
Fenton solid waste may result in increased rates of total
suspended solids (TSS) and turbidity as well as lowered
zeta potentials, thereby decreasing sludge dewatering. In
addition, high-temperature calcination in the sludge reuse
system may result in iron leaching. Therefore, the
development of new Fenton sludge reuse technology is
of great significance to the efficient utilization of Fenton
sludge.

3.3 Synthetic heterogeneous catalyst/adsorbent

Fenton reactions generally follow concise reaction condi-
tions and produce excess iron-containing sludge. As such,
many studies have developed catalysts such as iron oxide
(Garade et al., 2009; Demarchis et al., 2015; Hou et al.,
2017), high polymer material-supported iron-containing
catalysts (Fernandez et al., 1998; Sabhi and Kiwi, 2001;
Tao et al., 2003; Cheng et al., 2004), and inorganic
material-supported iron oxide catalysts (Liao et al., 2009;
Shukla et al., 2010) and different oxidants (H,O, and
S,0%) that can be applied in Fenton-like systems. With the
relatively high content organic matter and iron, Fenton
sludge was selected to synthesize heterogeneous catalyst/
biochar via pyrolysis or hydrothermal carbonization
(Zhang et al., 2017; Shen et al., 2020a; Shen et al.,
2020b; Belete et al., 2021). In general, Fenton-like
processes all follow adsorption and then catalytic oxida-
tion, thereby requiring optimization of the adsorption
performance and application of Fenton sludge-based
adsorbent to determine the activating different oxidants
in Fenton-like processes.

3.3.1 Adsorption

Organic pollutant and heavy metal removal is generally
achieved via adsorption due to its simple operation, good
selectivity, and given the vast availability of renewable
adsorbents such as carbonaceous materials, mineral
materials, and metallic materials (Ighalo and Adeniyi,
2020; Zhu et al., 2020). According to previous studies, the
good pore structure, high special surface area, and rich
functional groups of biochar suggest their applicability as
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Table 2 Previous literature on Fenton sludge reuse as iron source systems

Type

Characteristics

References

Dye wastewater; iron-containing sludge
electrolytically generates Fe?" via the
Fenton process

1. Enhanced COD and color removal;
2. Significantly higher conductivity;
3. Organic material accumulation can be observed;

Li et al., 2007

4. Negative zeta potential

Synthetic olive wastewater, Fenton process
with iron source from baked Fenton
sludge

Three different wastewaters; ferric sludge
acts as an iron source during the
Fenton-based process

Palm Oil Mill Secondary Effluent; solar
Fenton oxidation resulted in reusable
iron sludge

Phenolic contained wastewater, Fenton-
based treatment with iron source from
ferric sludge

Chlorophenols-contained water, ferric sludge

1. High calcination temperature shows better organic depletion, higher levels of
iron leaching;
2. Biological oxygen demand in five days was increased;

1. Behaved similar to the CFOP during four reuse cycles;
2. High iron-containing sludge produced during Fenton-based treatment;
3. Lowered hazardous ferric waste production and overall treatment cost

1. Enhanced COD and color removal after five cycles due to excess iron.
2. Lowered COD and color removal observed between recycles 1 and 5;

1. Enhanced formation of highly reactive species;
2. A substantial organic contaminant degradation increase

1. Tannic acid reduced ferric acid to Fe**;

Rossi et al., 2013

Bolobajev et al., 2014

Shahrifun et al., 2015

Bolobajev et al., 2016a

Bolobajev et al., 2016b

with tannic acid served as iron source in 2. Higher reactivity and lowered Fe?* addition costs, which resulted in decreased

the Fenton-based process

Palm oil mill secondary effluent, which
underwent solar Fenton oxidation with
wet and dried Fenton sludge iron source

1. Recycled wet Fenton sludge treatment demonstrated higher removal of
contaminant compared to the recycled dried Fenton sludge treatment;
2. Repeated use of recycle sludge resulted in higher SS and turbidity;

sludge production.

Shahrifun et al., 2016

3. high-temperature calcination in the sludge reuse system may result in iron

Landfill leachate, reused ferric oxyhydroxide
sludge-activated hydrogen peroxide

Landfill leachate, a pilot study continuous
ferric sludge reuse in Fenton-like process

1. Lowered applied Fe** dosage and solid residue;
2. Optimized addition of Fe*>" activator can improve the overall efficacy of reuse

1. Ferric sludge as a catalyst in Fenton-like oxidation resulted in a lower COD
removal efficiency of 32% as compared to CFOP;

leaching

Kattel et al., 2016

cycles;

Klein et al., 2016

2. Consistent Fenton-like process efficiencies were observed throughout the 12
sludge reuse cycles.

Bisphenol A, CaO, oxidation catalyzed by
reuse of ferric sludge in the presence of
chelating agents

Crepe rubber wastewater and palm oil mill
effluent, Fenton oxidation sludge reuse

1. Presence of oxalic acid resulted in BPA removal of 95.1%;
2. Lowered ferric sludge production and sludge disposal cost.

1. Complete usage of generated sludge resulted in TOC reduction in sludge

Zhou et al., 2017

Gamaralalage et al., 2017
systems;

2. Ferrous ions and H,O, enhanced the efficiency of the reused sludge system.

Agro-food industrial wastewater; ferrous
ions reused as catalysts in Fenton-like
reactions

Sludge reuse system exhibited lowered residual sludge production and metal
content in the final effluent.

Leifeld et al., 2018

adsorbents for contaminant removal (Yi et al., 2020).
Based on the remarkable effects of traditional sludge (such
as municipal sewage sludge, paper mill sludge) in
wastewater treatment for organic pollutants and heavy
metals removal by adsorption (Fan et al., 2016; Yoon et al.,
2017), researchers have since began to convert Fenton
sludge into adsorbents, particularly by applying thermal
treatments to transform Fe(OH); and organic substances
into iron oxide and carbon material for pollutant removal
(Tong et al., 2021). Figure 3 presents the Fenton sludge
adsorption mechanisms. Similarly, Chu et al applied
magnetic biochar (MC) derived from food waste and
Fenton sludge via pre-pyrolysis to adsorb organic dyes
from aqueous solution. The result indicated MC exhibited

a significant removal efficiency for methylene blue (84%)
and methyl orange (95%) (Chu et al., 2020). Tong et al.
used Fenton sludge to produce aminated hydro-char with a
superior adsorption capacity toward Pb** (359.83 mg/g),
which was significantly dependent on the surface com-
plexation, cation-exchange, and electrostatic attraction of
the produced hydro-char (Tong et al., 2021).

In general, Fenton sludge is employed to utilize
hazardous solid waste via their conversion to adsorbents.
However, high adsorbent saturation limits widespread
practical applications due to the difficulty and cost of
recovery and/or regeneration. High pollutant concentra-
tions and complex wastewater compositions negatively
affect the adsorption performance. As such, adsorption
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Fig. 3 Adsorption mechanism of Fenton sludge-based adsorbent
for pollutants (Ahmad et al. 2014; Leng et al. 2015; Tan et al. 2016;
Pan et al. 2021).

alone can not completely remove pollutants from water
given the steep stability and reusability requirements of
Fenton-based adsorbents. In addition, the adsorption
process just transfers pollutants from liquid to solid
without reducing its toxicity. As such, further treatment
that converts contaminants into harmless matter is
necessary for complete contaminant removal from water.

3.3.2 Activation of oxidants

(1) K0,

In general, natural metallic and clay-like matters are
widely applied as heterogeneous catalysts during Fenton
oxidation. However, these natural metallic substances
exhibit instability due to lowered catalytic activity
following metal ions release into solution. Similarly,
clay-like catalysts have limited active sites and can not

completely activate H,O,, thus limiting their commercial
application. Based on the high iron content in Fenton
sludge and efficient catalysis of carbon material on H,O,
activation (Ince and Apikyan, 2000; Fang et al., 2014),
numerous researchers started to use Fenton sludge as
feedstock to convert to heterogeneous catalysts for Fenton
oxidation process. Guo et al. amended iron sludge with 02
wt% graphene to produce a heterogeneous catalyst. The
results indicated that the iron sludge-graphene catalyst
exhibited decomposition rates of 99.0%, 98.5%, and
91.8% for rhodamine B, acid red G, and metronidazole,
respectively, within 120 min (Guo et al., 2017). Similarly,
Zhang et al. developed a heterogeneous, magnetic catalyst
(NiFe,0,) from the co-precipitation of Fenton sludge and
Ni(NOs3),, followed by sintering at 800°C. In addition, the
results indicated that an H,O, activated-catalyst with a
concentration of 120 mmol/L most effectively produced
the highest amount of *OH as well as the highest phenol
removal rate of 95% (Zhang et al., 2017). In addition, the
catalysts had good reusability and could be regenerated
five times. Zhang et al. applied hydrothermal carbonization
to mix Fenton sludge and biological sludge, thereby
generating a magnetic catalyst with a surface containing
Fe;04 particles that were chemically bonded to the carbon
structure. Afterward, the magnetic catalyst was applied for
methylene blue treatment via Fenton oxidation, to which
the results indicated chemical oxygen demand (COD) and
total organic carbon (TOC) removal rates of 47% and 49%,
respectively (Zhang et al.,, 2018). Table 3 shows the
application of Fenton sludge-based catalysts for H,O,
activation.

(2) Activation of persulfate (PS) and peroxymonosulfate
(PMS)

In general, SOy " exhibits a higher redox potential (E =
2.5-3.1 V) and longer half-life (t;, = 40 ps) as compared
to *OH, which results in effective and sustainable pollutant
decomposition (Xiao et al., 2020). Table 4 details the PS
and PMS activation methods and radical generation
pathways (Wang and Wang, 2018).

In general, PS/PMS activation is achieved via metal
activation. However, aqueous solution separation and

Table 3 Application of Fenton sludge-based catalysts for H,O, activation

Synthesis

Optimal removal

Feedstock . Contaminant Optimal condition . Main ROS Reusability Reference
condition efficiency
Fenton sludge, Iron sludge with Rhodamine B, [H,O,] = 10 mmol/L, [Catalyst] 99.0%, 98.5%, *OH 75.8% in the  Guo et al., 2017
graphene low amount (0-2 acid red G, =1 g/L, [pH] = 3.03-9.44 91.8% Sth run
wt%) of graphene metronidazole
Fenton sludge, Co-precipitation, Phenol [H,0,] = 120 mmol/L, 95%+3.4% *OH - Zhang et al., 2017
Ni(NOs), sintering at 800°C [Catalyst] = 2 g/L, [pH] = 3.0,
[Phenol] = 250 mg/L
Fenton sludge, Hydrothermal Methylene  [H,0,] =1 mL/L, [Catalyst] = 1 98% *OH 85% in the  Zhang et al., 2018
biological carbonization blue g/L, [pH] = 3.0 Sth run
sludge
Fenton sludge, Hydrothermal Aniline [H,0,] = 60 mmol/L, [Catalyst] 77.9% *OH, O, - Zhang et al., 2019a
biosolid carbonization =1g/L, [pH]=3.0
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Table 4 PS and PMS activation methods

Activation method PS

PMS

Thermal activation S,03 —280;°

HSO; —S0, " + HO*

SO; " + H,0—>S03 +HO+ + H*

Base activation

UV activation S,03"—2S0;°

H,0—HO- + He

S,03~ +H*—S0;" +SO; +H'

Metal activation

Carbon activation

S,0% 4+ H,0—2S02" 4+ HO, +H*
S,03 +HO, —>S03 +S0,"+0," +H"
SO;" 4+ H,0—>S0}™ + HO* + H*

S,03” + MM 480, 4 S0}
S,03” + e —S0;" + SO3

HSO;5 + H,0—HSO; + H,0,
H,0, + HO —H,0 + HO,
H202_>2H0'

HO; + H,0,—HO+* +H" +0;"
HSO; + HO; —H,0 + SO;" +'0,
HSO; —S0; " + HO*
H,0—HO* + H*

HSO;5 4 He—S0;" + H,0

HSO5 4+ M"—>M"*! + 8O;" 4+ OH
HSO5 +¢ —S0;" +OH"

recovery as well as the potential risk of generating a
secondary pollution limit metal application in homoge-
neous activation. Heterogeneous Fenton-like processes
have been more recently reported, particularly Fenton
sludge-based catalysts generated via continuous thermal
treatment and/or modification, which have shown effec-
tiveness in activating PS/PMS (Zhou and Zhang, 2017;
Shen et al., 2020b; Shen et al., 2020a). Following thermal
treatment, Fenton sludge can transform into Fe,Os/y-
Fe,05-containing carbon material/biochar with defective
sites, persistent radicals, and highly graphitized carbon
structures (Shen et al., 2020b). As such, synthesized
Fenton sludge-based heterogeneous catalysts have shown
the ability to effectively activate PS/PMS activation due to
their high transition metal iron content and abundance of
O- and N-containing functional groups (Zhu et al., 2018).

Previous studies have reported the ability of Fenton
sludge-based catalyst to adsorb organic pollutants via
hydrogen bonding and n-m electron pairing (Guo et al.,
2017; Shen et al., 2020a). As a result, free radicals are
produced due to oxidant activation, which allows Fenton
sludge-based catalyst activation to proceed for simulta-
neous contaminant adsorption and decomposition. Shen
et al. developed a technique to produce Cu-containing
Fenton sludge as efficient catalysts for PS activation and
the subsequent degradation of tetracycline (TC). The
results indicated a TC degradation efficiency of 97.74%
after 120 min with 0.2 g/L catalyst and 100 mg/L PS.
When using catalyst alone, the TC removal efficiency was
62.89%, indicating the synergistic effect of adsorption and
degradation from catalyst plays a dominant role in the PS
activation process (Shen et al., 2020a). Shen et al.
produced a Fenton-like catalyst from Ni-containing Fe
sludge via one-step calcination, to which the catalyst was
tested regarding its TC removal efficiency. Low TC
removal (maximum removal =~ 15%) was observed with
both the Fenton sludge-based catalyst and PMS. However,
the application of the catalyst-activated PMS process
resulted in higher removal rates above 70% with 20 mg/L

of PMS and 0.2 g/L of catalyst.

The reaction mechanism of the Fenton-based catalyst/
oxidants process could be summarized as follows (Fig. 4):
1) pollutants and oxidants are adsorbed on the surface of
Fenton-based catalyst; 2) electrons are provided to fracture
the relative “weak bond” of oxidant to generate ROS such
as SO4 ", *OH; and 3) pollutants are decomposed by
radicals in situ. In addition, other ROS such as O, and 'O,
were continuously generated in the solution matrix, all of
which aided in contaminant degradation (Meng et al.,
2020). Previous studies have categorized the catalysts into
three types of catalyst reaction sites for oxidant activation:
1) transition metals were the main active centers on
Fenton-based catalyst; 2) graphitized structure and unsa-
turated C on the internal and edge of catalyst; 3) the
oxygen vacancies of the Fenton-based catalyst. Shen et al.
indicated that the Fenton-based catalyst efficiency was
highly dependent on the catalyst transition metals (Fe, Cu)
and oxygen vacancies, which enhanced the electron
transfer (Shen et al., 2020a). Shen et al. evaluated the
removal of tetracycline by a Fenton sludge-based catalyst/
PMS process, and reported that carbon structure also
played a significant role in the activation (Shen et al.,
2020b).
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Fig. 4 Illustration of PS/PMS activation.
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3.4 Other applications

In addition to participate in Fenton reaction and synthetic
heterogeneous catalyst, some researchers found the ferric
sludge could also be used as a sludge conditioning agent,
electron acceptor during anaerobic digestion, skeleton
material for dewatering, and potential phosphorus fertili-
zer. Xu et al. combined Fenton iron sludge and NH3*H,O
to produce a skeleton material, which enhanced sewage
sludge dewatering via hydrothermal treatment (Xu et al.,
2019). Fe(Ill) oxides, as an ideal potential for improving
the anaerobic digestion performance. Wang et al. intro-
duced the iron-containing sludge in an anaerobic digestion
(AD) process to enhance digestion efficiency as well as to
reduce organic pollutant in the Fenton sludge (Wang et al.,
2018; Wang et al., 2019). Results suggested that the AD
performance was significantly enhanced, and more than
70% organic matter was removed from the Fenton sludge.
Meanwhile, nearly half of iron ion was reduced to Fe**
through the digestion process, which suggests an Fe
recycling between AD and Fenton oxidation process.
Wang et al. used iron-rich biochar pyrolyzed from Fenton
sludge to adsorb P from the liquid phase of the AD process,
then the recovered P with biochar was re-utilized as a P-
fertilizer in garden soil (Wang et al., 2020).

4 Recommendation and summary

The present review summarized current Fenton sludge
reuse systems that have overcome classical Fenton process
restrictions while simultaneously reducing the overall
process cost and secondary pollution generation. Previous
studies have reported Fenton sludge reuse systems-based
studies, though most have been limited to the laboratory
stage. This may be because 1) the high water contained in
Fenton sludge is a big obstacle to utilization; 2) Fenton
sludge has complex composition and small size; 3)
preparation of coagulant might be a big step to consume
quantities of Fenton sludge, but the presence of heavy
metals and radioactivity in Fenton sludge would limit its
commercial application; 4) due to the environmental and
safety concerns, customers may not want to accept
synthetic products from waste material.

Fenton sludge processes benefitted most from a
synergistic and synthetic heterogeneous catalyst given
that oxidant activation (H,O,, PS, and PMS) by the
catalyst enhanced the multiple ROS formation through
various activation mechanisms. However, the heavy metals
in Fenton sludge greatly affect the stability and biotoxicity
of the composites. As such, future studies can explore the
interaction of synthetic catalysts with the environment as
well as its potential ecotoxicity. In addition, current studies
have been limited to Fenton sludge-based catalyst
applications toward simulated (i.e., artificial) wastewater.
Selective contaminant removal by the produced synthetic

catalyst must be further examined to address the complex-
ities of pollutants in actual wastewater. In addition,
additional processes as pre/post-treatment options may be
applied with the heterogeneous catalysis system, such as
the combined treatment of a biological (aerobic and
anaerobic) treatment system and adsorption process, to
produce a real zero liquid discharge.

5 Conclusions

This review presented the Fenton sludge properties and
various resource utilization methods, particularly with
regards to Fenton sludge applications in heterogeneous
catalyst synthesis. Fenton sludge-based catalysts show
great promise for the removal of contaminants from
aqueous solution. However, the impact of synthetic
catalysts on the surrounding environment and practical
application for actual wastewater treatment should be
further investigated due to the presence of heavy metals in
Fenton sludge. This review may be helpful to researchers
engaged in Fenton oxidation treatment of refractory
wastewater, particularly in the field of Fenton sludge
reuse systems.

Acknowledgements We thank LetPub for its linguistic assistance during
the preparation of this manuscript. L. Gao acknowledges the financial support
of the National Natural Science Foundation of China (Grant No.
5210040121), Jiangsu Provincial Natural Science Foundation of Jiangsu
Province (No. BK20210498) and the fellowship of China Postdoctoral
Science Foundation (No. 2021M693420).

Declaration of Competing Interest The authors declare that they have no
known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

Ahmad M, Rajapaksha A U, Lim J E, Zhang M, Bolan N, Mohan D,
Vithanage M, Lee S S, Ok Y S (2014). Biochar as a sorbent for
contaminant management in soil and water: A review. Chemosphere,
99: 19-33

Badawy M I, Ali M E (2006). Fenton’s peroxidation and coagulation
processes for the treatment of combined industrial and domestic
wastewater. Journal of Hazardous Materials, 136(3): 961-966

Barb W G, Baxendale J H, George P, Hargrave K R (1949). Reactions of
ferrous and ferric ions with hydrogen peroxide. Nature, 163(4148):
692-694

Bautista P, Mohedano A F, Casas J A, Zazo J A, Rodriguez J J (2008).
An overview of the application of Fenton oxidation to industrial
wastewaters treatment. Journal of Chemical Technology and
Biotechnology (Oxford, Oxfordshire), 83(10): 13231338

Belete Y Z, Ziemann E, Gross A, Bernstein R (2021). Facile activation
of sludge-based hydrochar by Fenton oxidation for ammonium
adsorption in aqueous media. Chemosphere, 273: 128526

Bello M M, Abdul Raman A A, Asghar A (2019). A review on



10 Front. Environ. Sci. Eng. 2022, 16(6): 77

approaches for addressing the limitations of Fenton oxidation for
recalcitrant wastewater treatment. Process Safety and Environmental
Protection, 126: 119-140

Benatti C T, Costa A C, Tavares C R (2009). Characterization of solids
originating from the Fenton’s process. Journal of Hazardous
Materials, 163(2-3): 1246-1253

Benatti C T, Tavares C R, Guedes T A (2006). Optimization of Fenton’s
oxidation of chemical laboratory wastewaters using the response
surface methodology. Journal of Environmental Management, 80(1):
66-74

Bolobajev J, Kattel E, Viisimaa M, Goi A, Trapido M, Tenno T, Dulova
N (2014). Reuse of ferric sludge as an iron source for the Fenton-
based process in wastewater treatment. Chemical Engineering
Journal, 255: 8-13

Bolobajev J, Trapido M, Goi A (2016a). Role of organic wastewater
constituents in iron redox cycling for ferric sludge reuse in the fenton-
based treatment. International Journal of Environmental and
Ecological Engineering, 10: 39944

Bolobajev J, Trapido M, Goi A (2016b). Interaction of tannic acid with
ferric iron to assist 2,4,6-trichlorophenol catalytic decomposition and
reuse of ferric sludge as a source of iron catalyst in Fenton-based
treatment. Applied Catalysis B: Environmental, 187: 75-82

Cao G M, Sheng M, Niu W F, Fei Y L, Li D (2009). Regeneration and
reuse of iron catalyst for Fenton-like reactions. Journal of Hazardous
Materials, 172(2-3): 1446-1449

Chen L, Ma J, Li X, Zhang J, Fang J, Guan Y, Xie P (2011). Strong
enhancement on fenton oxidation by addition of hydroxylamine to
accelerate the ferric and ferrous iron cycles. Environmental Science
& Technology, 45(9): 3925-3930

Cheng M, Ma W, Li J, Huang Y, Zhao J, Wen Y, Xu Y (2004). Visible-
light-assisted degradation of dye pollutants over Fe(Ill)-loaded resin
in the presence of H,O, at neutral pH values. Environmental Science
& Technology, 38(5): 1569—-1575

Chu J H, Kang J K, Park S, Lee C (2020). Application of magnetic
biochar derived from food waste in heterogeneous sono-Fenton-like
process for removal of organic dyes from aqueous solution. Journal
of Water Process Engineering. 37: 101455

Dantas E R B, Silva E J, Lopes W S, do Nascimento M R, Leite V D, de
Sousa J T (2020). Fenton treatment of sanitary landfill leachate:
Optimization of operational parameters, characterization of sludge
and toxicology. Environmental Technology, 41(20): 26372647

De Laat J, Gallard H E (1999). Catalytic decomposition of hydrogen
peroxide by Fe(Ill) in homogeneous aqueous solution: mechanism
and kinetic modeling. Environmental Science & Technology, 33(16):
2726-2732

Demarchis L, Minella M, Nistico R, Maurino V, Minero C, Vione D
(2015). Photo-Fenton reaction in the presence of morphologically
controlled hematite as iron source. Journal of Photochemistry and
Photobiology A Chemistry, 307-308: 99-107

Deng Y, Englehardt J D (2006). Treatment of landfill leachate by the
Fenton process. Water Research, 40(20): 3683-3694

Di Iaconi C, Del Moro G, De Sanctis M, Rossetti S (2010). A chemically
enhanced biological process for lowering operative costs and solid
residues of industrial recalcitrant wastewater treatment. Water
Research, 44(12): 3635-3644

Diya’uddeen B H, Rahim Pouran S, Abdul Aziz A R, Daud W M (2015).

Fenton oxidative treatment of petroleum refinery wastewater: process
optimization and sludge characterization. RSC Advances, 5(83):
6815968168

Duan X, Sun H, Shao Z, Wang S (2018). Nonradical reactions in
environmental remediation processes: Uncertainty and challenges.
Applied Catalysis B: Environmental, 224: 973-982

Ensing B, Buda F, Baerends E J (2003). Fenton-like chemistry in water:
Oxidation catalysis by Fe(Ill) and H,O,. Journal of Physical
Chemistry A, 107(30): 5722-5731

Fan F (2016). The preparation of efficient magnetic polymeric ferric
sulfate with recycled fenton iron sludge. Dissertation for the Master
Degree. Guilin: Guangxi University (in Chinese)

Fan S, Tang J, Wang Y, Li H, Zhang H, Tang J, Wang Z, Li X (2016).
Biochar prepared from co-pyrolysis of municipal sewage sludge and
tea waste for the adsorption of methylene blue from aqueous
solutions: Kinetics, isotherm, thermodynamic and mechanism.
Journal of Molecular Liquids, 220: 432441

Fang G, Gao J, Liu C, Dionysiou D D, Wang Y, Zhou D (2014). Key role
of persistent free radicals in hydrogen peroxide activation by biochar:
Implications to organic contaminant degradation. Environmental
Science & Technology, 48(3): 1902—-1910

Fernandez J, Bandara J, Kiwi J, Lopez A, Albers P (1998). Efficient
photo-assisted Fenton catalysis mediated by Fe ions on Nafion
membranes active in the abatement of non-biodegradable azo-dye.
Chemical Communications, 14(14): 1493—-1494

Gamaralalage D, Sawai O, Nunoura T (2017). Sludge reuse in Fenton
oxidation of crepe rubber wastewater and palm oil mill effluent. In:
The 28th Annual Conference of JSMCWM, 2017. Tokyo:
JSMCWM, 5-6

Garade A C, Bharadwaj M, Bhagwat S V, Athawale A A, Rode C V
(2009). An efficient y-Fe,05 catalyst for liquid phase air oxidation of
p-hydroxybenzyl alcohol under mild conditions. Catalysis Commu-
nications, 10(5): 485489

Ge J, Guha B, Lippincott L, Cach S, Wei J, Su T L, Meng X (2020).
Challenges of arsenic removal from municipal wastewater by
coagulation with ferric chloride and alum. Science of the Total
Environment, 725: 138351

Ghernaout D, Elboughdiri N, Ghareba S (2020). Fenton technology for
wastewater treatment: dares and trends. Open Access Library
Journal, 7(01): 1-26

Guedes A M, Madeira L M, Boaventura R A, Costa C A (2003). Fenton
oxidation of cork cooking wastewater—overall kinetic analysis. Water
Research, 37(13): 3061-3069

Guo S, Yuan N, Zhang G, Yu J C (2017). Graphene modified iron sludge
derived from homogeneous Fenton process as an efficient hetero-
geneous Fenton catalyst for degradation of organic pollutants.
Microporous and Mesoporous Materials, 238: 62—68

Guvenc S Y, Varank G (2021). Degradation of refractory organics in
concentrated leachate by the Fenton process: Central composite
design for process optimization. Frontiers of Environmental Science
& Engineering, 15(1): 2

Hou X, Huang X, Jia F, Ai Z, Zhao J, Zhang L (2017). Hydroxylamine
promoted goethite surface fenton degradation of organic pollutants.
Environmental Science & Technology, 51(9): 5118-5126

Hua W (2017). Fenton wastewater treatment sludge disposal and
recovery of iron salits using technology. Dissertation for the Master



Lihui Gao et al. Review on sustainable reuse applications of Fenton sludge during wastewater treatment 11

Degree. Guangzhou: South China University of Technology (in
Chinese)

Ighalo J O, Adeniyi A G (2020). Adsorption of pollutants by plant bark
derived adsorbents: An empirical review. Journal of Water Process
Engineering, 35: 101228

Ince N H, Apikyan I G (2000). Combination of activated carbon
adsorption with light-enhanced chemical oxidation via hydrogen
peroxide. Water Research, 34(17): 4169-4176

Jain B, Singh A K, Kim H, Lichtfouse E, Sharma V K (2018). Treatment
of organic pollutants by homogeneous and heterogeneous Fenton
reaction processes. Environmental Chemistry Letters, 16(3): 947—
967

Kattel E, Trapido M, Dulova N (2016). Treatment of landfill leachate by
continuously reused ferric oxyhydroxide sludge-activated hydrogen
peroxide. Chemical Engineering Journal, 304: 646-654

Kavitha V, Palanivelu K (2004). The role of ferrous ion in Fenton and
photo-Fenton processes for the degradation of phenol. Chemosphere,
55(9): 1235-1243

Kishimoto N, Kitamura T, Kato M, Otsu H (2013). Reusability of iron
sludge as an iron source for the electrochemical Fenton-type process
using F ¢’+/HOCI system. Water Research, 47(5): 1919-1927

Klein K, Kivi A, Dulova N, Zekker I, Molder E, Tenno T, Trapido M,
Tenno T (2016). A pilot study of three-stage biological-chemical
treatment of landfill leachate applying continuous ferric sludge reuse
in Fenton-like process. Clean Technologies and Environmental
Policy, 19(2): 541-551

Leifeld V, Dos Santos T P M, Zelinski D W, Igarashi-Mafra L (2018).
Ferrous ions reused as catalysts in Fenton-like reactions for
remediation of agro-food industrial wastewater. Journal of Environ-
mental Management, 222: 284-292

Leng L, Yuan X, Huang H, Shao J, Wang H, Chen X, Zeng G (2015).
Bio-char derived from sewage sludge by liquefaction: Characteriza-
tion and application for dye adsorption. Applied Surface Science,
346: 223-231

LiC W, Chen Y M, Chiou Y C, Liu C K (2007). Dye wastewater treated
by Fenton process with ferrous ions electrolytically generated from
iron-containing sludge. Journal of Hazardous Materials, 144(1-2):
570-576

Liao Q, Sun J, Gao L (2009). Degradation of phenol by heterogeneous
Fenton reaction using multi-walled carbon nanotube supported Fe,O3
catalysts. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 345(1-3): 95-100

Lin S S, Gurol M D (1998). Catalytic decomposition of hydrogen
peroxide on iron oxide: Kinetics, mechanism, and implications.
Environmental Science & Technology, 32(10): 1417-1423

Mabhiroglu A, Tarlan-Yel E, Sevimli M F (2009). Treatment of combined
acid mine drainage (AMD—flotation circuit effluents from copper
mine via Fenton’s process. Journal of Hazardous Materials, 166(2—
3): 782-787

Mahtab M S, Farooqi I H, Khursheed A (2021a). Zero Fenton sludge
discharge: A review on reuse approach during wastewater treatment
by the advanced oxidation process. International Journal of
Environmental Science and Technology, 10: 1-14

Mahtab M S, Islam D T, Farooqi I H (2021b). Optimization of the
process variables for landfill leachate treatment using Fenton based
advanced oxidation technique. Engineering Science and Technology,

an International Journal, 24(2): 428435

Meng H, Nie C, Li W, Duan X, Lai B, Ao Z, Wang S, An T (2020).
Insight into the effect of lignocellulosic biomass source on the
performance of biochar as persulfate activator for aqueous organic
pollutants remediation: Epicarp and mesocarp of citrus peels as
examples. Journal of Hazardous Materials, 399: 123043

Neyens E, Baeyens J (2003). A review of classic Fenton’s peroxidation
as an advanced oxidation technique. Journal of Hazardous Materials,
98(1-3): 33-50

Oturan M A, Aaron J J (2014). Advanced oxidation processes in water/
wastewater treatment: Principles and applications: A review. Critical
Reviews in Environmental Science and Technology, 44(23): 2577—
2641

Paciolla M D, Davies G, Jansen S A (1999). Generation of hydroxyl
radicals from metal-loaded humic acids. Environmental Science &
Technology, 33(11): 18141818

Pan X, Gu Z, Chen W, Li Q (2021). Preparation of biochar and biochar
composites and their application in a Fenton-like process for
wastewater decontamination: A review. Science of the Total
Environment, 754: 142104

Paramo-Vargas J, Granados S G, Maldonado-Rubio M 1, Peralta-
Hernandez J M (2016). Up to 95% reduction of chemical oxygen
demand of slaughterhouse effluents using Fenton and photo-Fenton
oxidation. Environmental Chemistry Letters, 14(1): 149-154

Rossi A F, Martins R C, Quinta-ferreira R M (2013). Reuse of
homogeneous Fenton’s sludge from detergent industry as Fenton’s
catalyst. Journal of Advanced Oxidation Technologies, 16(2): 298—
305

Sabhi S, Kiwi J (2001). Degradation of 2,4-dichlorophenol by
immobilized iron catalysts. Water Research, 35(8): 1994-2002

Shahrifun N A, Ab’lah N N, Hussain H, Aris A, Omar Q, Ahmad N
(2015). Reusability of Fenton sludge to reduce COD and color on
palm oil mill secondary effluent (POMSE). Advanced Materials
Research, 1113: 486-491

Shahrifun S A, Hussain H, Omar Q (2016). Optimization of solar Fenton
Oxidation and comparison of recycle wet and dried Fenton sludge in
treating palm oil mill secondary effluent. Jurnal Teknologi, 78(6-7):
61-67

Shen M, Huang Z, Luo X, Ma Y, Chen C, Chen X, Cui L (2020a).
Activation of persulfate for tetracycline degradation using the
catalyst regenerated from Fenton sludge containing heavy metal:
Synergistic effect of Cu for catalysis. Chemical Engineering Journal,
396: 125238

Shen M, Huang Z, Qiu L, Chen Z, Xiao X, Mo X, Cui L (2020b).
Recycling of Fenton sludge containing Ni as an efficient catalyst for
tetracycline degradation through peroxymonosulfate activation.
Journal of Cleaner Production, 268: 122174

Shukla P, Wang S, Sun H, Ang H, Tadé¢ M (2010). Adsorption and
heterogeneous advanced oxidation of phenolic contaminants using
Fe loaded mesoporous SBA-15 and H,0,. Chemical Engineering
Journal, 164(1): 255-260

Sillanpdd M, Ncibi M C, Matilainen A (2018). Advanced oxidation
processes for the removal of natural organic matter from drinking
water sources: A comprehensive review. Journal of Environmental
Management, 208: 56-76

Tan X, Liu Y, GuY, Xu Y, Zeng G, Hu X, Liu S, Wang X, Liu S, Li J



12 Front. Environ. Sci.

(2016). Biochar-based nano-composites for the decontamination of
wastewater: A review. Bioresource Technology, 212: 318-333

Tang Y, Ren H, Yang P, Li H, Zhang J, Qu C, Chen G (2019). Treatment
of fracturing fluid waste by Fenton reaction using transition metal
complexes catalyzes oxidation of hydroxypropyl guar gum at high
pH. Environmental Chemistry Letters, 17(1): 559-564

Tao X, Ma W, Li J, Huang Y, Zhao J, Yu J C (2003). Efficient
degradation of organic pollutants mediated by immobilized iron
tetrasulfophthalocyanine under visible light irradiation. Chemical
Communications, 1(1): 80-81

Tong S, Shen J, Jiang X, Li J, Sun X, Xu Z, Chen D (2021). Recycle of
Fenton sludge through one-step synthesis of aminated magnetic
hydrochar for Pb*>" removal from wastewater. Journal of Hazardous
Materials, 406: 124581

Umar M, Aziz H A, Yusoff M S (2010). Trends in the use of Fenton,
electro-Fenton and photo-Fenton for the treatment of landfill
leachate. Waste Management, 30(11): 2113-2121

Voelker B M, Sulzberger B (1996). Effects of Fulvic acid on Fe (II)
oxidation by hydrogen peroxide. Environmental Science & Technol-
ogy, 30(4): 1106-1114

Walling C (1975). Fenton’s reagent revisited. Accounts of Chemical
Research, 8(4): 125-131

Wang H, Xiao K, Yang J, YuZ, Yu W, Xu Q, Wu Q, Liang S, Hu J, Hou
H, Liu B (2020). Phosphorus recovery from the liquid phase of
anaerobic digestate using biochar derived from iron-rich sludge: A
potential phosphorus fertilizer. Water Research, 174: 115629

Wang J, Wang S (2018). Activation of persulfate (PS) and peroxymo-
nosulfate (PMS) and application for the degradation of emerging
contaminants. Chemical Engineering Journal, 334: 1502-1517

Wang M, Zhao Z, Zhang Y (2018). Sustainable strategy for enhancing
anaerobic digestion of waste activated sludge: driving dissimilatory
iron reduction with Fenton sludge. ACS Sustainable Chemistry &
Engineering, 6(2): 2220-2230

Wang M, Zhao Z, Zhang Y (2019). Disposal of Fenton sludge with
anaerobic digestion and the roles of humic acids involved in Fenton
sludge. Water Research, 163: 114900

Wang N, Zheng T, Zhang G, Wang P (2016). A review on Fenton-like
processes for organic wastewater treatment. Journal of Environ-
mental Chemical Engineering, 4(1): 762—787

Xiao S, Cheng M, Zhong H, Liu Z, Liu Y, Yang X, Liang Q (2020). Iron-
mediated activation of persulfate and peroxymonosulfate in both
homogeneous and heterogeneous ways: A review. Chemical
Engineering Journal, 384: 123265

XuZ X, Song H, Deng X Q, Zhang Y Y, Xue-Qin M, Tong S Q, He Z X,
Wang Q, Shao Y W, Hu X (2019). Dewatering of sewage sludge via
thermal hydrolysis with ammonia-treated Fenton iron sludge as
skeleton material. Journal of Hazardous Materials, 379: 120810

Yi Y, Huang Z, Lu B, Xian J, Tsang E P, Cheng W, Fang J, Fang Z

Eng. 2022, 16(6): 77

(2020). Magnetic biochar for environmental remediation: A review.
Bioresource Technology, 298: 122468

Yoo H, Cho S, Ko S (2001). Modification of coagulation and Fenton
oxidation processes for cost-effective leachate treatment. Journal of
Environmental Science and Health. Part A, Toxic/Hazardous
Substances & Environmental Engineering, 36(1): 3948

Yoon K, Cho D W, Tsang D C W, Bolan N, Rinklebe J, Song H (2017).
Fabrication of engineered biochar from paper mill sludge and its
application into removal of arsenic and cadmium in acidic water.
Bioresource Technology, 246: 6975

Zhang H, Liu J, Ou C, Faheem, Shen J, Yu H, Jiao Z, Han W, Sun X, Li
J, Wang L (2017). Reuse of Fenton sludge as an iron source for
NiFe,04 synthesis and its application in the Fenton-based process.
Journal of Environmental Sciences-China, 53: 1-8

Zhang H, Xue G, Chen H, Li X (2018). Magnetic biochar catalyst
derived from biological sludge and ferric sludge using hydrothermal
carbonization: Preparation, characterization and its circulation in
Fenton process for dyeing wastewater treatment. Chemosphere, 191:
64-71

Zhang H, Xue G, Chen H, Li X (2019a). Hydrothermal synthesizing
sludge-based magnetite catalyst from ferric sludge and biosolids:
Formation mechanism and catalytic performance. Science of the
Total Environment, 697: 133986

Zhang J (2013). Fenton iron mud preparation of ferrous sulfate and
polymeric ferric sulfate and its application. Dissertation for the
Master Degree. Nanning: Guangxi University (in Chinese)

Zhang Y, Guo S, Zhou J, Li C, Wang G (2010). Flue gas desulfurization
by FeSO, solutions and coagulation performance of the polymeric
ferric sulfate by-product. Chemical Engineering and Processing, 49
(8): 859-865

Zhang M, Dong H, Zhao L, Wang D, Meng D (2019b). A review on
Fenton process for organic wastewater treatment based on optimiza-
tion perspective. Science of the Total Environment, 670: 110-121

Zhou R, Zhang W (2017). Reuse of ferric sludge by ferrous sulfide in the
fenton process for nonylphenol ethoxylates wastewater treatment.
Computational Water, Energy, and Environmental Engineering, 6
(01): 89-96

Zhou'Y, Fang X, Wang T, Hu Y, Lu J (2017). Chelating agents enhanced
CaO, oxidation of bisphenol A catalyzed by Fe®" and reuse of ferric
sludge as a source of catalyst. Chemical Engineering Journal, 313:
638-645

Zhu L, Shen D, Luo K H (2020). A critical review on VOCs adsorption
by different porous materials: Species, mechanisms and modification
methods. Journal of Hazardous Materials, 389: 122102

Zhu S, Huang X, Ma F, Wang L, Duan X, Wang S (2018). Catalytic
removal of aqueous contaminants on N-doped graphitic biochars:
Inherent roles of adsorption and nonradical mechanisms. Environ-
mental Science & Technology, 52(15): 8649—8658



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64
	bmkcit65
	bmkcit66
	bmkcit67
	bmkcit68
	bmkcit69
	bmkcit70
	bmkcit71
	bmkcit72
	bmkcit73
	bmkcit74
	bmkcit75
	bmkcit76
	bmkcit77
	bmkcit78
	bmkcit79
	bmkcit80
	bmkcit81
	bmkcit82
	bmkcit83
	bmkcit84
	bmkcit85
	bmkcit86
	bmkcit87
	bmkcit88
	bmkcit89
	bmkcit90
	bmkcit91
	bmkcit92


