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A B S T R A C T   

Heterogeneous Fenton catalysts are emerging as excellent materials for applications related to water purification. In this review, recent trends in the synthesis and 
application of heterogeneous Fenton catalysts for the abatement of organic pollutants and disinfection of microorganisms are discussed. It is noted that as the 
complexity of cell wall increases, the resistance level towards various disinfectants increases and it requires either harsh conditions or longer exposure time for the 
complete disinfection. In case of viruses, enveloped viruses (e.g. SARS-CoV-2) are found to be more susceptible to disinfectants than the non-enveloped viruses. The 
introduction of plasmonic materials with the Fenton catalysts broadens the visible light absorption efficiency of the hybrid material, and incorporation of semi-
conductor material improves the rate of regeneration of Fe(II) from Fe(III). A special emphasis is given to the use of Fenton catalysts for antibacterial applications. 
Composite materials of magnetite and ferrites remain a champion in this area because of their easy separation and reuse, owing to their magnetic properties. Iron 
minerals supported on clay materials, perovskites, carbon materials, zeolites and metal-organic frameworks (MOFs) dramatically increase the catalytic degradation 
rate of contaminants by providing high surface area, good mechanical stability, and improved electron transfer. Moreover, insights to the zero-valent iron and its 
capacity to remove a wide range of organic pollutants, heavy metals and bacterial contamination are also discussed. Real world applications and the role of natural 
organic matter are summarised. Parameter optimisation (e.g. light source, dosage of catalyst, concentration of H2O2 etc.), sustainable models for the reusability or 
recyclability of the catalyst and the theoretical understanding and mechanistic aspects of the photo-Fenton process are also explained. Additionally, this review 
summarises the opportunities and future directions of research in the heterogeneous Fenton catalysis.   

1. Introduction to photo-Fenton chemistry 

The growing scarcity of water in the world today forces researchers 
to investigate more deeply various water conservation schemes and 
explore new water purification technologies. There is also a need to find 
solutions for the increasing presence of microbial and chemical pollut-
ants in water (Brillas et al., 2009; Shannon et al., 2008). The scientific 
community has demonstrated the suitability of advanced oxidation 
processes (AOPs) for degrading contaminants present in wastewater. In 
AOPs, generally, the pollutants undergo mineralisation into different 
inorganic compounds such as salts, CO2, and water or they will be 
converted to readily degradable small organic molecules if treatment 
time is optimized (Oller et al., 2011; Comninellis et al., 2008; Pérez 
et al., 2006). The typical chemical feature that connects the AOPs is the 
formation of the hydroxyl radicals (•OH) (Malato et al., 2009). A broader 
definition of AOPs also includes the techniques that involve oxidants 
such as SO4

•- and Cl• (Sun et al., 2012; Tan et al., 2011). The major areas 
in which research is undertaken on the photocatalytic degradation of 
contaminants in water are the Fenton process (Clarizia et al., 2017; 
Rahim Pouran et al., 2015; Herney-Ramirez et al., 2010; Pera-Titus 

et al., 2004; Babuponnusami and Muthukumar, 2014) and TiO2 photo-
catalysis (Pelaez et al., 2012; Kumar and Devi, 2011; Sin et al., 2012; 
Zaleska, 2008; Mccullagh et al., 2007; Fagan et al., 2016; Ola and 
Maroto-Valer, 2015). 

The history of Fenton reaction began in 1894 when H.J.H. Fenton 
performed a reaction with iron ions and oxidizing agents. He observed a 
higher oxidative capacity of the mixture in comparison to its compo-
nents (Koppenol, 1993). Even though the Fenton reaction was initially 
formulated for Fe(II) and H2O2 many redox-active metals such as Cu, 
Mn, and Ni also display Fenton-like reactions (Masarwa et al., 1988; 
Goldstein et al., 1993). 

The general mechanism of the Fenton process can be represented as 
follows.  

Fe(II)+H2O2→Fe(III)+•OH+OH− k =40–80 M-1 s-1                            (1)  

Fe(III)+H2O2→Fe(II)+HO2
•+H+ k =0⋅001–0⋅01 M-1 s-1                        (2)  

Organic matter+•OH→degradation products                                        (3) 

Hydrogen peroxide reacts with Fe(II) to generate •OH. However, it is 
a challenging task to recover the Fe(II) (Eq. 2) because of the inherently 
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slow Fe(III) to Fe(II) reduction kinetics (Wang, 2008). Studies report 
that a Fenton reaction proceeds through a non-radical iron(IV)-oxo 
(FeIVO)2+ species, but its mechanism awaits a proper experimental 
validation (Gonzalez-Olmos et al., 2011; Shen et al., 1992; Chen, 2019). 
Also, various studies illustrate the use of electrical energy (Nidheesh and 
Gandhimathi, 2012; Li et al., 2018; Plakas et al., 2016) and light energy 
(Feng et al., 2006) in speeding up the regeneration of Fe(II) in the Fenton 
reaction (Zhang et al., 2007; Rubio et al., 2013; Lin et al., 2014). 

Since sunlight can accelerate the Fenton process, it is explored as a 
cheap alternative. Here, [Fe(OH)]2+ is the crucial photoactive Fe(III) 
complex under solar light and is predominantly present at low pH of 2.8. 
In the presence of light irradiation, [Fe(OH)]2+ species get reduced to Fe 
(II), and that in turn generates further •OH and enhances the contami-
nant degradation.  

[Fe(OH)]2++hv→Fe(II)+•OH                                                            (4) 

The most desirable pH for the homogeneous photo-Fenton reaction is 
reported to be 2.8 (Clarizia et al., 2017). Even though photo-Fenton 
reactions are highly efficient in oxidising different contaminants, a pre 
and post-treatment of water is required to perform the reaction at pH 
2.8. Also, when the pH of the solution is increased to neutral, that leads 
to iron sludge precipitation as iron hydroxides (Giannakis et al., 2016). 
The major pitfalls associated with the homogeneous photo-Fenton re-
action is its narrow pH range and the need to remove iron sludge after 
the reaction; both these add up to the cost of water treatment. However, 
the heterogeneous photo-Fenton reaction can perform the water treat-
ment at around neutral pH (Soon and Hameed, 2011). So advanced 
methods, or materials are warranted for performing the reaction at 
circum-neutral pH (O’Dowd and Pillai, 2020). Therefore, the develop-
ment of low cost, efficient, visible-light responsive materials for per-
forming the Fenton reaction at around neutral pH is an active area of 
research in AOPs (Lv et al., 2010; Hou et al., 2013). There are different 
techniques employed for achieving this target. In the current review, 
various advanced materials developed for Fenton and photo-Fenton 
processes are discussed. The readers are redirected to other reviews 
for a detailed understanding of the reactor design, usage of chelates etc 
(O’Dowd and Pillai, 2020; Ganiyu et al., 2018; Wang et al., 2016; 
Babuponnusami and Muthukumar, 2014; Clarizia et al., 2017). 

2. Mechanism of reactive oxygen species (ROS) formation and 
disinfection 

Illumination of semiconductors such as iron oxides, TiO2, ZnO etc. 
with light having energy equal or higher than the bandgap of the ma-
terial leads to the formation of electrons and holes (Lee and Park, 2013). 
Those photo-induced electrons (excited from the valence band to the 
conduction band) transfer to an acceptor molecule and the molecule 
undergoes reduction. At the valence band, the generated hole (electron 
vacancy) receives an electron from a molecule which is adsorbed to the 
system, and that molecule gets oxidised. In the O2 atmosphere, generally 
O2 acts as an acceptor molecule and generates the superoxide anion 
(O2

•-). Also, the adsorbed hydroxyl groups (OH− ) capture the holes to 
produce hydroxyl radicals (•OH). Similarly, many organic moieties will 
get oxidised to other smaller compounds. Various reactive oxygen spe-
cies (ROS) have different capacity for oxidation and selectivity. The •OH 
and O2

•- are the two dominant reactive oxygen species involved in the 
Fenton reaction (Cai et al., 2016; He et al., 2016; Wang et al., 2020c). 
The •OH with a half-life of 10-9 s and high reduction potential (+2.80 V 
vs SCE, •OH/H2O; under acidic conditions) is the most reactive oxygen 
species involved (Feng et al., 2018; He et al., 2016). Since •OH are short- 
lived, it is generally produced in-situ by the illumination of UV light on 
H2O2 or O3 (Cho et al., 2010; Hodges et al., 2018). It is also possible to 
generate the H2O2 through the photo electrocatalytic mechanism, and 
that in-situ generated H2O2 can take part in the Fenton reaction and 
produce •OH. The •OH, which is the most active ROS, also has the 

capacity to disrupt the cell wall of microorganisms and can perform 
disinfection of water. One of the hindrances associated with •OH based 
disinfection is the scavenging of •OH by natural organic matter (NOM) 
present in the wastewater, which may diminish the efficiency of 
wastewater disinfection (Brame et al., 2014). 

At the initial stages of the development of photo-Fenton reaction, it 
was thought to be impractical to acidify the wastewater to perform the 
disinfection and removal of contaminants (Giannakis et al., 2016). As 
time progressed, researchers came up with the photo-Fenton methods of 
performing the disinfection of Escherichia coli (E. coli) at around neutral 
pH (Ruales-Lonfat et al., 2014; Rincon and Pulgarin, 2006; Spuhler 
et al., 2010; Rodriguez-Chueca et al., 2014). The mechanism of disin-
fection of microorganisms through a heterogeneous catalyst can occur 
through two pathways. At first, the normal semiconductor action 
resulting in the formation of electron-hole pairs and then to the creation 
of •OH. The •OH formation can also occur via the photo-Fenton action of 
H2O2 and Fe(II). A simplified summary of the mechanism of disinfection 
is given in Fig. 1. The complexity of the cell wall of microorganisms can 
be related to their capacity to get inactivated by photocatalytic action. 
As the complexity of cell wall increases, it needs either harsh conditions 
or longer exposure time for the complete disinfection. The resistance 
level of different classes of bacteria and viruses towards various disin-
fectants are compared in Fig. 2. Due to the unique barrier properties of 
the outer membrane of gram-negative bacteria, it is observed to be more 
tolerant to disinfectants compared to the gram-positive bacteria. In case 
of viruses, enveloped viruses (e.g. SARS-CoV-2) seem to be more sus-
ceptible to disinfectants than the non-enveloped viruses (Chu et al., 
2019). Enveloped viruses consist of three building blocks; genetic ma-
terial (DNA, RNA), protein capsid, and lipid bilayer. Non-enveloped 
viruses lack the outer lipid bilayer membrane (Holland Cheng et al., 
1995). In general, disinfectants act on the lipid bilayer membrane of the 
enveloped viruses and deactivate the viruses (Chu et al., 2019). •OH 
generated by solar photo-Fenton processes are capable of inactivating 
viruses by photo-oxidation of capsid protein (Giannakis et al., 2016). 

3. Mechanism of heterogeneous Fenton catalysis 

Iron-based materials are usually treated as superior heterogeneous 
Fenton catalysts because of their low cost, negligible toxicity levels, high 
catalytic activity and easy methods for recovery (Pereira et al., 2012; 
Nidheesh, 2015; Fu et al., 2014; Garrido-Ramírez et al., 2010; Rahim 
Pouran et al., 2014). A heterogeneous Fenton system can generate the 
•OH by two methods. Either it could be the true heterogeneous catalytic 
mechanism or the homogeneous Fenton reaction occurring because of 
the leached iron from the solid catalyst (He et al., 2016). In 1998 Lin and 
Gurol (1998) proposed the widely accepted mechanism of heteroge-
neous catalytic decomposition of H2O2 by studying the reactions of H2O2 
on the solid iron oxide catalyst (goethite).  

≡ FeIII-OH+H2O2↔(H2O2)s                                                              (5) 

Fig. 1. Schematic illustration depicting the photo-assisted semiconductor ac-
tion and heterogeneous photo-Fenton action of bacterial inactivation. 
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(H2O2)s↔(≡FeII•O2H)+H2O                                                             (6)  

(≡ FeII•O2H)→≡ FeII+HO2
• (7)  

≡FeII+H2O2→≡ FeIII-OH+•OH                                                        (8) 

In the mechanism, the symbol ≡ FeIII represents the iron present on 
the surface. Here the interaction of H2O2 at the goethite surface (≡FeIII- 
OH) forms the complex (H2O2)s (Eq. 5). Then a ligand to metal charge 
transfer leads to the formation of a transition state complex (≡ FeII •O2H) 
(Eq. 6). Subsequently, the complex dissociates and forms hydroperoxyl 
radical (Eq. 7), and later •OH is generated in the presence of ≡FeII and 
H2O2. (Eq. 8). The mechanism depicts the recycling of Fe (III) and Fe (II) 
on the surface, so here goethite is treated as a heterogeneous catalyst. 

Apart from the pure heterogeneous Fenton process, the iron leached 
out from the solid catalyst enhances the reaction rate by homogeneous 
Fenton pathway (Ramirez et al., 2007; Wang et al., 2010; Hartmann 
et al., 2010). Zeng and Lemley (2009) reported the leaching of iron from 
amberlyst-15 ion-exchange resin while studying the kinetic modelling of 
degradation of the herbicide 4,6-dinitro-o-cresol (DNOC). Also, a faster 
rate of degradation of DNOC was observed during the addition of hy-
drochloric acid owing to the higher amounts of the leached ferrous ion at 
lower pH values. In another study, FeOx supported on CuFe2O4 and TiO2 
was used as model systems for understanding the role of leached iron 
species in the heterogeneous Fenton reaction. This study pointed out 
that the methods such as gravimetry, X-ray fluorescence and energy 
dispersive X-ray analysis are not sensitive enough to account for the low 
metal ion leaching from the heterogeneous Fenton catalyst (Kuan et al., 
2015). So, they have monitored the 4-chlorophenol (4-CP) degradation 

using inductively coupled plasma optical emission spectroscopy (ICP- 
OES) and UV–vis spectroscopy under continuous pH monitoring. Time- 
dependent leaching of metal ions was observed with the pH variations, 
and even µM/sub-ppm concentrations of dissolved metal ions were 
responsible for the increase in degradation rate of 4-CP in the hetero-
geneous Fenton system. 

4. Various Fe-based materials related to the Fenton process 

4.1. Iron-oxide based Fenton catalysts 

Iron oxides are generally considered to be biodegradable, non-toxic 
and environmentally friendly (Nidheesh, 2015; Pouran et al., 2014; 
Ruales-lonfat et al., 2015a; Xu et al., 2012). Usually, the physical 
properties of synthesised materials are dependent on their specific sur-
face area, particle size, morphology etc. and these properties vary 
greatly based on their synthesis strategies. Some of the popular methods 
adopted for the synthesis of iron-based materials include solvothermal 
procedure, hydrothermal procedure, thermal decomposition, micro-
emulsion process and co-precipitation method (Nidheesh, 2015). Until 
now, sixteen pure faces of oxides, hydroxides and oxy-hydroxides are 
reported in the literature (Giannakis et al., 2016; Usman et al., 2018). 

Iron oxides have the potential to act as photo-catalysts because of 
their semiconducting properties. The possible semiconducting mecha-
nism of iron oxides can be detailed as follows (Cai et al., 2016; Ruales- 
Lonfat et al., 2015a).  

Iron Oxide+hν→Iron Oxide (h++e− )                                                 (9)  

e-(cb)+O2→O2
•− (10) 

Fig. 2. (a) An arrangement of infectious agents according to their resistance towards disinfectants. Comparing the resistance level of two different classes of bacteria 
(b) and viruses (c) to withstand disinfectants. 
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h+(vb)+H2O→H++•OH                                                                 (11)  

h+(vb)+OH− →•OH                                                                       (12)  

H2O2+ e− →•OH + OH− (13)  

Fe(III)+ e− → Fe(II)                                                                       (14) 

Upon light irradiation, the heterogeneous Fenton reaction gets 
enhanced by the production of Fe(II) from the reduction of Fe(III) to Fe 
(II).  

Fe(III)+hν+OH− →Fe(II)+•OH                                                       (15) 

Also on the particle surface, •OH is generated by the heterogeneous 
Fenton reaction between Fe(II) and H2O2 (Eq. 1). Later the •OH reacts 
with organic matter leading to their degradation (Eq. 3). 

In the iron oxide systems, the ferrous ion is part of the crystal system 
of oxides. This feature enhances the stability of the catalyst towards the 
splitting of H2O2, and thus the leaching of ferrous ions from the catalyst 
is reduced. Magnetite (Munoz et al., 2015; Zubir et al., 2015; Du et al., 
2017; Nguyen et al., 2017; Nidheesh et al., 2014; Costa et al., 2006), 
ferrihydrite (Zhu et al., 2018; Xu et al., 2017; Xu et al., 2016b; Zhang 
et al., 2014; Zhu et al., 2018), hematite (Pradhan et al., 2013; Patra 
et al., 2016; Jaramillo-Paez et al., 2017; Chen et al., 2016; Huang et al., 
2016), goethite (Xu et al., 2016c; Wang et al., 2017; Hou et al., 2017; 
Krumina et al., 2017; Jin et al., 2017; Qian et al., 2018), schwertmannite 
(Duan et al., 2016; Yang et al., 2016; Wang et al., 2013), lepidocrocite 
(He et al., 2017; Sheydaei et al., 2014), and maghemite (Wang et al., 
2008; Ma et al., 2018) are some of the classes of iron minerals utilised as 
Fenton-catalysts. The recent developments regarding these heteroge-
neous Fenton catalysts are discussed in the upcoming sections. 

4.1.1. Ferrihydrite and plasmonic systems 
Ferrihydrite (Fh) is a naturally occurring iron oxyhydroxide mineral 

used as a Fenton catalyst because of its large specific surface area (Liu et al., 
2010; Zhang et al., 2014). In some of the recent studies Ag/AgBr/ferri-
hydrite (Ag/AgBr/Fh) and Ag/AgCl/ferrihydrite (Ag/AgCl/Fh) was 
established as heterogeneous Fenton catalysts (Zhu et al., 2018a, 2018b). 
AgBr is a semiconductor which absorbs light in the visible region (bandgap 
of 2.6 eV). Ag nanoparticles absorb visible light because of their surface 
plasmon resonance (SPR) effect. Here, by introducing Ag/AgBr/Fh hybrid 
system, the study demonstrates the direct injection of electrons from the 
Ag/AgBr to the ferrihydrite (Zhu et al., 2018b). On the ferrihydrite surface, 
electrons help in the regeneration of Fe(II) which leads to an enhancement 
in catalytic degradation of bisphenol A (BPA, is an endocrine disruptor and 
one of the emerging contaminants of concern present in drinking water 
(Rubin, 2011). ). Since the electrons from catalyst are directly performing 
the recycling of Fe(II), the reaction is also efficient in terms of the amount 
of H2O2 consumed. XPS analysis was employed to determine the chemical 
state of different elements present in the catalyst such as Fe, O, Ag and Br 
(Zhu et al., 2018b). The peak at 711.72 eV in the Fe 2p spectrum was 
attributed to the Fe(III) coordinated to the oxygen on Fh. In Ag 3d spectra 
two peaks at 368.5 and 374.5 eV values represent the silver in the zero- 
oxidation state, and the peaks at 367.9 and 373.9 eV were associated 
with the Ag+ in AgBr (Zhu et al., 2018b). In a similar study, Ag/AgCl/Fh 
hybrid catalyst also demonstrated BPA degradation (Zhu et al., 2018a). 
Ag/AgCl/Fh was synthesised by an impregnation-precipitation strategy 
followed by a photo-reduction under UV light. The rate of degradation of 
BPA by six percentage Ag/AgCl/Fh (6% weight ratio of Ag added to Fh) 
was measured to be 0.0506 min-1 which is about five times the rate of pure 
Fh (k = 0.0099 min-1). 

Another strategy to enhance the rate of regeneration of Fe (II) is to 
introduce electrons from semiconductors to the heterogeneous Fenton 
catalyst. In another study, a BiVO4/ferrihydrite (BiVO4/Fh) system was 
synthesised to understand the decolourisation efficiency of acid red-18 
at near-neutral pH (Xu et al., 2017). EPR spectrum showed that the 

introduction of BiVO4 to the ferrihydrite enhanced the generation of 
•OH. XPS studies and 1,10-phenanthroline spectrophotometric method 
concluded the increase in the concentration of Fe(II) on the surface of 
the BiVO4/Fh. Furthermore, enhanced H2O2 consumption was observed 
for BiVO4/Fh system compared to the pure ferrihydrite. This was 
rationalised by the Fe(II) regeneration on the surface, by the photo-
generated electrons from BiVO4. Similarly, a 15% doped composite of 
cerium oxide (CeO2) and Fh showed 98.7% degradation of tetracycline 
antibiotic (Huang et al., 2020). Here, the mechanism details the critical 
role of Ce4+/ Ce3+ cycle in helping the regeneration of Fe(II). Further-
more, 7%TiO2/Fh nanohybrid depicted the efficient removal of cefo-
taxime antibiotic under UV light (Jiang et al., 2019). 

In a recent report, a composite material of oxidised multi walled 
carbon nanotubes (CNTs) and ferrihydrite (CNTs/Fh) was prepared and 
evaluated in the degradation of BPA (Zhu et al., 2020). A 3% CNTs/Fh 
system depicted seven times higher efficiency compared to simple Fh in 
degrading the pollutant. Cyclic voltammetry (CV) studies revealed a 
14 mV lowering of half-wave potential (E1/2) of CNTs/Fh (0.827 V vs. 
RHE) compared to Fh (0.841 V vs. RHE) revealing the fast reduction of 
Fe (III) (thermodynamic aspect). Also, the effective transfer of electrons 
from H2O2 to Fh was considered as the dynamic aspect of the increase in 
the rate of Fenton reaction. The possible mechanism deduced from DFT 
calculations, and CV characterisation is summarised in Fig. 3. 

4.1.2. Ferrites and magnetite 
Transition metal-doped iron oxides with a spinel structure are normally 

named as ferrites. They have a general formula of MxFe3− xO4 (M is a 
bivalent transition metal ion) with a face-centred cubic lattice formed by 
oxide ions. Among the different iron-based materials tested as heteroge-
neous photo-Fenton catalysts, the ferrites are of particular interest because 
of their narrow bandgap (1.9 eV, for ZnFe2O4) and high stability (Sharma 
et al., 2015; Hou et al., 2013; Valdés-Solís et al., 2007; Wang et al., 2014). 
Ferrites are preferred as heterogeneous Fenton catalysts because of their 
easiness in recovery and reuse owing to their magnetic properties (Laurent 
et al., 2008; Polshettiwar et al., 2011; Sharma and Singhal, 2015). Ferrites 
are chemically stable (Yang et al., 2013), and because of their narrow 
bandgap, they are also active catalysts under visible light (Wang et al., 
2011). Sharma and Singhal (2015) demonstrated the synthesis of magnetic 
nano-spinel having formula MFe2O4 (M=Cu, Zn, Ni and Co) using a sol-gel 
method. Among all the four ferrites, CuFe2O4 was found to be best 
(k = 0.228 min-1) for the degradation of azo dye RB5, which was attrib-
uted to the coupling between Fe3+/Fe2+ and Cu2+/Cu+ redox pairs leading 
to the efficient production of more •OH radicals. Similar studies also re-
ported the use of copper ferrites for gallic acid removal (Fontecha-Cámara 
et al., 2016), degradation of sulfonamide antibiotic (Gao et al., 2018), and 
antibacterial therapy (Liu et al., 2019). Fontecha-Cámara et al. (2016) 
studied three commercially available iron oxides; copper ferrite, magnetite 

Fig. 3. Scheme showing the electron transfer process and the BPA degradation 
in CNTs/Fh composite. Copyright (2020), Elsevier. 
Reproduced with permission from ref (Zhu et al., 2020). 
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and ilmenite (FeTiO3) for the removal of gallic acid and the highest cata-
lytic activity was displayed by copper ferrites. Cu2+ occupied the octahe-
dral site of the copper ferrite spinel, and the collective effect of iron and 
copper ions significantly improved the rate of Fenton reaction by gener-
ating more •OH radicals. In another study, ZnFe2O4 was synthesised from 
precursors such as Fe(NO3)3 and Zn(NO3)3 through a hydrothermal treat-
ment procedure and depicted the visible light degradation of orange II (Cai 
et al., 2016). Experiments performed with various radical scavengers such 
as tert-butanol, sodium oxalate and iso-propanol showed that •OH gener-
ated on the surface was the key species responsible for the degradation. A 
generalised scheme of the mechanism of generation of •OH and the 
regeneration of Fe(II) on the surface of ferrites is summarised in Fig. 4. The 
stability of the catalyst was understood by performing multiple runs with 
the recycled catalyst. After the first cycle, the reaction rate constant was 
observed to be 0.0468 min-1. Even after five cycles, the catalyst showed a 
similar reaction rate constant (k = 0.0483 min-1). Also, the amount of 
H2O2 decomposed by the catalyst during the five cycles was equivalent. 
Invariably all these indicate the reusability of the catalyst. Xiang et al. 
(2020) prepared ZnFe2O4 nanoparticles having yolk-shell structure and 
evaluated in the degradation of tetracycline under visible light. The yolk- 
shell structured ZnFe2O4 nanoparticles had a higher specific surface area 
and presented better visible light absorption capacity in comparison to the 
spherical ZnFe2O4 nanoparticles. The higher visible light absorption was 
correlated to the possibility of multi-scatterings of light in the inner yolk- 
shell structure of ZnFe2O4. 

Later, Hermosilla et al. (2020) reported an environmentally friendly 
synthesis of manganese ferrites (Mn‒Fe2O4) via routes such as sol-gel, 
combustion and reverse microemulsion. Bio-recalcitrant compounds 
such as ciprofloxacin (a fluoroquinolone antibiotic) (Davis et al., 1996) 
and carbamazepine (anti-depressive drug) (Ballenger and Post, 1980) 
were successfully degraded by the photo-Fenton action of visible light 
active Mn‒Fe2O4. The magnetisation is one of the crucial characteristics 
of a material for its separation and reusability. α-Fe2O3 (hematite) is 
reported as a weak ferromagnet, and its content has a trivial contribu-
tion to the magnetisation of the material (Raming et al., 2002). Here, the 
magnetisation value of the sol-gel synthesised Mn‒Fe2O4 came to be 
41.0 emu g-1 and the lowest value was reported for Mn‒Fe2O4 syn-
thesised by reverse microemulsion route (3.7 emu g-1). The relative 
content of α-Fe2O3 was lowest in the sol-gel Mn‒Fe2O4, and it was 
associated with its higher values of magnetisation. 

Some of the recent studies report the use of magnetite (Fe3O4) or its 
composites for disinfection of E. coli in water (Tong et al., 2020; Feng et al., 
2019; Arshad et al., 2019). A composite material of Fe3O4 and flower-like 
MoS2 (Fe3O4/MoS2) effectively inactivated E. coli up to six log scale within 
30 min (Tong et al., 2020). The Fe3O4/MoS2 was active at a broad pH from 
3.5 to 9.5, and the catalyst could be separated magnetically owing to its 
saturation magnetization value of 40.6 emu g-1. Similarly, a graphene 
composite of Fe3O4 was successful in inhibiting the growth of Pseudomonas 
aeruginosa and S. aureus (Tong et al., 2020). Wang and co-workers 

developed a therapeutic approach by combining the copper ferrite anti-
bacterial therapy with photothermal therapy (PTT) (Liu et al., 2019). The 
hydrothermally prepared haemoglobin functionalized copper ferrite 
nanoparticle (Hb-CFNPs), effectively generated the •OH and initiated the 
cell membrane disruption. Further shining 808 nm laser light (near- 
Infrared, NIR) increased the cell membrane permeability by hyperthermia 
and resulted in leakage of bacterial contents. In-vitro experiments revealed 
the broad-spectrum antibacterial activity over the E. coli (100% removal), 
and S. aureus (96.4% removal) bacteria and the therapeutic method 
showed significant results in the S. aureus infected abscess treatment. The 
coupling between Fe3+/Fe2+ and Cu2+/Cu+ redox pairs catalysed the 
production of •OH and promoted the oxidative damage of bacterial cells. A 
brief illustration of the synthetic strategy and the therapeutic application of 
Hb-CFNPs is outlined in Fig. 5. 

4.1.3. Other major classes of iron minerals 
There are various reports of the application of iron oxide family of 

materials for wastewater treatment and microbial inactivation (Nieto- 
Juarez and Kohn, 2013; Pecson et al., 2012; Xu et al., 2012). In 2015, 
Ruales-Lonfat et al. (2015b) studied the microbial inactivation efficiency of 
four commercially available iron oxides. Hematite, goethite and wustite 
used O2 as electron acceptor and performed the photocatalytic activity 
even in the absence of H2O2. However, the magnetite was only active in the 
presence of H2O2. It is important to note that no bacterial growth was 
observed after the photo-Fenton treatment. These results are very signifi-
cant because excluding H2O2 from the reaction decreases the cost of the 
water treatment to a great extent. The concentration of the catalyst used 
was 0.6 mg/L Fe3+, and iron concentration similar to this scale is usually 
observed in natural water sources. This seems to be a useful strategy in a 
large-scale application for bacterial inactivation. 

Size and morphology of the nanomaterials have a significant correla-
tion with the physical and chemical characteristics exhibited by them (Mai 
et al., 2005; Kundu and Jayachandran, 2013; Xie et al., 2013). Hematite 
(α-Fe2O3) having morphology such as microtubes, nanorods, nanorings are 
reported in the literature (Xiong et al., 2011; Vayssieres et al., 2005; Hu 
et al., 2007). Xiao et al. (2018) studied the morphological evolution of 

Fig. 4. The schematic illustration of photo-Fenton degradation of organic 
pollutants by the ferrites upon visible light irradiation. Three specific pathways 
leading to •OH generation are highlighted with numbers 1–3. 

Fig. 5. Schematic representation of preparing Hb-CFNPs and the synergistic 
antibacterial action by Fenton reaction followed by NIR irradiation. Copyright 
(2019), American Chemical Society. 
Reproduced with permission from ref (Liu et al., 2019). 
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hematite by adjusting the hydrothermal reaction time. After 6 h of hy-
drothermal treatment, the nanoparticles attained a spherical morphology, 
and upon further heating, elliptical, olive-like and burger-like morphol-
ogies were observed at 12, 18, 24 h, respectively. Burger-like α-Fe2O3 was 
found to be better in the removal of acid red G in comparison to other 
morphologies of α-Fe2O3, and a 98% degradation efficiency was observed 
under visible light within 90 min. 

Recently, a composite material of schwertmannite/graphene oxide 
(SCH/GO) was synthesised through an oxidation-co-precipitation route 
and demonstrated removal of tetracycline antibiotic under visible light. 
The photo-Fenton catalytic tests were performed in real wastewater 
matrices such as raw food wastewater and biogas fluid of anaerobically 
digested food. The SCH/GO nanocomposite was efficient in selectively 
degrading the tetracycline in the presence of a comparable concentration 
of moieties such as chlorides, sulfates, phosphates and nitrates. The SCH/ 
GO system showed fifteen times higher rate constant of tetracycline 
degradation compared to the SCH, because of its improved optical ab-
sorption property and separation of electron-hole pairs (Ma et al., 2020). 

Similar to the Fenton reaction in the presence of H2O2, Fe(II/III)- 
oxalate system also reported having the superior capacity to degrade 
organic pollutants (Wei et al., 2013; Liu et al., 2012; Lan et al., 2008). A 
FeWO4 nanosheet material synthesised by a hydrothermal method 
showed facet dependent surface Fenton chemistry in the presence of 
oxalic acid (Li et al., 2019). Density functional theory (DFT) studies 
concluded that the {001} facets were efficient in producing reactive 
oxygen species in comparison to {010} facets. Also, DFT analysis 
confirmed that •OH generated on the {001} facets diffused faster to the 
solution and kept the {001} facets vacant for the continuous activation 
of oxalic acid molecules into radicals. 

4.2. Catalyst loaded on materials 

Apart from directly employing various iron minerals as heterogeneous 
Fenton catalysts, iron minerals can be incorporated into numerous sup-
porting materials like zeolites (Soon and Hameed, 2011; Nidheesh, 2015; 
Hartmann et al., 2010), metal-organic frameworks (MOFs) (Liu et al., 
2017; Cheng et al., 2018), clays (Garrido-ramírez et al., 2010; Navalon 
et al., 2010), graphene oxide (GO) (Nidheesh, 2017; Wang et al., 2019), 
silica (Gan and Li, 2013; Zhong et al., 2011) etc. Some of the desirable 
properties needed for the supporting materials for holding the iron-based 
catalysts for photo-Fenton reaction can be their ability to perform the re-
action for multiple cycles and the lesser leaching of the Fe ions. Moreover, 
they need to be durable against highly reactive radicals. In this section, 
recent reports on various supporting materials for heterogeneous Fenton 
processes and their desirable properties are discussed. 

4.2.1. Clay-based catalysts 
The incorporation of iron into clays can be performed by pillaring 

(Guimarães et al., 2019; Tabet et al., 2006), impregnation (Herney- 
Ramirez et al., 2008; Hassan and Hameed, 2011) etc. Generally, inor-
ganic supporting materials provide thermal stability, resistance to 
organic solvents and high mechanical strength (Cheng et al., 2006). 

4.2.1.1. Pillared clays. Clay materials are abundantly present in the 
earth crust, but they may not be used as excellent Fenton catalysts 
because of their low iron content in them. Even though the layered clay 
materials have a large surface area, their interlamellar space is mostly 
inaccessible because of higher electrostatic interaction present between 
the layers (Garrido-ramírez et al., 2010). These shortcomings are cir-
cumvented by pillaring of clays. Among the different clay materials, 
pillared clays are of special interest because of their catalytic and 
adsorption properties. Through the pillaring process, (stacking and then 
connecting the 2D layers) various large-sized poly oxo-hydroxy metal 
cations are incorporated into the structure of clays by replacing the 
smaller ions (Aznarez et al., 2015; Nogueira et al., 2011). This process 

makes the interlamellar space accessible for the reactants and leads to a 
significant increase in the porosity and surface area of the material. 
Pillaring process also exposes some of the catalytic sites, and additional 
catalytic sites are added in case iron compounds make the pillars 
(Navalon et al., 2010). Since the crystal structures and other charac-
teristic properties of the pure clay materials are well-defined, the dif-
ference in catalytic activity mainly arises from the pillars incorporated 
(Baloyi et al., 2018). Further, the Fe(III) species can be considered as 
immobilised in the interlayer spacing of pillared clays. So, the ion spe-
cies is stable against the differences in solution pH, and that results in 
limited leaching of iron (Herney-Ramirez et al., 2010). There are various 
reports of the use of pillared clays for the degradation of dyes (Li et al., 
2015; Ayari et al., 2019), pharmacologically important compounds 
(Hurtado et al., 2019; Khankhasaeva et al., 2017), and phenolic com-
pounds (Hadjltaief et al., 2015; Catrinescu et al., 2012). However, the 
applications of pillared clay-based systems in more complex matrices, 
especially those with heavy organic load, are rare in literature. Recently, 
the photo-Fenton activity of Al-Fe smectite pillared clay has been 
demonstrated for the treatment of winery wastewater with high 
amounts of recalcitrant polyphenolic compounds (Guimaraes et al., 
2019). The catalyst was prepared by intercalating poly-hydroxy 
aluminium (Al3(OH)4

+5) and (Fe3(OH)4
+5) species between the layers of 

natural smectite. The photo-Fenton studies performed under UV-C light 
radiation resulted in a 75.2% percentage total organic carbon (TOC) 
removal of the winery wastewater. In another study, Xu et al. (2016b) 
used hydroxy-iron montmorillonite (Fe/Mt) as a host material, and 
BiVO4 semiconductor was loaded into the interlayers of Fe/Mt. An 8% 
BiVO4/Fe/Mt composite demonstrated an 85.2% TOC removal of acid 
red-18 under visible light irradiation. The remarkable •OH generation 
capacity of the system was associated with the synergistic effect between 
BiVO4 and Fe/Mt and the photo-induced injection of electrons from 
BiVO4 to Fe(III) ions. 

Similar to the examples of the addition of plasmonic systems with the 
ferrites, Ag/AgCl was impregnated onto sepiolite clay which was 
modified with hydroxy iron (Ag/AgCl/Fe-S) (Liu et al., 2017). This 
catalyst exhibited excellent activity in degrading BPA. Electrochemical 
impedance spectroscopy (EIS) was performed to understand the charge 
transfer resistance (CTR) and ease of separation of electron-hole pairs in 
the catalyst. In a three-electrode electrochemical system, 0.1 mol/L KCl 
was used as an electrolytic solution, and a glassy carbon electrode 
modified with prepared catalysts was employed as a working electrode. 
Several reports suggest that a lower charge transfer resistance can be 
correlated with facile separation of electrons and holes (Ganiyu et al., 
2018). Here among the three catalytic systems studied, Ag/AgCl/Fe-S 
was reported with the lover CTR, and that corroborate the enhanced 
degradation of the BPA. 

4.2.1.2. Layered double hydroxides (LDH). Layered double hydroxides 
(LDHs) are a class of clay-based materials having brucite-like sheet 
structures made of metal hydroxides (Gursky et al., 2006; Shao et al., 
2013). Their intercalated anions/cations can be easily exchanged by 
cation exchange to alter their properties (Zhang et al., 2014; Zhang 
et al., 2012). The strong electrostatic interaction observed between the 
layers and interlayer anions provides a well-oriented structure for the 
LDHs (Zhang et al., 2020). This ordered layered structure endows the 
LDHs with plenty of sites for the interaction of pollutants and H2O2 (Jack 
et al., 2015). The general hydrophilic nature provided by the hydroxyl 
groups promotes distinct interaction of hydrophilic contaminants and 
H2O2 with the active catalytic sites on the surface (Yang et al., 2020). Bai 
et al. (2017) synthesised a Co/Fe LDH through a co-precipitation strat-
egy and demonstrated the Fenton-like removal of nitrobenzene. The 
mechanism of the process was studied by an •OH scavenger, and •OH 
was identified to be the key radical involved. In another study, a Fe‒Ni 
LDH was reused for the synthesis of a magnetic catalyst (Ni3Fe/Fe3O4). 
Here, Fe‒Ni LDH was treated with the orange II dye and heated under 
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nitrogen atmosphere to obtain the novel catalyst (Ni3Fe/Fe3O4). The 
thermo-magnetic curves depicted the superior magnetic properties of 
the synthesised catalyst. In the past decade, there have been various 
reports of using copper-containing LDHs for the mineralisation of 
phenol, a major waste generated in the petrochemical industry (Zhang 
et al., 2010a, 2010b). But in those scenarios, the degree of mineraliza-
tion of phenol was comparatively low, and the system utilized a higher 
dosage of H2O2. Even though many of the studies discuss the synergistic 
effect of copper with other metals present, yet studies concerning the in- 
depth understanding of phenol degradation mechanism remains unad-
dressed (Zhou et al., 2011). In a similar perspective, Wang et al. (2018) 
prepared a series of CuNiFe LDHs by varying the Cu/Ni ratios. The 
specific band observed in the Raman spectra at 460 cm-1, and 533 cm-1 

corresponds to the lattice vibration in LDHs. For the samples where the 
Cu/Ni ratio is higher than 0.5, a particular band is observed at 294 cm-1, 
attributed to the Cu(OH)2. The intensity of this band increases with the 
increase in Cu/Ni ratio. Experiments revealed that the catalytic activity 
(phenol mineralisation) increased upon decreasing the Cu/Ni ratio. It is 
remarkable to mention that, when the concentration of H2O2 was kept 
near the theoretical value (M Hydrogen peroxide /M phenol =14) they 
observed mineralisation of 90% phenol. At lower Cu/Ni ratios, electron 
transferred from Ni2+ to Cu2+ and facilitated the generation of Cu+

species. Here Cu+ reacted with H2O2 in a Fenton like mechanism and 
produced the •OH. The mechanism is summarised in Fig. 6. 

The large-scale applications of these materials vary depending upon 
the local availability of the particular clay materials. Currently, many of 
the Fenton related studies using clay materials concentrate on the 
degradation and mineralisation of dyes. Extensive research is needed to 
develop new catalysts with disinfection properties and the capacity for 
removal of antibiotics. 

4.2.2. Iron contained perovskites 
Perovskites are a class of ABX3 compounds in which the X anion is 

mainly O2- (Ferri and Forni, 1998; Zhu and Thomas, 2009). Perovskite 
compounds have a cubic geometry with A cation surrounded by 12 X 
anions, and B cation surrounded by 6 X anions (Smith et al., 2019; Quan 
et al., 2019). These compounds received their generic nomenclature 
from the mineral perovskite (CaTiO3). In the last decade, ABO3 perov-
skite family of oxides such as EuFeO3 (Ju et al., 2011) , LaFeO3 (Nie 
et al., 2015), BiFeO3 (Rusevova et al., 2014; Luo et al., 2010) garnered a 
great deal of attention as heterogeneous photo-Fenton catalysts for the 
degradation of various organic pollutants. A nano-BiFeO3 perovskite 
catalytic-system was demonstrated to have the degradation capacity of 
BPA. They have studied the capping action of various organic ligands 

such as oxalic acid (OA), formic acid (FA), glycine (Gly), nitriloacetic 
acid (NTA), and ethylenediaminetetraacetic acid (EDTA) on the nano- 
BiFeO3 catalyst. Studies show that the EDTA_BiFeO3 system was accel-
erating the BPA degradation and the efficiency of OA_BiFeO3 system was 
lower than the bare BiFeO3 catalyst (Wang et al., 2011). To further 
understand the system, density functional theory (DFT) studies were 
carried out on the OA_BiFeO3 and EDTA_BiFeO3 models. DFT studies 
gave the insight that unique hydrogen bonding interaction observed in 
the EDTA_BiFeO3 catalyst was responsible for the weakening of the O-O 
bond and the generation of •OH (Fig. 7). 

In a recent effort, Cu-substituted LaFeO3 perovskite was used for the 
degradation of BPA (Pan et al., 2020). Using a citric acid complexation 
method (Zhao et al., 2016), by altering the copper doping ratio they 
demonstrated the synthesis of novel Cu-substituted LaFeO3 catalysts. 
The generation of oxygen vacancy in the Cu-substituted LaFeO3 played a 
critical role in redistributing charge on the surface of the catalyst, and 
that helped the efficient decomposition of H2O2. The XRD phase evo-
lution studies depicted that at calcination temperature of 700 ºC, the 
XRD spectrum became narrower and sharper. Also, the LaFeO3 perov-
skite structure of LaCuxFe1− xO3-δ solid solution was retained when the x 
values changed from 0.1 to 0.5. The peaks corresponding to Miller 
indices (121) and (240) got widened and the observed peak-offset was 
attributed to the lattice contraction of the crystal. Theoretical calcula-
tions showed an approximate 0.05-angstrom decrease in the Fe‒O, and 
La‒O bond lengths after copper substitution and that also portrays the 
volume contraction of the LaCuxFe1− xO3-δ unit cell. These parameters 
undoubtedly suggested that copper got incorporated into the LaFeO3 
perovskite replacing Fe in the structure (Pan et al., 2020). 

In a similar study, Cu-doped LaFeO3 was used as a visible-light active 
catalyst for the photo Fenton degradation of methyl orange (To et al., 
2018). The performance of 15 mol% Cu-doped catalyst was better than 
that of pure LaFeO3 catalyst. In another study, Cu-doped BiFeO3 was 
synthesised by a sol-gel method, and it depicted the degradation of 2- 
chlorophenol under visible light (Soltani and Lee, 2017). In the above 
cases of copper doping, along with Fe(II), Cu(I) was also acting as an 
active species in a Fenton like manner in splitting the H2O2 to •OH. In a 
different study, Chu et al. (2018) used the Ag-doped LaCaFeO3-δ (Ag- 
LaCaFeO3-δ) perovskite as a peroxymonosulfate (PMS) activating agent 
for the effective removal of bacterial pathogens. EIS studies have sug-
gested an increase in lattice oxygen vacancies in Ag-LaCaFeO3-δ than 
LaCaFeO3-δ. A synergistic effect of free radicals (SO4

•- and •OH) and silver 
ions towards the bacterial inactivation was observed. The studies 
demonstrated the antimicrobial effect of the catalyst on the E. coli and 
S. aureus (a methicillin antibiotic-resistant bacteria). The study also 

Fig. 6. Schematic representation of phenol mineralisation by the CuNiFe layered double hydroxides. Copyright (2018), Elsevier. 
Reproduced with permission from ref (Wang et al., 2018). 
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displays that the silver leaching observed after 48 h of the reaction was 
0.09 mg/L, which comes below the guidelines of the World Health Or-
ganization (WHO) for safe drinking water. 

4.2.3. Two-dimensional carbon-based materials 
Carbon-based materials namely carbon nanotubes (CNTs) (Yao et al., 

2016; Yang et al., 2018), activated carbon (AC) (Yao et al., 2013; 
Navalon et al., 2011), biochar (Fang et al., 2015; Yan et al., 2017), 
graphene oxide (GO) (Nidheesh, 2017; Divyapriya and Nidheesh, 2020), 
g-C3N4 (Sudhaik et al., 2018; Hasija et al., 2019) etc. have been exploited 
in the heterogeneous Fenton reactions. The recent developments in 
using two-dimensional carbon-based materials for Fenton related ap-
plications are discussed here. 

4.2.3.1. Graphene and related materials. Many researchers have shown 
that incorporating carbon materials with heterogeneous Fenton cata-
lysts helps in quick reduction of Fe(III) to Fe(II), because of its fast single 
electron transfer ability. Graphene is a two-dimensional monolayer of 
carbon atoms with superior electron mobility, mechanical stability and 
electrical conductivity (Dai, 2013; Bekyarova et al., 2013). It is reported 
that the presence of graphene provides support to the Fenton catalyst, 
and it enhances the performance of the Fenton reaction (Nidheesh, 
2017; Divyapriya and Nidheesh, 2020; Han et al., 2014). In a GO‒Fe3O4 
Fenton catalyst, GO is considered as a sacrificial electron donor (Zubir 
et al., 2015). The unpaired π electrons present in the sp2 carbon domains 
(C––C) of GO transfer electron to the iron centres of Fe3O4 and accelerate 
the reduction of Fe(III) to Fe(II) (Zubir et al., 2014). XPS analysis on the 
GO‒Fe3O4 system evidenced a continuous reduction of Fe(III) to Fe(II). 
Hence the strong electron transfer ability depicted by the graphene- 
related materials is a crucial factor that contributes to the enhanced 
catalytic efficiency of graphene-based material supported heteroge-
neous Fenton catalysts. The GO‒Fe3O4 catalyst showed a 97% removal 
of Acid Orange 7 (AO7) whereas Fe3O4 was only effective in removing 
65% of AO7 under photo Fenton conditions. Similar recyclability of Fe 
(II) species is reported for CNTs supported FeS systems (Ma et al., 2015). 
The several chemical moieties present on the GO (carboxyl, hydroxyl, 
hydrophobic groups etc.) and the higher specific surface area promotes 
the adsorption of organic pollutants to the surface of GO and contributes 
to the effective removal of pollutants (Bagri et al., 2010; Suárez-Iglesias 
et al., 2017). The hydrogen bonding, π-π interaction, hydrophobic 
interaction and electrostatic interaction are the four possible in-
teractions that cause the better adsorption of pollutants to the GO sur-
face (Wang et al., 2019). 

Boruah et al. (2017) prepared a magnetically recoverable Fenton 
catalyst by decorating Fe3O4 nanoparticles on an amide-functionalized 
graphene sheet. The specific π-π and electrostatic interaction between 
the sp2 carbon system of graphene and organic pollutants assisted the 

mineralisation of various phenolic compounds under sunlight irradia-
tion. The catalyst was stable up to ten cycles, and lower electron-hole 
recombination was inferred from the photoluminescence studies. In a 
similar study, Wan and Wang (2017) used polyol process and an 
impregnation method to prepare Fe3O4/Mn3O4/reduced graphene oxide 
hybrid material. Under the optimum conditions (H2O2 =6 mM, cata-
lyst =0.5 g/L, pH = 3) catalyst showed a 98% degradation of sulfame-
thazine, one of the pharmaceutically active compound. Zheng et al. 
(2018) loaded Fe3O4 nanoparticles on the functionalized graphene oxide 
(GO) nanosheets through urushiol molecules as a linker (Fe3O4‒U-rGO). 
Urushiol is known for its strong coordinating ability to the metal oxides, 
and it bonds with various materials through its phenolic hydroxyl 
groups (Zheng et al., 2011, 2014). The composite catalytic material 
prevented the iron sludge formation and unfavourable decomposition of 
H2O2 to H2O and O2. Hence the Fenton catalytic performance was 
significantly improved and the process exhibited complete degradation 
of rhodamine B and methylene blue. The catalyst also exhibited excel-
lent reuse stability up to seven cycles with minimal sludge formation. 
The synthesis method of the composite catalyst and its reaction pathway 
are summarised in Fig. 8. Graphene oxide membranes showed tremen-
dous potential in water filtration technologies, but their low permeation 
flux was hindering their large-scale applications (Wang et al., 2016; Yin 
et al., 2016; Gao et al., 2013). Recently, a composite material of GO and 
metal-organic framework (MOF) exhibited six times higher permeation 
flux (26.3–30.6 L m-2 h-1 bar-1) with an enhanced separation efficiency, 
compared to GO nano-sheets. Also, a forty-minute visible light photo- 
Fenton action on the material removed 97.27% of BPA compound (Xie 
et al., 2020). 

The need to remove iron sludge after the wastewater treatment 
makes the homogeneous Fenton process non-viable (Zhu et al., 2019). 
Guo et al. (2017) used a low amount of graphene (0–2 wt%) to modify 
the ion-sludge obtained from homogeneous Fenton process to prepare a 
heterogeneous Fenton catalyst named as iron sludge-graphene (Fe‒G). 
The Fe‒G catalyst was characterised as FeOOH particles entrapped in-
side graphene sheet. Owing to the mesoporous structure and the 
increased adsorption ability of Fe‒G catalyst, it showed an improved 
degradation rate of metronidazole (an antibiotic) compared to the bare 
iron sludge. 

The development of graphene oxide (GO) composites for innovative 
disinfection technologies is an emerging research topic (Arshad et al., 
2019; Moreira et al., 2018; Singh et al., 2020). Hu et al. (2018) prepared 
a hybrid material of reduced graphene oxide (rGO), silver nanoparticles 
(AgNP), and Bi2Fe4O9 (rGO-Ag/BFO) through an evaporation process. 
The hybrid material exhibited 100% bactericidal performance (> 6 logs) 
of E. coli. Generally, 3 logs of photocatalytic bacterial disinfection is 
achieved in 1–4 h; (Laxma Reddy et al., 2017) however in the process 
using the hybrid catalyst, approximately 6 logs of disinfection was 

Fig. 7. Various configurations of the H2O2 adsorption obtained from the DFT studies on the surface of (a) bared, (b) EDTA_adsorbed and (c) OA_adsorbed BiFeO3 
nanoparticles. The red, white, purple, green, and blue spheres stand for O, H, Bi, Fe, and N atoms, respectively. Copyright (2011), American Chemical Society. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Reproduced with permission from ref (Wang et al., 2011). 
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achieved in 20 min. High performance of the material was associated 
with the synergistic effect of various mechanisms such as rGO/AgNP co- 
assisted photocatalysis, photo-Fenton reaction, and rGO assisted silver 
ion release. The rGO-Ag/BFO was also excellent in the disinfection of 
gram-negative P. aeruginosa and gram-positive S. aureus. 

4.2.3.2. g-C3N4 composites. Graphitic carbon nitride is a polymeric 
medium band-gap material (2.7 eV) with efficient photocatalytic prop-
erty (Zhao et al., 2015; Cao et al., 2015; Wang et al., 2012). Its 
remarkable thermal and chemical stability have set the stage for prep-
aration of various state-of-the-art nanocomposites for solving the energy 
storage and environmental pollution issues (Sudhaik et al., 2018; Hasija 
et al., 2019; Wu et al., 2013; Liu et al., 2016). The Fe doped g-C3N4 
modified with mesoporous carbon was effective in removing Acid Red 
73 dye for a wide pH ranging from 4 to 10 (Ma et al., 2017). The XPS 
analysis identified the Fe‒N species formed on the N-rich C3N4 as the 
active sites for the Fenton reaction. Cyclic voltammetry (CV) experi-
ments verified that the mesoporous carbon could accelerate the Fe (III) 
to Fe (II) cycle. Similarly, Hu et al. (2019) doped the g-C3N4 with 
different ratios of Fe(III) and the obtained Fe‒g‒C3N4 catalyst was 
successful in removing phenol, BPA and 2,4-dicholorophenol. The study 
reported that 5% doping of Fe in g-C3N4 was the optimum iron con-
centration for phenol removal, and the catalyst was efficient in 
degrading the components of a complex wastewater system such as 
cooking wastewater. Fe(III) forms strong σ and π bonds with the triazine 
ring skeleton of the g-C3N4, and that helps the material to act as an 
efficient heterogeneous Fenton catalyst upon light irradiation. 

Many of the studies that deal with Fenton chemistry and disinfection 
only take care of inactivating bacteria in the system; but genetic material 
could stay active in the medium (Tong et al., 2020; Thakur et al., 2020). 
Through the horizontal gene transfer process, it is possible to transfer 
the antibiotic resistance gene (ARG) from one bacterium to another 
bacterium which does not possess the antibiotic resistance (Koonin 
et al., 2001; Thomas and Nielsen, 2005). Therefore, methodologies need 
to be developed to eliminate ARGs from the wastewater to prevent the 
rapid growth of antibiotic-resistant bacteria (ARB). A ternary nano-
composite system prepared by Saha et al. (2020) was successful in 
inactivating the commercially available plasmids pUC18 and pBR322 
containing the ampicillin resistance gene (ampR). The synthesis of 
ternary nanocomposite of reduced graphene oxide (rGO), iron oxide and 
g-C3N4 was carried out by in-situ mixing of all the precursor chemicals. 
The fragmentation route of the plasmids was confirmed by agarose gel 
electrophoresis studies performed after treating the system with ternary 

catalyst, H2O2 and visible light. Initially, the plasmids were at a super-
coiled fashion, and upon light irradiation over the system, plasmids 
transferred to a relaxed and single-stranded form. After an exposure time 
of around 30 min, the plasmids disintegrated into smaller fragments. 
The various phenomena that lead to the inactivation of plasmids involve 
photocatalytic activity by iron oxide and g-C3N4, photo-Fenton activity, 
relaxation of charge carriers by rGO etc. and are summarised in Fig. 9 
(Adapted from reference (Saha et al., 2020)). 

Recent advancements show that incorporating goethite or hematite 
with the g-C3N4 can result in a heterogeneous photo-Fenton catalyst, 
capable of degrading tetracycline antibiotic under visible light (Wang 
et al., 2020b; Zhao et al., 2020). The combination of hematite (α-Fe2O3) 
and g-C3N4 resulted in a solid-state Z-scheme type catalyst (Wang et al., 
2020b). In a similar perspective, a co-calcination approach of melamine 
(Hughes, 1941) (a cyclic compound of formula C3H6N6) with Fe-based 
metal-organic framework (MIL-53(Fe)), resulted in the formation of Z- 
scheme heterostructure catalyst α-Fe2O3 @g-C3N4 (Guo et al., 2019). 
The photoluminescence emission spectra suggested the enhanced sepa-
ration ability of photo-generated electron-hole pairs. The higher number 
of electrons participated in the regeneration of Fe(II) boosted the pro-
duction of •OH and resulted in higher degradation of tetracycline anti-
biotic. Many-a-times, the large quantity of commercial H2O2 needed in 
the Fenton reaction considerably increases the operating cost of the 
reaction and hinders its industrial-scale applications (Comninellis et al., 
2008). The g-C3N4 having a negative conduction band (CB) potential 
compared to the reduction potential of O2/H2O2, can transfer two 
electrons to the oxygen and result in an in-situ production of H2O2 
(Kofuji et al., 2016; Moon et al., 2017). It is significant to note that, in 
the α-Fe2O3/g-C3N4 system, H2O2 was produced on the g-C3N4 and the 
in-situ produced H2O2 was decomposed to •OH on the α-Fe2O3 surface. 
Also, the hole in the VB of hematite was capable of oxidising OH- to •OH. 
These characteristics make the α-Fe2O3/g-C3N4 a promising candidate 
for wastewater purification applications (Wang et al., 2020b). 

4.2.4. Zeolite based catalysts 
Zeolites are framework aluminosilicate structures composed of 

linked MO4 tetrahedra (M= Si4+, Al3+) (Suib, 1993; Armbruster and 
Gunter, 2001; Weckhuysen and Yu, 2015). An array of zeolites are 
available with specific pore sizes. So they find distinct applications in 
separating mixtures of molecules based on size and they are also called 
as molecular sieves (Kita et al., 1997; Jia et al., 1994; Primo and Garcia, 
2014). One of the striking features associated with zeolites is their 
selectivity towards the guest molecules compared to other high surface 

Fig. 8. The diagrammatic representation of the crosslinking reaction of urushiol capped Fe3O4 nanoparticles on the functionalised graphene oxide nanosheets. The R 
group on urushiol consist of 15–17 carbon atoms. Copyright (2018), American Chemical Society. 
Reproduced with permission from ref (Zheng et al., 2018). 
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area materials such as activated carbon and silica gel (Lesthaeghe et al., 
2007; Martinez-Macias et al., 2015). Fe-containing zeolites are widely 
studied because of their structural uniformity and high catalytic activity 
in removing different contaminants (Aleksic et al., 2010; Gonzalez- 
Olmos et al., 2009; Hartmann et al., 2010; Navalon et al., 2010). 
Different studies show the enhancement in the catalytic degradation rate 
by shining UV light on Fe-zeolite systems (Kasiri et al., 2008; Kusic et al., 
2006; Noorjahan et al., 2005). Gonzalez-Olmos et al. (2012) reported 
the mineralisation of phenol and imidacloprid (an insecticide) using 
iron-containing zeolites, Fe-ZSM5 and Fe-beta. Studies performed at 
near-neutral pH demonstrated that Fe-ZSM5 catalyst was efficient in 
producing •OH compared to Fe-Beta. They also performed these exper-
iments in a pilot-scale under the solar light using a compound parabolic 
collector (CPC) (Gonzalez-Olmos et al., 2012). In a similar perspective, 
Fe-ZSM5 catalyst was prepared by an ion-exchange method and used for 
removal of diclofenac, an anti-inflammatory drug. Characterisation by 
scanning electron microscopy (SEM) and inductively coupled plasma 
mass spectrometry (ICP-MS) gave insights about the morphology and 
composition of the catalyst. After two hours of treating diclofenac under 
optimal conditions ([H2O2] = 50 mM, [Fe]FeZSM5 = 2.0 mM, UV-A), they 
reported low toxicity and biodegradability. Catalyst also gave a similar 
performance in consecutive runs (Perisic et al., 2016). In another study, 
Fe3O4 nanoparticles were deposited on zeolite-Y through a wet 
impregnation method (Yang et al., 2019). A 9% iron-loaded zeolite 
degraded 90% phenol at neutral pH within two hours. The possible 
adsorption of phenol on the catalyst and the splitting of H2O2 to generate 
•OH is schematically represented in Fig. 10. 

The ideas of improving the efficiency of Fenton catalyst are well 
explored in literature, but the strategies for improving the H2O2 utili-
zation are relatively ignored. Since the Fenton reaction is applied for 
treating wastewater with massive loads of contaminants, it needs the 
external addition of large amounts of H2O2. Optimization of H2O2 
amount could make the Fenton reaction considerably cheaper. Here the 
idea is to reduce the self-decomposition of H2O2 to H2O and O2 and to 

prevent the reaction of excess H2O2 with •OH. In a recent study, Wang 
et al. (2020a) prepared a Fe3O4-zeolite-cyclodextrin catalyst (F-Z-C), 
which acted as a nano-reactor capable of controlling the local reactant 
concentration. Cyclodextrins are known for forming inclusion com-
plexes with the guest molecules through van der Waals forces, chemical 
bonds etc (Saenger, 1980). In this process, the dispersed contaminants 
(e.g. methylene blue) adsorb on the F-Z-C catalyst which result in 
increased contaminant concentration over a local region. Then the •OH 
generated on the catalyst-water interface reacts with the adsorbed 
contaminants and degrades them. Also, the F-Z-C catalyst can store 
excess H2O2 and release it once necessary. This ‘storage- release’ effect 
prevents the self-decomposition of H2O2 and improves the H2O2 utili-
zation efficiency. 

4.2.5. Metal-organic frameworks (MOFs) and composites 
Metal-organic frameworks (MOFs) are a class of supramolecular as-

semblies formed from the interaction of various metal ions and organic 

Fig. 9. A schematic representation of all the possible pathways that lead to the fragmentation of plasmids by the ternary nanocomposite system of reduced graphene 
oxide (rGO), iron oxide and g-C3N4. Three different electron transfer processes that minimise the possibility of electron-hole recombination are highlighted with 
numbers 1–3. 

Fig. 10. A structural representation of the porous framework of zeolites and the 
possible pathway for phenol degradation. Copyright (2018), Elsevier. 
Reproduced with permission from ref (Yang et al., 2019). 
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ligands (Deria et al., 2014; O’Keeffe and Yaghi, 2012; Howarth et al., 
2016). The high porosity, excellent surface area and capacity to act as 
nano-reactors attracted wide attention on MOFs for various applications 
such as gas storage, liquid-phase separations, catalysis, drug delivery etc 
(Li et al., 2011; Wang et al., 2015; Kuppler et al., 2009; Denny et al., 
2016; Wang and Astruc, 2020; Horcajada et al., 2012; Li et al., 2009). In 
the past decade, a surge has been observed in the utilization of iron- 
contained MOFs for heterogeneous Fenton reactions owing to their 
efficient •OH generation capacity (Liu et al., 2017; Cheng et al., 2018; 
Sharma and Feng, 2019). Fe-MOFs have a higher tendency for the 
recombination of generated electron-hole pairs resulting in lower pho-
tocatalytic activity (Liang et al., 2015; Liu et al., 2018). Nowadays, 
preparation of composite materials with Fe-MOFs and semiconductor is 
devised as a successful strategy to promote the charge transfer efficiency 
(Chandra et al., 2016; Shen et al., 2015). MIL (Materials Institute Lav-
oisier) group of metal-organic frameworks are one of the most explored 
classes of MOFs in the field of environmental remediation (Farha and 
Hupp, 2010; Janiak and Vieth, 2010). Li et al. (2018) formulated a one- 
pot solvothermal synthesis method for the preparation of TiO2 @MOF 
(TiO2 @NH2-MIL88B-Fe) heterostructures (abbreviated as SU-3, where 
three stands for the optimal molar ratio of Ti: Fe). The TiO2 @MOF 
displayed enhanced photodegradation of methylene blue (MB) under 
visible LED light. To identify the key reactive species in the Fenton 
system, experiments were performed with EDTA (h+ scavenger), p- 
benzoquinone (O2

•- scavenger) and tert-butyl alcohol (•OH scavenger). 
The excess addition of tert-butyl alcohol slowed down the degradation of 
MB, and it indicated the vital role of •OH in the Fenton reaction. Electron 
spin resonance (ESR) technique employed using 5,5-dimethyl-1-pyrro-
line N-oxide (DMPO) as a spin trapper resulted in a characteristic four 
peak signal (ratio 1:2:2:1) attributed do the DMPO-•OH, indicating the 
presence of •OH (Du et al., 2017). A plausible mechanism of the pho-
tocatalytic decomposition of MB by SU-3 is represented in Fig. 11. 

In another study, Fe3O4 and carbon aerogel (CA) were combined 
with the MIL-100(Fe) and the composite material was evaluated for the 
removal of tetracycline hydrochloride (TC), a contaminant of emerging 
concern, under UV light. The CA incorporated nanocomposite with a 
higher surface area (389 m2 g-1) enhanced the performance by 1.6 times 
compared to MIL-100(Fe)@ Fe3O4. Also combining the system with CA 
resulted in improvement of the water stability of the MOF (Rasheed 
et al., 2018). In a similar study, Wu et al. (2020) prepared a series of Fe- 

MOFs and studied the role of Fe-oxo clusters in the framework for the 
degradation of TC. Fe-oxo clusters were regarded as the absorption 
antennae, and Fe-MOFs showed substantial absorption in the visible 
region. Among the MIL-101, MIL-53 and MIL-88B, photo-Fenton activity 
was highest in the MIL-101, because of its higher number of coor-
dinatively unsaturated iron sites. Generally, the metal centres in a MOF 
are fully occupied by the organic ligands, and this inhibits the metal sites 
from activating H2O2. So, introducing coordinatively unsaturated metal 
sites becomes a successful strategy in activating H2O2. Tang and Wang 
(2018) prepared the CUS-MIL-100(Fe) having open iron centres and 
reported 100% degradation of sulfamethazine (a commonly used sul-
fonamide antibiotic). Also the Fenton experiments performed for mul-
tiple cycles, revealed excellent structural stability of the catalyst and 
minimal leaching of iron which is lower than the environmental stan-
dards demanded by European Union (<2 mg/L). 

In a recent report, distinct nano-architectures of road-like, spindle- 
like, and diamond-like MIL-88A-Fe were prepared and studied to 
examine the correlation of different exposed crystal facets towards 
catalytic performance (Liao et al., 2019). The shape-selective synthesis 
of the catalyst was achieved by simply varying the water/DMF ratio 
during the solvothermal synthesis, and the contribution of (100) facet 
decreased upon increasing the quantity of DMF. The peak area analysis 
of XRD pattern showed that (100) facet has a ratio of 60%, 30% and 15% 
in the road-MIL-88A-Fe, spindle-MIL-88A-Fe and diamond-MIL-88A-Fe, 
respectively. Also, DFT studies revealed the easier activation of H2O2 on 
the (100) crystal facet compared to (101), and the rod-MIL-88A-Fe was 
chosen as the best catalyst for Fenton reaction. 

4.3. Zero-Valent iron (ZVI) based catalysts 

Zero-valent iron (ZVI) with a standard reduction potential of EH
0 

(Fe2+/Fe0) = − 440 mV is considered as an effective reducing agent (Fu 
et al., 2014). ZVI can give out two electrons in the presence of H2O2 or 
O2 and form the Fe(II) species responsible for Fenton reaction (Eq. 16 
and 17). ZVI is known for reacting differently in aerobic and anaerobic 
conditions. In aerobic conditions, it acts by oxidizing contaminants and 
in anaerobic condition by reducing contaminants (He et al., 2016).  

Fe0+O2+2 H+→Fe(II)+H2O2                                                         (16)  

Fe0+H2O2+2 H+→Fe(II)+2 H2O                                                    (17) 

Fig. 11. Schematic representation of adsorption and photocatalytic dye degradation on the SU-3 catalyst upon visible LED light irradiation. Copyright (2018), 
American Chemical Society. 
Reproduced with permission from ref (Li et al., 2018). 
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Fe(II)+H2O2→Fe(III)+⋅OH+OH-                                                     (18) 

Over the past decade, ZVI was demonstrated for treating different 
varieties of organic and inorganic contaminants such as dyes (Wang 
et al., 2017), phenolic compounds (Ambika et al., 2020; Minella et al., 
2019), antibiotics (Zhou et al., 2019), nitroaromatic compounds (NACs) 
(Zarei et al., 2019), arsenic (Tucek et al., 2017), heavy metals (Li et al., 
2017), chlorinated organic compounds (Ezzatahmadi et al., 2017), ni-
trates etc (Ezzatahmadi et al., 2017). The heavy metal iron content in 
wastewater poses significant challenges during its treatment (Demirbas, 
2008; Fu and Wang, 2011). In the last decade, ZVI emerged as a catalyst 
for treating wastewater, having a large load of heavy metal content 
(Vilardi et al., 2018; O’Carroll et al., 2013). Li et al. (2017) tested 
conventional adsorbents and precipitants such as activated alumina, Ca 
(OH)2, Fe3O4, nanoTiO2 etc. for removing heavy metal ions and 
compared their performance with the ZVI. However, only the ZVI 
demonstrated simultaneous removal of multiple heavy metals present 
(Ni(II), Zn(II), As(V) and Cu(II)). Since the standard reduction potential 
of copper is more positive compared to that of ZVI, it can easily receive 
electrons from ZVI. Interestingly, the chemical reduction method of Cu 
(II) and As(V) using ZVI is less susceptible to changes by the difference in 
pH or introduction of chelates. For metal ions such as Zn (II) and Ni(II) 
having standard reduction potential more negative than that of ZVI, 
precipitation, adsorption and electrostatic attraction are the major 
methods for the metal ion removal (Li et al., 2017). The oxyanions of 
arsenic were primarily removed by co-precipitation with Fe(II). 

Zero-valent iron microspheres have shown to be efficient catalyst for 
UV light photo-Fenton processes with a TOC removal of 99% for phenol 
and 83% for oxalic acid (Blanco et al., 2016). The studies also demon-
strated the degradation of 90% 1,4-dioxane by ZVI microspheres under 
solar irradiation for 180-minutes. The results of this study showed similar 
values of degradation at various pH values and indicate that iron solubi-
lisation is not an essential step in this process and the photo-Fenton reac-
tion is taking place on the surface of the catalyst (Barndok et al., 2016). In a 
similar study, nano-ZVI was evaluated for the removal of ciprofloxacin 
antibiotic. With a ratio of 5:1 for nZVI: H2O2, a 99.3% removal of cipro-
floxacin was achieved in 120 min at neutral pH. The experiment performed 
under UV light demonstrated a 100% degradation of ciprofloxacin within 
25 min (Mondal et al., 2018). Kakavandi et al. (2019) reported the use of 
nZVI supported on kaolinite (a layered silicate mineral) for the removal of 
acid black 1 (AB1) dye. The reaction was performed at pH 2.0 with 0.3 g/L 
of catalyst, and even after four cycles the catalyst was efficient in removing 
72% of the dye, indicating catalyst durability and potential for reuse. In a 
recent study, Jiang et al. (2020) investigated the role of formic acid in the 
pathway for degradation of prechlorinated organic contaminants. One of 

the major concerns about chlorinated contaminants is their resistance to 
degradation via an oxidative pathway. In the study, formic acid acted as a 
scavenger of •OH and generated carbon dioxide radical (CO2

•-). Carbon 
dioxide radical is known for transferring one of its electrons to chlorinated 
contaminants and performing the degradation by a reductive pathway. 
They studied the role of formic acid in the generation of CO2

•- and 
confirmed the presence of carbon dioxide radical by electron paramagnetic 
resonance (EPR) analysis. The generalised mechanism for oxidative and 
reductive routes of degradation followed by ZVI is summarised in Fig. 12. 

The first report of inactivation of two waterborne viruses ΦX174 and 
MS-2 using ZVI came in 2005 (You et al., 2005; Hossain et al., 2014). 
Later Lee et al. (2018) demonstrated that nano zero-valent iron (nZVI) 
could act as a potent bactericide under anaerobic conditions. Under 
aerobic conditions, a more significant amount of nZVI was required for 
inactivation, possibly due to the surface corrosion and oxidation of nZVI 
by oxygen. Another study in 2009 by Diao and Yao (2009) reported the 
inactivation of Pseudomonas fluorescens (gram-negative bacteria), Ba-
cillus subtilis var. niger (gram-positive bacteria) and Aspergillus versicolor 
(fungus) using nZVI. A sulfidated micro zero-valent iron (S-mZVI) was 
studied for the removal of antibiotic-resistant E. coli bacteria and 
antibiotic-resistant gene (ARG) TetB. The S-mZVI was prepared in a 
planetary ball mill by mixing sulfur and mZVI in a molar ratio of 20 (Fe/ 
S). SO4

•– and •OH radicals generated was attributed to the effective 
removal of ARG (Zhang et al., 2020). Similarly, a Fe/Ni nanoparticle 
system was synthesised by a liquid-phase reduction method using 
NaBH4. Here the bimetallic system displayed superior activity compared 
to the ZVI in the removal of f2 bacteriophage. An optimum ratio of 5:1 
(Fe/Ni) showed the highest catalytic performance and both metals 
existed in the nanoparticle as Fe0 and Ni0 (Cheng et al., 2019). 

Chlorination is one of the popular methods employed for disinfection 
of drinking water, but it produces carcinogenic disinfection byproducts 
(DBPs) like chloroform, chloroacetic acid etc (Hrudey, 2009; Hua and 
Reckhow, 2007). Therefore, ZVI is of interest since it will not result in 
the production of any DBPs. Two of the limiting factors that prevent the 
practical application of ZVI include poor dispersibility and its low 
disinfection efficiency. Because of the lower disinfection efficiency, a 
higher dosage of ZVI is required, and that adds to the cost of the process. 
The electrostatic and magnetic interactions between ZVI particles lead 
to its aggregation and poor dispersibility. Also, under aerobic condi-
tions, the iron oxide layers formed over the ZVI decelerates the electron 
transfer from the ZVI core to the exterior (Fu et al., 2014; Sun et al., 
2019). Recently Sun et al. (2019) prepared amorphous zerovalent iron 
microspheres (A-mZVI) and crystalline nanoscale zerovalent iron (C- 
nZVI) for studying the efficiency of removal of E. coli under aerobic 

Fig. 12. Scheme showing degradation mechanism of (a) general organic pollutants and (b) halogenated organic pollutants by the ZVI. The oxidative and reductive 
routes of pollutant degradation are denoted by green and red colour schemes respectively. 
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conditions. C-nZVI produced •OH on the surface of a catalyst but A-mZVI 
generated •OH by the iron dissolution and oxygen activation in the so-
lution. SEM and TEM images of the E. coli treated with C-nZVI depicted 
the spherical nanoparticles on the surface of bacteria. But the sample 
treated with A-mZVI showed a thick covering of interconnected flakes 
on the surface of E. coli bacteria. In the A-mZVI, a fast dissolution of Fe2+

was observed, and later it deposited on the E. coli as iron oxy-hydroxy 
species. A thicker adsorption of oxide layers over the bacteria resulted 
in better inactivation efficiency by A-mZVI. Also, the magnetization 
studies revealed that the corrosion products of A-mZVI are essentially 
non-magnetic. Therefore, the sedimentation of the reaction mixture 
after treatment with A-mZVI was not influenced by a magnet. The dif-
ference in the mode of action of C-nZVI and A-mZVI and their physical 
mode of separation are schematically represented in Fig. 13. Since this 
technique employs direct gravitational precipitation of the inactivated 
bacteria covered by iron oxides, it can also prevent the release of ARG 
into the water (Sun et al., 2019). 

ZVI is an abundantly available, non-toxic, and comparably low-cost 
material that has also shown applications as heterogeneous Fenton 
catalyst (Fu et al., 2014). It has successfully demonstrated the removal of 
microorganisms, heavy metals, and contaminants of emerging concern 
from drinking water, and it also functions without formation of toxic 
disinfection by-products (DBP) (Giannakis et al., 2016; Sun et al., 2019; 
Du et al., 2020). Because of its versatility, it has great potential for future 
applications in large-scale water treatment plants. However, it is a 
challenging task to understand the complex mechanism of action of ZVI 
because its mechanisms of action may involve oxidation, reduction, co- 
precipitation, surface adsorption etc. Its mechanism also varies accord-
ing to the contaminants which it reacts with. Also, ZVI treatment may 
result in the formation of smaller quantities of corrosion products such 
as Fe(OH)2, Fe(OH)3, Fe2O2 etc. and they could be detrimental to the 
pipelines in water distribution channels (Fu et al., 2014). Table 1. 
summarises operational parameters used for performing the Fenton re-
action and the catalytic activity observed for different classes of het-
erogeneous Fenton catalysts. 

5. Real world applications and the role of natural organic 
matter 

The implementation of Fenton reaction for real-water applications 
becomes complicated due to the presence of a complex matrix of organic 
substances present in real water called as Natural Organic Matter (NOM) 
(Giannakis et al., 2016). Various studies have shown the positive impact 
of NOM in enhancing the efficiency of Fenton reaction (Spuhler et al., 

2010; Huling et al., 2001; Georgi et al., 2007; Vione et al., 2006; 
Moncayo-Lasso et al., 2009). Fe(III) can form complexes with the NOM 
(Fe3+-NOM), and this complex is less prone to precipitation and depict 
higher absorption in the UV–visible range (Voelker et al., 1997; Walte 
and Morel, 1984). Georgi et al. (2007) reported that the presence of 
humic acid (a type of NOM) in the Fenton system (50–100 mg/L) had 
shifted the optimum pH of the reaction towards the neutral condition. 
Ruales-Lonfat et al. (2015a) compared the E. coli inactivation of hema-
tite with the Milli-Q water and water collected from Geneva lake. The 
natural water was not interfering with the photocatalytic semi-
conducting action of hematite (hematite/light/water) and with both 
water samples complete E. coli inactivation was observed within 
120 min. When H2O2 was introduced to the system (hematite/light/ 
water/H2O2), natural water system showed slightly higher inactivation 
rate in comparison to Milli-Q water. This observation could be related to 
the photo Fenton action showed by iron species which got complexed 
and solubilised by the NOM. The formed complex enhances the reaction 
rate by participating in the homogeneous Fenton reaction. 

On the contrary, some other studies report the inhibition of Fenton 
process in the presence of NOM (Bogan and Trbovic, 2003; Lindsey and 
Tarr, 2000; Lindsey and Tarr, 2000). Fenton experiments performed to 
degrade polycyclic aromatic hydrocarbons in the presence of humic 
acid, and fulvic acid (classes of NOM) exhibited the inhibition of •OH 
formation (Lindsey and Tarr, 2000). In a similar study Lindsey and Tarr 
(2020) observed four times lower radical formation in natural water 
compared to pure water. Since the classes of NOM present in real water 
varies depending on the source of water, detailed localised studies are 
needed to understand the effect of NOM and its interaction with the 
heterogeneous Fenton catalyst in either enhancing or inhibiting the 
Fenton reaction process. 

6. Parameter optimisation 

Various parameters such as light source, dosage of catalyst etc. need 
to be optimised for the efficient performance of Fenton reaction. Choice 
of the perfect light source for the photo Fenton reaction is a critical 
aspect considering its economic viability. The optimum light radiation 
required for the photo Fenton process is in the UV region and near- 
visible spectrum up to 560 nm wavelength (Carra et al., 2015). Solar 
light is a sustainable source of energy, and in areas where the avail-
ability of sunshine is limited, artificial light sources are required. Mer-
cury UV-lamps were the common source of light for photo Fenton 
reaction (Guimarães et al., 2019). But considering its low energy effi-
ciency and possible mercury contamination, Xenon lamp-based sun 

Fig. 13. Schematic diagram representing the mode of disinfection and physical separation process by the C-nZVI and A-mZVI. Copyright (2019), American Chemical 
Society. 
Reproduced with permission from ref (Sun et al., 2019). 
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simulators are widely used for photo Fenton reactions (Hu et al., 2019; 
Cai et al., 2016). Recent studies report the use of light emitting diodes 
(LEDs) as an energy-efficient light source in the heterogeneous photo 
Fenton reaction (Zhu et al., 2018a, 2018b). LEDs have a longer lifespan 
compared to Xenon lamps, and they convert less amount of energy in the 
form of heat (Carra et al., 2015; Matafonova and Batoev, 2018). 

Optimising the dosage of catalyst, H2O2 etc. is an important procedure 
in minimising the operating cost and achieving the highest catalytic effi-
ciency of Fenton reaction. The amount of natural NOM, carbohydrates, 
proteins and inorganic species (carbonate, nitrate, sulphate, etc.) present in 
water are the specific parameters that define a water matrix (Lado Ribeiro 
et al., 2019). Photo Fenton inactivation experiments performed on E. coli. 
bacteria in the urban wastewater sample resulted in a 2.43 log disinfection 
(Rodríguez-Chueca et al., 2012). When the water matrix was changed to 
distilled water, a log 5.81 inactivation was observed. In a recent report, 
Ling et al. (2018) studied the effect of chloride and phosphate on the ZVI in 
a Fenton reaction. Chloride ions were shown to have accelerated the 
decomposition of H2O2 and enhanced the reaction rate, but the phosphate 

ions were observed to inhibit the H2O2 decomposition. It was assumed that 
the insoluble iron phosphate layer formed on the ZVI surface could have 
blocked the catalytic sites on ZVI and thus resulted in a decreased reaction 
rate. A proper investigation of the critical parameters of the water matrix 
can provide a rational understanding of the possible interactions of catalyst 
and H2O2 with organic/inorganic compounds of the water matrix and 
obtain insights on the potential effects on Fenton reaction rate. 

7. Sustainable model of reusing catalyst 

Reusability/recyclability of heterogeneous Fenton catalysts is an 
essential parameter in view of its economic implications. Multiple cycles of 
Photo Fenton reaction performed with ammonia modified graphene/Fe3O4 
catalyst resulted in the lowering of pollutant degradation efficiency of the 
catalyst (Boruah et al., 2017). The first cycle showed 92.43% degradation 
of phenol whereas, at the 10th cycle phenol degradation reduced to 
75.50%. A similar decrease in the catalytic efficiency over multiple runs is 
observed for almost all types of heterogeneous Fenton catalysts (Tang and 

Table 1 
Summary of catalytic activity and operational conditions of different classes of heterogeneous Fenton materials.  

Catalyst Catalyst 
dose added 

Light source H2O2 concentration and 
pH of system (pH0=initial 
pH) 

Pollutants Duration Catalytic activity or 
removal efficiency of 
pollutant 

Ref. 

Ferrihydrites        
8%Ag/AgBr/Fh 1.0 g/L Visible light 

(LED lamp) 
10 mM BPA (30 mg/L) 60 min 0.0370 min− 1 (8%Ag/ 

AgBr/Fh) 
(Zhu et al., 
2018)    

pH0 = 3   0.0101 min− 1 (Pure Fh)  
6%Ag/AgCl/Fh 1.0 g/L Visible light 

(LED lamp) 
10 mM BPA (30 mg/L) 60 min 0.0506 min− 1 (6%Ag/ 

AgCl/Fh) 
(Zhu et al., 
2018)    

pH0 = 3   0.0099 min− 1 (Pure Fh)  
Ferrites        
ZnFe2O4 0.5 g/L Visible light 

(Xenon lamp) 
5 mM Orange II (100 mg/ 

L) 
60 min 0.0468 min− 1 (Cai et al., 

2016)    
pH0 = 6     

ZnFe2O4 (yolk-shell 
structure) 

0.3 g/L Visible light 
(LED lamp) 

20 mM Tetracycline 40 min 0.070 min− 1 (Xiang et al., 
2020)    

pH0 = 2 (60 mg/L)    
Pillared clays        
Al-Fe smectite pillared 

clay 
3.0 g/L UV-C (mercury 

vapour lamp) 
98 mM Winery wastewater 240 min 67.1% TOC removal (Guimarães 

et al., 2019)    
pH0 = 3     

Layered double 
hydroxides        

CuNiFe LDH 1.0 g/L Without light 
irradiation 

MH2O2/M phenol = 37 Phenol 60 min 98.9% TOC removal (Wang et al., 
2018)    

pH0 = 6.5     
Fe-Perovskites        
LaCuxFe1− xO3-δ (x = 0.5) 1.0 g/L Without light 

irradiation 
12 mM BPA 120 min 0.021 min-1 (Pan et al., 

2020)    
pH0 = 6 (20 mg/L)    

Graphene related 
materials        

Fe3O4-Mn3O4/reduced 
graphene oxide 

0.5 g/L Without light 
irradiation 

6 mM Sulfamethazine 
(0.07 mmol/L) 

120 min 98% removal (Wan and 
Wang, 2017)    

pH0 = 3     
g-C3N4 composites        
Fe-g-C3N4/Graphitised 

mesoporous carbon 
0.8 g/L Visible light 40 mM Acid Red 73 40 min 99.2% removal (Ma et al., 

2017)    
(pH range 4–10) (50 mg/L)    

5% Fe-doped g-C3N4 3.0 g/L Visible light 
(Xenon lamp) 

16 mM Cooking wastewater 60 min TOC value reduced from 
25.3 mg/L to 8.1 mg/L 

(Hu et al., 
2019)    

(pH0 = 3)     
Metal-organic 

frameworks (MOFs) 
and composites        

TiO2 @NH2-MIL88B-Fe 0.2 g/L Visible light 
(LED lamp) 

20 mM Methylene blue 150 min 100% degradation (Li et al., 2018)    

(pH0 = 7) (100 mg/L)    
Zero-valent iron (ZVI) 

based catalysts        
Nano-ZVI@kaolinite 0.3 g/L Without light 

irradiation 
4 mM Acid Black 1 

(30 mg/L) 
120 min 98% decolourisation (Kakavandi 

et al., 2019)    
(pH0 =2)      
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Wang 2018). An environmentally friendly sustainable model of reusing/ 
recycling the heterogeneous Fenton catalyst is a highly sought-after area of 
research. Recently Serrà et al. (2020) reported an interesting zero-carbon- 
emission circular process resulting in water remediation and energy pro-
duction. Spirulina microalgae was cultivated in wastewater which was rich 
in iron and heavy metals. During the photosynthetic process, spirulina 
utilised carbon dioxide and released oxygen to the atmosphere. This 
microalgal biomass was fermented and produced bioethanol. The resultant 
biomass was dried and burnt for thermal energy generation. The iron-rich 
ash obtained after combustion was utilised as heterogeneous photo Fenton 
catalyst under sunlight for wastewater treatment. Finally, the mineralised 
water was reused for cultivating the next batch of microalgae and 
completed the cycle. The research area of zero-carbon-emission circular 
processes using heterogeneous Fenton catalysts is expecting significant 
advances in recent years. A large scale implementation of similar tech-
niques will effectively contribute to tackling the current global issues like 
excessive CO2 emission and atmospheric pollution (Keijer et al., 2019). 

8. Theoretical understanding and mechanistic aspects 

Even though most reports on Fenton catalysts are successful in 
showing better results of degradation of organic contaminants and 
transformation of inorganic contaminants, more work and insights are 
needed to understand the mechanistic aspects of the reactions involved. 
Theoretical understanding of the underlying mechanisms of the Fenton 
and Fenton-like reactions by density functional theory (DFT) studies can 
provide new insights and information in this area of research (Buda 
et al., 2001). DFT studies help in understanding the role of surface de-
fects in enhancing the catalytic activity of heterogeneous Fenton re-
actions. Only by the in-depth understanding of the mechanism, further 
improvements in the catalyst performance can be achieved. Recently, 
static and dynamic DFT calculations performed by Hsing-Yin Chen and 
co-workers on the intermediates of Fenton reaction concluded that •OH 
is the predominant species below pH 2.2 (English for Writing Research 
Papers Useful Phrases, 2016). This study also reported that as the pH 
increases from 2.2 to 4.6, iron(IV)-oxo complex [(H2O)5FeIVO]2+ was 
the major complex and at pH >7.9 a deprotonated dihydroxy species, 
[(H2O)3FeIVO(OH)2] was the active intermediate. Nonetheless, the high- 
level ab initio calculations question the presence of dihydroxy species in 
aqueous Fenton reactions and yet there are no reports of the successful 
synthesis and characterisation of [(H2O)3FeIVO(OH)2] species in the 
literature. Likewise, it is essential to explore the electron transfer 
mechanism in the Fenton catalyst by quantum chemical calculations 
(Qin et al., 2017; Vorontsov, 2019). Later the theoretical studies should 
be validated with necessary experimental evidence. 

9. Prospects and future directions 

The lack of standardised procedures for reporting the catalytic activity 
is a major concern in the heterogeneous photo-Fenton process. Different 
groups of researchers use various ratios of concentrations of catalyst: H2O2 
for performing the reactions (See the catalytic activity summarised in 
Table1). Therefore, a standardised procedure for comparing the efficiency 
of the catalyst is inevitable. In many cases, even though the authors argue 
about carrying out the reaction at a neutral pH, the reaction pH changes 
during the experiment. Usually, the pH of the reaction mixture decreases 
due to the formation of smaller degradation products such as oxalic acid, 
formic acid etc (Kuan et al., 2015). Hence, use of buffers and/or continuous 
monitoring of pH is necessary while performing the reaction. Another 
challenge that needs to be addressed is the leaching of iron species from the 
catalyst and deactivation of catalytic sites by the adsorption of impurities 
from wastewater. So, more work is needed to understand catalyst stability 
and longevity as well as technologies that can use the catalyst in a sus-
tainable way. 

2-dimensional (2D) nanomaterials with high surface area have played a 
significant role in various energy and environmental applications. 2D 

materials such as MXene composites are less explored in the Fenton 
chemistry, and a great deal of attention should be paid on them to unveil 
their potential. Also, many of the reports on heterogeneous Fenton catal-
ysis show higher activity in the ultraviolet region of the electromagnetic 
spectrum. Since the sun can be a low-cost source of energy (i.e., depending 
on the technology for capturing and utilizing the radiation) and because of 
its inexhaustible nature, researchers need to target more on the synthesis of 
catalysts which are visible light active and have high activity under visible 
light spectrum. When it comes to the broad-scale application of photo- 
Fenton reaction for water treatment, materials that utilize a broader 
spectrum of sunlight and doing so at high quantum yields will have more 
potential for practical applications. Nowadays, the research community is 
witnessing computer-aided design of various catalysts. So, researchers 
should come forward for applying in silico tools in designing novel catalytic 
materials having excellent activity for photo Fenton reaction (Poree and 
Schoenebeck, 2017). 

The toxicity of nanomaterials is itself a widely debated topic. The 
nanoparticles embedded in different matrices get released into the 
environment, and they interact with the living cells in a dynamic fashion 
(Hamers, 2017). Nanomaterials which are synthesised with distinct 
properties, may undergo chemical changes once they are released into 
the environment. Hence a comprehensive understanding of the inter-
action of nanoparticles with the living matter is necessary for the large- 
scale application of these catalysts and for avoiding any future health 
hazards. Different reports present great achievements in degrading 
various contaminants of emerging concern via Fenton and Fenton-like 
processes, but excellent outcomes in complex wastewater matrices are 
still rare in the literature. So, opportunities for combining heterogeneous 
photo Fenton process with other established wastewater treatment 
technologies should be explored for commercial-scale applications. 

Photo-Fenton reaction is proved to be a promising method for the 
removal of bacterial and fungal pathogens from wastewater (O’Dowd 
and Pillai, 2020; García-Fernández et al., 2012). Also, there are suc-
cessful reports on the removal of MS2 coliphage (bacteriophage having 
similar properties to that of human enteric viruses) from wastewater 
through photo-Fenton treatment (Nieto-Juarez et al., 2010; Ortega- 
Gómez et al., 2015). Nieto-Juarez and Kohn (2013) investigated the fate 
of MS2 coliphage upon photo-Fenton treatment with four commercially 
available iron oxide species (hematite, goethite, magnetite and amor-
phous Fe(OH)3. The study reported 99.9% virus removal by all the iron 
species studied via a photo-Fenton process combined with physical 
removal such as adsorption. A recent study reports the effectiveness of 
homogeneous solar photo-Fenton for inactivation of hepatitis A virus 
(an extremely resistant non-enveloped virus) in water (Polo et al., 2018). 
Since the SARS-CoV-2 is an enveloped virus, which remains more sus-
ceptible to disinfectants compared to a non-enveloped virus (Chu et al., 
2019), photo-Fenton reaction offers the possibility of effectively deac-
tivating SARS-CoV-2 virus present in wastewater. Therefore, future 
studies should aim at identifying suitable heterogeneous Fenton cata-
lysts for virus removal with respect to their inactivation efficiency and 
absorption capacity. The research area of heterogeneous photo-Fenton 
has a lot of room for development, and it has remarkable potential in 
addressing pressing challenges in industrial-scale water treatment. 

10. Conclusions 

Photo-Fenton treatment of wastewater is an evolving technology for 
removing organic, inorganic, and microbial contaminants from water. In 
comparison to the homogeneous Fenton reaction, heterogeneous catalysts 
have displayed great potential for commercial applications in view of their 
wide pH range of application, low sludge formation, and reusability. Along 
with the recent literature reports on the advances in materials for hetero-
geneous Fenton reaction, schematic illustrations in this review provide a 
basic understanding of the electron transfer mechanisms and the formation 
of reactive oxygen species in Fenton reactions. The excellent magnetic 
properties of materials such as ferrites, magnetite, and their composites 
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have enabled significant developments, due to easy separation and reus-
ability of such materials after wastewater treatment. The incorporation of 
plasmonic materials with iron minerals to broaden their visible light ab-
sorption capacity is highlighted as a growing area of research. Various 
supporting materials used in the heterogeneous Fenton catalytic systems 
have a specific role in altering the catalytic activity of the system. Incor-
poration of semiconductor nanoparticles and carbon-based two-dimen-
sional materials with iron minerals to speed-up the electron transfer and Fe 
(II) regeneration has shown promise and is expected to receive more 
attention in the coming years. The higher specific surface area provided by 
graphene-related supporting materials leads to enhanced adsorption of 
pollutants on the Fenton catalytic surface. Pillaring process of clay mate-
rials exposes the active site of the catalyst and the specific hydrophilic 
nature of LDHs assists the interaction of hydrophilic contaminants with 
LDHs. Literature review on studies on the application of Fenton, Fenton- 
like, and photo-Fenton technologies show these processes play important 
role in the inactivation of pathogenic microorganisms and destruction of 
contaminants of emerging concern in various types of wastewaters. Along 
these lines, there is potential for further enhancement of process perfor-
mance when introducing catalysts of good selectivity, synergistic action, 
and versatility for the treatment of various types of source waters/waste-
waters polluted with a variety of pathogenic microorganisms, organic and 
inorganic contaminants of concern. Fe-contained perovskites are seeing 
growing interest in Fenton-like processes, especially on aspects related to 
innovative strategies to dope or modify perovskites materials to achieve 
higher catalytic activity and better process performance. New de-
velopments on the synthesis and applications of MOFs and zeolite mate-
rials, especially for water treatment, demonstrate there have been 
important advances in recent years and point towards further progress, 
especially on topics focused on tailor-designed framework structures with 
improved functionality and higher activity for more efficient Fenton-like 
applications. Zero-valent iron-based technologies have seen huge interest 
in both mechanistic studies and field applications for the treatment of 
numerous pollutants due to the environmental compatibility of iron and 
versatility of the process towards oxidation or reduction reactions. It is 
expected that more applications will be seen in the future, especially if 
challenges on n-ZVI dispersibility, longevity, and reactivity control are 
addressed. The materials which can in-situ produce the H2O2 by a two- 
electron transfer to oxygen and the techniques that improve the H2O2 
utilisation by reducing its self-decomposition can considerably decrease 
the operating cost of the reaction and pave the way for commercial-scale 
applications of Fenton reaction. Therefore, a sea of opportunities is wide 
open in this area for the cost optimisation of the existing technology and to 
develop brand new materials with extraordinary catalytic efficiency. 
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fungi inactivation using Fe 3+/sunlight, H 2O 2/sunlight and near neutral photo- 
Fenton: a comparative study. Appl. Catal. B Environ. 121–122, 20–29. https://doi. 
org/10.1016/j.apcatb.2012.03.012. 

Garrido-Ramírez, E.G., Theng, B.K.G., Mora, M.L., 2010. Clays and oxide minerals as 
catalysts and nanocatalysts in Fenton-like reactions - a review. Appl. Clay Sci. 47, 
182–192. https://doi.org/10.1016/j.clay.2009.11.044. 

Garrido-ramírez, E.G., Theng, B.K.G., Mora, M.L., 2010. Applied clay science clays and 
oxide minerals as catalysts and nanocatalysts in Fenton-like reactions — a review. 
Appl. Clay Sci. 47, 182–192. https://doi.org/10.1016/j.clay.2009.11.044. 

Georgi, A., Schierz, A., Trommler, U., Horwitz, C.P., Collins, T.J., Kopinke, F.D., 2007. 
Humic acid modified Fenton reagent for enhancement of the working pH range. 
Appl. Catal. B Environ. 72, 26–36. https://doi.org/10.1016/j.apcatb.2006.10.009. 
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Ramirez, J.H., Maldonado-Hódar, F.J., Pérez-Cadenas, A.F., Moreno-Castilla, C., 
Costa, C.A., Madeira, L.M., 2007. Azo-dye Orange II degradation by heterogeneous 
Fenton-like reaction using carbon-Fe catalysts. Appl. Catal. B Environ. 75, 312–323. 
https://doi.org/10.1016/j.apcatb.2007.05.003. 

N. Thomas et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.apcatb.2016.08.048
https://doi.org/10.1016/j.jcis.2014.12.027
https://doi.org/10.1016/j.jcis.2014.12.027
https://doi.org/10.1163/156856707779238775
https://doi.org/10.1163/156856707779238775
https://doi.org/10.1016/j.envres.2019.108750
https://doi.org/10.1016/j.chemosphere.2009.07.007
https://doi.org/10.1016/j.jclepro.2017.10.091
https://doi.org/10.1021/acscatal.6b03334
https://doi.org/10.1016/j.watres.2018.01.064
https://doi.org/10.1016/j.watres.2018.01.064
https://doi.org/10.1016/j.apcatb.2015.04.003
https://doi.org/10.1016/j.apcatb.2015.04.003
https://doi.org/10.1016/j.apcatb.2010.07.006
https://doi.org/10.1016/j.apcatb.2010.07.006
https://doi.org/10.1002/cssc.201100216
https://doi.org/10.1021/acsami.6b16839
https://doi.org/10.1021/acsami.6b16839
https://doi.org/10.1016/j.desal.2012.05.011
https://doi.org/10.1016/j.desal.2012.05.011
https://doi.org/10.1039/c5ra02023a
https://doi.org/10.1039/c5ra02023a
https://doi.org/10.1039/c3ra46969g
https://doi.org/10.1007/s11356-017-0481-5
https://doi.org/10.1039/c3pp25314g
https://doi.org/10.1021/es903739f
https://doi.org/10.1021/es903739f
https://doi.org/10.1016/j.jhazmat.2015.03.065
https://doi.org/10.1016/j.clay.2010.12.007
https://doi.org/10.1016/j.apcatb.2004.11.006
https://doi.org/10.1016/j.jphotochemrev.2015.06.001
https://doi.org/10.1016/j.scitotenv.2010.08.061
https://doi.org/10.1016/j.apcatb.2015.03.016
https://doi.org/10.1016/j.apcatb.2015.03.016
https://doi.org/10.1016/j.advwatres.2012.02.005
https://doi.org/10.1016/j.jece.2020.104063
https://doi.org/10.1021/cr200205j
https://doi.org/10.1016/j.jhazmat.2020.122072
https://doi.org/10.1039/c5nr06509g
https://doi.org/10.1039/c5nr06509g
https://doi.org/10.1016/j.watres.2011.12.059
https://doi.org/10.1016/j.watres.2011.12.059
https://doi.org/10.1016/j.apcatb.2012.05.036
https://doi.org/10.1016/j.apcatb.2012.05.036
https://doi.org/10.1016/j.apcatb.2003.09.010
https://doi.org/10.1016/j.apcatb.2003.09.010
https://doi.org/10.1180/claymin.2012.047.3.01
https://doi.org/10.1180/claymin.2012.047.3.01
https://doi.org/10.1016/j.apcatb.2005.11.013
https://doi.org/10.1016/j.apcatb.2005.11.013
https://doi.org/10.1016/j.jphotochem.2016.01.030
https://doi.org/10.1016/j.jphotochem.2016.01.030
https://doi.org/10.1016/j.watres.2016.01.013
https://doi.org/10.1016/j.watres.2016.01.013
https://doi.org/10.1007/s12560-018-9339-3
https://doi.org/10.1021/cr100230z
https://doi.org/10.1021/cr100230z
https://doi.org/10.1021/acs.accounts.6b00606
https://doi.org/10.1021/acs.accounts.6b00606
https://doi.org/10.1016/j.jclepro.2013.09.013
https://doi.org/10.1039/c3ra23088k
https://doi.org/10.1039/c3ra23088k
https://doi.org/10.1039/c3cs60394f
https://doi.org/10.1016/j.apcatb.2018.05.074
https://doi.org/10.1016/j.apcatb.2018.05.074
https://doi.org/10.1021/acsami.7b03310
https://doi.org/10.1021/acs.chemrev.9b00107
https://doi.org/10.1016/j.jiec.2014.05.005
https://doi.org/10.1016/j.jclepro.2013.09.013
https://doi.org/10.1006/jcis.2001.8194
https://doi.org/10.1016/j.apcatb.2007.05.003


Journal of Hazardous Materials 404 (2021) 124082

21

Rasheed, H.U., Lv, X., Zhang, S., Wei, W., Ullah, N., Xie, J., 2018. Ternary MIL-100(Fe) 
@Fe3O4/CA magnetic nanophotocatalysts (MNPCs): magnetically separable and 
Fenton-like degradation of tetracycline hydrochloride. Adv. Powder Technol. 29, 
3305–3314. https://doi.org/10.1016/j.apt.2018.09.011. 

Rincon, A.G., Pulgarin, C., 2006. Comparative evaluation of Fe3+ and TiO2 
photoassisted processes in solar photocatalytic disinfection of water. Appl. Catal. B 
Environ. 63, 222–231. https://doi.org/10.1016/j.apcatb.2005.10.009. 

Rodríguez-Chueca, J., Mosteo, R., Ormad, M.P., Ovelleiro, J.L., 2012. Factorial 
experimental design applied to Escherichia coli disinfection by Fenton and photo- 
Fenton processes. Sol. Energy 86, 3260–3267. https://doi.org/10.1016/j. 
solener.2012.08.015. 

Rodriguez-Chueca, J., Polo-Lopez, M.I., Mosteo, R., Ormad, M.P., Fernandez-Ibanez, P., 
2014. Disinfection of real and simulated urban wastewater effluents using a mild 
solar photo-Fenton. Appl. Catal. B Environ. 150, 619–629. https://doi.org/10.1016/ 
j.apcatb.2013.12.027. 

Ruales-lonfat, C., Barona, J.F., Sienkiewicz, A., Bensimon, M., Vélez-colmenares, J., 
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