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ARTICLEINFO ABSTRACT

Keywords: Organophosphates have been identified as an emerging group of contaminants in wastewater with significant

Wastewater negative human health effects. Due to their persistence in the watershed, soil, and the food chain, their degradation

Organophosphates during wastewater treatment and before the release has garnered significant interest. Advanced oxidation processes

g::ig:ls enable the degradation of organophosphates with high conversion and fast kinetics. Photo-Fenton and photo-
Fenton-like processes utilize a light source to initiate the Fenton reaction and produce reactive oxygen species that
are required for the reaction propagation. While homogeneous catalysts have been studied extensively,
heterogeneous catalysts are emerging due to their ease of use, separation, and recycling. This review provides a
summary of the current progress made in the field of organophosphate degradation using a heterogeneous photo-
Fenton-like process when compared to the homogeneous process and highlights the need for the rational
photocatalyst design as well as suggests future directions of research, including utilizing wastewater feeds that
represent real-world compositional complexity as well as providing molecular-level catalytic process insights to
better understand limitations of these catalysts.

Introduction such as advanced oxidation processes (AOPs), to achieve near-complete

The population growth and increased urbanization have posed
significant new challenges for both wastewater treatment and resource
recovery (Kehrein et al., 2020). Wastewater from agricultural, industrial
and urban sources presents a significant threat to human health, if not
treated properly (Tufail et al., 2020; Ye et al., 2012). Due to the large
variability in chemical properties stemming from the large diversity of the
functional groups within the single-molecule, organophosphates have
become widely used as herbicides, flame retardants, insect repellants,
plasticizers and defoamers. For example, in 2013 up to 30 % of the flame
retardants produced were organophosphates (Zhong et al., 2020). The
contamination of soil and aquatic ecosystems with these organo-
phosphates inevitably leads to these molecules entering human bodies
(Bekele et al., 2019; Stasinska et al., 2014). Due to their resulting
increased influx into the environment that has the potential to afflict great
harm to human health (Bekele et al., 2019; Tran et al., 2018),
organophosphates have received particular attention as emerging
environmental contaminants. Designing methods to eliminate these
trace organic substances from wastewater is a vital part of addressing the
global challenges of water and food security (Environmental Engineering
for the 21st Century, 2019). While biological degradation methods can
successfully remove most organic molecules from wastewater, the
recalcitrant organophosphates require chemical degradation methods,
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conversion.

The Fenton process, reported by HJH Fenton first in 1894, utilizes
aqueous Fe(Il) in combination with H,0, to partially oxidize organics,
such as tartaric acid in the original report (Fenton, 1894). This process has
proven to be highly effective towards degrading organics in wastewater
and has been extensively studied. While homogeneous Fenton chemistry
is highly effective at low pH values of the solution, the significant loss in
efficiency at higher pH occurs while a large amount of sludge is
accumulated after the coagulation stage to remove aqueous iron
(Andreozzi et al., 1999). Thus, the use of a heterogeneous catalyst can
lead to a more sustainable catalyst separation and reuse, while operating
under less extreme pH conditions (Munoz et al., 2015). A Fenton-like
process refers to the reaction initiated using the Fe(III) source, instead of
the traditional Fenton reaction which is initiated using the Fe(Il) source
(Wang, 2008). Fe-based heterogeneous catalysts have been reported in
the literature since iron can alternate between Fe(III) and Fe(II) oxidation
states during the redox cycle, required for a Fenton-like process (Munoz
et al., 2015; Pereira et al., 2012; Sun et al., 2019). Since iron is an
abundant material, a low-cost catalyst can be fabricated. The H,0,
consumption is dependent on both the target pollutant concentrations
and the concentration of dissolved organic matter (DOM) in the
wastewater influent (effects of DOM on this process will be discussed
in a later section). Finally, external energy sources such as light,
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electricity, or sonication, have been utilized to improve the efficiency of
the heterogeneous catalysts (Dindarsafa et al., 2017; Wang et al., 2014;
Zhu et al., 2019). Fig. 1 shows the homogeneous photo-Fenton and
heterogeneous photo-Fenton-like process used for glyphosate degrada-
tion based on findings reported by Chen et al. (Chen et al., 2007).

While some work has been performed on organophosphate degrada-
tion using a heterogeneous catalyst based AOPs, there are gaps in
knowledge of the design of the heterogeneous catalysts. Further, to our
knowledge, no pilot-scale studies of organophosphate removal from
wastewater feedstock with complex composition approaching that of real
wastewater streams have been reported and no corresponding process
design work has been reported using heterogeneous catalysts. This review
aims to present a concise state of the art on Fe-based photo-Fenton and
photo-Fenton-like catalysts for the removal of emerging organophos-
phates in wastewater and to provide future research directions to expand
the understanding of this field.

Organophosphates as emerging wastewater contaminants

Organophosphates have emerged in the past two decades as
widespread contaminants in soil and watershed posing a significant
toxicological threat to aquatic ecosystems, soil and human health (Ji
et al., 2019). Table 1 shows a compiled list of organophosphates from
various sources that have been detected in water streams across the globe.

Homogeneous
Photo-Fenton Process
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In particular, the widespread use of organophosphates in applications
such as flame retardants, plasticizers, defoamers, and herbicides have
caused significant leaching of this contaminant into aquatic environ-
ments through both municipal and industrial wastewater streams, as well
as agricultural runoff (Cristale et al., 2013; Meyer and Bester, 2004; Yang
et al.,, 2019). Wastewater discharged from factories and wastewater
treatment plants (WWTP), as well as atmospheric deposition, are key
pathways for organophosphates to enter aquatic ecosystems (Cristale
et al., 2013; Meyer and Bester, 2004; Regnery and Piittmann, 2010).
Many consumer products, such as furniture, electronics, textiles, carpets,
as well as materials used in building insulation, can be significant sources
of organophosphate leaching into the environment during the produc-
tion, use, and recycling (Blum et al., 2019; Someya et al., 2016; Yang
et al., 2019). Recent observations suggest that some organophosphates
can cause serious health issues in humans, including impairments to
metabolism, immunity, endocrine activity, cognitive functions, as well as
other neurological issues due to the long-term exposure (Naughton and
Terry, 2018). Notably, organophosphate flame retardants are added to
materials to act as flame retardants, which indicates that the
organophosphate is not chemically bonded to the materials (van der
Veen and de Boer, 2012). This can lead to their higher leaching possibility
compared to a chemically bonded (reactive) flame retardant (van der
Veen and de Boer, 2012). Chlorinated organophosphates, such as TCEP
and TDCPP, used as additive flame retardants, have been reported to be
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Fig. 1. Homogeneous photo-Fenton and heterogeneous photo-Fenton-like processes for the degradation of organophosphate glyphosate based on findings by Chen et al.

(Chen et al., 2007).
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Table 1
Emerging organophosphorus contaminants and their mean concentrations in the respective waste streams.
Contaminant Use Concentration Source
(ng/
Tris-(2-chloroethyl) phosphate (FR), (P) 0.352-1400 Municipal WWTP (USA) (Kim et al., 2017), Municipal WWTP (Germany) (Fries and Piittmann, 2003),
(TCEP) Household WW (USA) (Schreder and La Guardia, 2014), WWTP (Germany) (Meyer and Bester, 2004)
Tributyl phosphate (TBP) (D), (FR), 622—-13000 Municipal WWTP (Germany) (Fries and Piittmann, 2003), STP (Sweden) (Marklund et al., 2005)
(P), (HO)
Tris(2-butoxyethyl)phosphate (FR) 2955-30100 Municipal WWTP (USA) (Kim et al., 2017), WWTP (Germany) (Meyer and Bester, 2004), Municipal
(TBEP) WWTP (Germany) (Fries and Piittmann, 2003)
Tris(1-chloro-2-propyl)phosphate (FR) 123-5120 Municipal WWTP (USA) (Kim et al., 2017), WWTP and river water (China)(Li et al., 2020c)
(TCIPP)
Tris-(1,3-dichloropropyl)phosphate (FR) 3480 Household WW (USA) (Schreder and La Guardia, 2014)
(TDCPP)
Tris- (FR) 20.1 Municipal WWTP (USA) (Kim et al., 2017)
(methylphenyl) phosphate
(TMPP)
Triethyl phosphate (TEP) (FR) 121-501 Municipal WWTP (USA) (Kim et al., 2017)Municipal WWTP (Austria) (Martinez-Carballo et al., 2007)
Tri-propyl phosphate (TPP) (FR), (P) 21.2 Municipal WWTP (USA) (Kim et al., 2017)
Bis(1,3-dichloro-2-propyl) (FR) 2900 Municipal WWTP (USA) (Kim et al., 2017)
phosphate (BDCIPP)
Triphenylphosphine oxide (TPPO) (S), (FR) 70.6 — 142 WWTP (China) (Li et al., 2020c¢)
Tri n-butyl phosphate (TnBP) (E), (P) <1 WWTP Influent (USA) (Kolpin et al., 2006)
Tris(2,3-dibromopropyl)phosphate (FR) 449 Municipal WWTP (USA) (Kim et al., 2017)
(TDBPP)
Tris(2- ethylhexyl)phosphate (P), (FR), (S) 392 Municipal WWTP (USA) (Kim et al., 2017),
(TEHP)
Malathion (PC) 1.15 x 107 Agrochemical plant effluent (Zhang and Pagilla, 2010)
p.p’-1,3-phenylene p,p,p’,p'- (FR) 462 Municipal WWTP (USA) (Kim et al., 2017)
tetraphenyl ester phosphate
(PBDPP)
Glyphosate (HC) <8300 WWTP influent (USA) (Kolpin et al., 2006), WWTP Influent (Switzerland) (Poiger et al., 2020)
Aminomethylphosphonic acid Glyphosate <3900 WWTP influent (USA) (Kolpin et al., 2006)
(AMPA) metabolite

(D) - defoamer, (FR) — flame retardant, (HC) — herbicide, (P) - plasticizer, (S) — solvent, (E) — extractant, (PC) - pesticide, WWTP — waste water treatment plant, STP —

sewage treatment plant.

toxic and carcinogenic (Kim et al., 2017). Other organophosphates, such
as TBP, TPP, and TnBP, are predominantly used as plasticizers in floor wax
and vinyl plastics, as well as defoaming agents (Regnery and Piittmann,
2010). These compounds have been detected in the concentration range
of 10—870 ppb in river water in Germany (Andresen et al., 2004;
Marklund et al., 2003). Ubiquitous in the environment, flame retardants
in trace quantities have been shown to have negative effects on
reproductive health, asthma and allergy-related diseases, and children’s
health (Doherty et al., 2019).

Herbicides and pesticides are other two important classes of
organophosphate molecules provided the expansion in agriculture in
the past several decades. These molecules are prevalent in agricultural
runoff. Since agricultural runoff is a non-point source for organo-
phosphates, treatment via a catalytic process is unfavorable. However,
recent studies report the detection of some organophosphates typically
used in agricultural applications in urban WWTPs and industrial
wastewater, where catalytic treatment can be feasibly implemented
(Ghanem et al., 2007; Kolpin et al., 2006). Malathion is a notable
pesticide that has been detected in wastewater and has adverse effects on
aquatic ecosystems (Relyea, 2009; Zhang and Pagilla, 2010). A widely
used broad-spectrum herbicide glyphosate (included in RoundUp) has
also been proven to have significant health effects, with a recent study
showing that glyphosate and its harmful metabolites (e.g. amino-
methylphosphonic acid, AMPA) can accumulate in soil and lead to
antibiotic resistance in the soil microbiome (de Castilhos Ghisi et al.,
2020; Riches, 2015; Van Bruggen et al., 2018). This antibiotic resistance
can transfer from the soil to other ecosystems via run off of these
microbiome species into wastewater, posing another severe issue caused
by the application and accumulation of organophosphate-based herbi-
cides into the environment. Finally, since fertilizer derived from the
sludge resulting from wastewater treatment is utilized in agriculture, the
presence of organophosphates in trace amounts raises the issue of them

being taken up by the crops and resulting in the food chain (Eggen et al.,
2013). Studies have shown that organophosphates have been detected in
human blood, placenta, and milk which indicates that there is a possibility
of organophosphates transferring over to newborns (Chen et al., 2012;
Greaves and Letcher, 2014). The persistence of organophosphates and
their abundance in daily use make this class of materials an emerging
hazard that warrants significant research to better understand their
successful environmental remediation.

Photo-Fenton-like catalyst design for organophosphate degradation

Both homogeneous and heterogeneous Fe-based catalytic systems
have been used for the degradation of organophosphates in wastewater.
Homogeneous Fenton reaction is the most efficient around pH ~ 3,
which can be challenging to implement at a large scale (Zhu et al.,
2019). This limitation is due to the precipitation of iron from the
aqueous phase at higher pH values. By adding chelating agents that
prevent iron from precipitating, homogeneous Fenton studies have
been conducted at near-neutral pH conditions in recent literature
(O’Dowd and Pillai, 2020). A significant drawback of homogeneous
Fenton processes is the accumulation of sludge after the iron removal
step. To circumvent this issue, heterogeneous catalysts have recently
been used since they offer better separation and reusability and do not
generate sludge waste.

The Fenton process is comprised of three stages. Namely, (1)
initiation, where reactive ROS (reactive oxygen species) species are
generated, (2) propagation, where the radical species interact with
contaminant molecules to break down bonds and (3) termination, where
radical species combine and cease to be active (Vorontsov, 2019). The
interfacial mechanism and rate constants have been discussed in depth in
previous reviews (He et al., 2016; Zhu et al., 2019). Egs. (1) and (2) show
the reactions between each Fe-species and H,0, to generate a reactive
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oxygen species (ROS) and their respective reaction rate constants (Zhu
et al., 2019).

Fe(Il) + HyO — Fe(Ill) + HO® + OH k = 40 —80M 157! €))

Felll) + H,05 — Fe(Il) + HO} + H'k = 0.001 —0.01M's™!  (2)

It is evident from the vast difference in the rate constants for these
chain propagation steps in the Fenton process that Fe(II) is desired as the
starting material in the catalyst. However, in the case of materials such as
hematite (at-Fe,03) or other Fe(III) based catalysts, a light source with the
wavelength matching the ligand to metal charge transfer (LMCT) band
position can photo-reduce the Fe(III) to Fe(II) (Giannakis, 2019; Herney-
Ramirez et al., 2010; Pignatello et al., 2006; Ruales-Lonfat et al., 2015).
This reduction allows for the step with the higher rate constant to initiate
the reaction. Heterogeneous catalyst design should focus around iron
active site property tuning to efficiently absorb light and produce the Fe
(ID) site required to initiate the reaction while offering stability, high
recyclability and minimal loss inactivity. This suggests that key catalyst
design parameters are (a) active iron surface site coverage (the
concentration of the surface-active sites), (b) the reducibility of the Fe
(III) site, as well as (c) the ability to tune the bandgap of the catalyst
material. Bulk iron oxides, such as hematite, goethite, and magnetite have
band gap values of 2.2, 2.5 and 0.1 eV respectively (Zhu et al., 2019),
suggesting they have the potential to undergo charge transfer necessary
while also serving as catalyst materials. Similarly, the bandgap of any
catalyst supporting material can also play a key role in the activity given
that typical supports, such as TiO,, AgsPO4, and BiVO,, can generate
electrons necessary for the Fe(III) to Fe(II) reduction (Xu et al., 2017,
2016a, 2016b; Zhu et al., 2019). Further promotion of the catalytic site
activity has been reported in the heterogeneous Fenton literature by
adding electron-rich materials to the catalyst, such as carboxylate ligands
(Hou et al., 2016; Huang et al., 2017; Wang et al., 2011; Zhang et al.,
2014), combining with carbon materials such as graphene oxide or C3N4
(Qian et al., 2018; Qin et al., 2018; Zubir et al., 2015), as well as nano
zerovalent iron (nZVI) (Shi et al., 2014; Xi et al., 2014). The addition of
such electron-rich species to the catalyst is intended for faster reduction
from Fe(III) to Fe(II) by providing the electron for the reduction step
which accelerates the overall reaction rate. However, Hou et al. have
reported that the carboxylate ligand ascorbate when used with hematite
causes reductive dissolution, leading to homogeneous Fenton reaction
dominating at low pH (Hou et al., 2016). While Hou et al. have
hypothesized the possibility of an adsorbed surface iron-ascorbate
complex, this has not been confirmed with experimental evidence (Hou
et al.,, 2016). Studying the surface of the catalyst under operating
conditions can be challenging via spectroscopic methods and thus,
elucidating the structure of the active site with such carboxylate
promotors with experimental evidence has not yet been accomplished
to the best of our knowledge. The reduction potential of carboxylic acids is
much lower than that of Fe(III) to Fe(II) and, for example, ascorbate ion in
particular promotes Fe(III) reductive dissolution (Hou et al., 2016; Huang
et al., 2017) to generate peroxy radical, the process favored at low pH.
However, solid-phase iron sites with bulky surface-bound ligands may
potentially be less accessible to H,O, reaction or contaminant adsorption.
Hence the tradeoff between the modification of the surface with easily
reducible organic molecules, such as those containing carboxylate
moieties, to achieve enhanced catalytic activity vs any negative steric
effects that prevent organophosphate molecule adsorption/reactions
need to be investigated. Systematic studies that include outer- vs inner-
sphere bonding, solution pH, carboxylic moiety number, molecule steric
hindrance, bulk and surface concentration of both reducible organic
molecules and organophosphates need to be considered. This suggests
that theoretical calculations of adsorption of organophosphates on such
iron centers with chelating agents in comparison to bulk iron oxides is an
important avenue of future research. Related key consideration is tuning
of the exposed crystal facet since the radical production efficiency using
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H,0, is facet dependent on hematite and CuFeO, nanocatalysts (Dai et al.,
2018; Huang et al., 2019, 2018).

From the catalytic material point of view, several heterogeneous
catalysts have been reported for this reaction as both bulk catalysts and
supported catalysts (Feng et al., 2004; Li et al., 2020a; Zhu et al., 2019).
Bulk iron oxides are an abundant and cost-effective catalyst for this
reaction but, the low surface area and lower number of exposed sites
reduce efficiency. Supported iron oxides can be used to take advantage of
higher dispersion over a high surface area support, which increases the
number of exposed sites and uses less iron precursor. The higher support
surface area and porosity lead to more favorable transport properties and
utilizing highly insoluble support it is possible to synthesize a stable
catalyst that can be recycled. Such an example is SBA-15, which has been
reported as support for iron oxide in the heterogeneous Fenton literature
(Lim et al., 2006; Shukla et al., 2010). These design parameters can be
effectively characterized using techniques shown in Fig. 2. N,
physisorption and Brunauer-Emmett-Teller (BET) theory are typically
used for surface area characterization, while the Barrett-Joyner-Halenda
(BJH) method is used for pore characterization. Physical properties such
as particle morphology (characterized via SEM and TEM) as well as crystal
facet characterization (characterized via TEM) are important aspects in
studying the performance of the catalyst. The surface information gained
by LEIS, XPS, or ToF-SIMS, as well as the electronic and molecular
structure information from UV-vis DRS and XAS, are also critical for
rational catalyst design (Fig. 2). The results of these key characterization
techniques are not always present in current photo-Fenton work. In
particular, presenting UV-vis spectra for catalysts is important since it
provides insights on which light source to utilize and the range of
wavelengths being absorbed. Providing the UV-vis DR spectra and
specifying the LMCT band position as well as the region of light absorption
is important in understanding the efficiency of a photocatalyst. In the
organophosphate degradation literature several studies have not
provided UV-vis DR spectra for their catalysts, thus providing incomplete
characterization of the used photocatalytic systems (Yang et al., 2018;
Zhang et al., 2019).

Table 2 lists previously designed catalytic systems of photo-Fenton
and photo-Fenton-like processes reported in the literature for the
degradation of organophosphates. In contrast to the number and
diversity of organophosphates reported in Table 1, it is evident that
not many organophosphates have been degraded using the photo-Fenton
process. Homogeneous catalysts have been chiefly used for the herbicide
glyphosate and pesticide fenitrothion, diazinon, profenofos, and
malathion degradation (Badawy et al., 2006; Chen et al., 2007; Huston
and Pignatello, 1999; Serra-Clusellas et al., 2019; Souza et al., 2013; Tran
etal., 2019). All homogeneous reactions were conducted at pH values in
the range of 2.8—6. By utilizing oxalate ions which form complexes with
Fe(IIl), broader pH ranges have been explored (Chen et al., 2007). While
these studies discuss the performance of the homogeneous systems, they
do not discuss in detail the practical concerns, such as catalyst separation,
which have important environmental and economic implications in
sludge production and catalyst cost.

On the other hand, heterogeneous Fe-based catalysts that operate at
low pH values are susceptible to dissolution and iron leaching. The
leached iron will perform homogeneous Fenton chemistry but, the overall
goal of a heterogeneous catalyst is for the reaction to occur via the
heterogeneous pathway utilizing a surface reaction. At pH 3, goethite has
been shown to leach iron which in turn performs homogeneous Fenton
(Lu, 2000; Lu et al., 2002). To avoid this issue, neutral or higher pH values
can be utilized for heterogeneous Fenton processes since it has been
reported that above pH 7.5 no soluble iron is detected with ICP-MS
(Ruales-Lonfat et al., 2015; Sulzberger and Laubscher, 1995). However, a
small fraction of iron dissolution may be unavoidable due to the organic
acids that are intrinsically present in wastewater. Therefore, a
combination of dissolved and surface iron performing Fenton degrada-
tion via competing kinetics and mechanisms will take place but, is
typically poorly described or accounted for in the current literature. Yang
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Fig. 2. Catalyst design considerations and characterization methods for heterogeneous photo-Fenton-like catalysts.

Table 2
Literature reported catalysts, process conditions and the resulting conversions of Fenton and Fenton-like processes used for the treatment of organophosphates.
Catalyst Method and process conditions Target organophosphate(s) (Conversion) Source
Fe(IDaq) Homogeneous Photo-Fenton (100 < \ < 280 nm, room temperature, Fenitrothion (86.9 %)Diazinon (56.7 %) (Badawy et al., 2006)
50 ppm contaminant concentration, COD:H,0, = 1:2.1, 30 min Profenofos (89.7
reaction time) %)
Fe(IDaq) Homogeneous Electro-Fenton (carbon cathode and Pt anode, 0.05 M - Glyphosate (91.9 %) (Tran et al., 2019)
0.4 M glyphosate, pH 2—6)
Fe(IDaq) Homogeneous Photo-Fenton (295 < \ < 815 nm, pH = 2.8, 40[], 100 Glyphosate (~100 %) (Souza et al., 2013)

ppm glyphosate)
Fe(ID) aqy/Fe(IID (aq)

Homogeneous Photo-Fenton (solar radiation ~3 mW/cm?, 25[], pH =

Glyphosate (~100 %)AMPA (70 %-80 (Serra-Clusellas et al.,

2.8) %) 2019)
Fe(Ill) (aq) Homogeneous Photo-Fenton-like (300 < \ < 400 nm, 25[], pH = 2.8, Malathion (94 %, TOC loss 0 %) (Huston and Pignatello,
contaminant concentration 0.0002 M) 1999)
Fe(III)(ﬂq)/CZOf’ Homogeneous Photo-Fenton-like (A > 365 nm, 22 0, pH = 3.5, Glyphosate (60 % PO,>~ release) (Chen et al., 2007)

concentration =5 ppm)
Goethite (FeOOH)

Heterogeneous Photo-Fenton-like (Power 20.8 mW/cm?, 390 < \ <

Glyphosate (39.7 %) (Zhang et al., 2019)

800 nm, 25 [], pH = 3.5, contaminant concentration 10 ppm)

Goethite (FeOOH) and
Magnetite (Fe304) nm)

Ag/Fe;03 mesocrystals

MIL-101(Fe)

Heterogeneous Photo-Fenton-like (UV: 275 nm, Visible: 350-1100

Heterogeneous Photo-Fenton-like (Xenon lamp N < 420 nm)
Heterogeneous Photo-Fenton-like (20.8 mW/cm?,15 [] - 35 [)

Glyphosate (Goethite 69 % and Magnetite
76 %)

Glyphosate (50 %)

tris(2-chloroethyl) phosphate (90 %)

(Yang et al., 2018)

(Chen et al., 2016)
(Hu et al., 2019)

et al. demonstrated the use of goethite and magnetite for glyphosate
degradation using a 10 ppm glyphosate concentration with a 400 ppm
catalyst loading (Yang et al., 2018). At pH 9, goethite and magnetite were
reported to have initial dissolved iron concentrations of 14 and 87 ppb,
respectively, while the same catalysts at pH of 3 resulted already in 53 ppb
and 198 ppb iron leaching out (Yang et al., 2018). This shows that basic
conditions are indeed preferable to minimize iron loss even though
dissolved iron can enhance the reaction rate. The case of goethite and
oxalate reported degrading glyphosate showed that a significant amount
of Fe(Il) was released into the solution due to the low pH of 3.5, which
enhanced the reaction rate (Zhang et al., 2019). This dissolution is
problematic since the degradation process in turn adds Fe(II) ions to the

wastewater. The study of goethite and magnetite utilization for
glyphosate degradation showed that heterogeneous catalysts can result
in relatively high contaminant conversion with no detectable iron
leaching (Yang et al., 2018). Using computational methods, authors
showed that the C—P bond is readily cleaved by ROS when glyphosate
adsorbs on the iron oxide surface. Magnetite was shown to have
significantly higher reaction rates due to the presence of both Fe(II) and Fe
(III), in contrast to goethite, which is primarily Fe(III). Chen et al. reported
hematite mesocrystals promoted with Ag for glyphosate degradation with
50 % PO,>~ liberation into the solution (Chen et al., 2016). The study
compared unpromoted hematite mesocrystals with promoted mesocrys-
tals to show that the PO,>~ liberation can increase from 22 % to 50 % and
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that after 2 h of reaction only 0.2 wt% of iron leached out (Chen et al.,
2016). However, this material exhibits low surface area (17.9 m?/ 2)
which could limit its efficiency due to the low dispersion of the catalytic
sites. Finally, the metal-organic framework MIL-101(Fe) has been
reported as a highly effective catalyst for glyphosate degradation (Hu
etal., 2019). The MIL-101(Fe) catalyst showed low iron leaching at pH 3.0
but higher leaching behavior at higher pH values (Hu et al., 2019). This
special behavior in MOFs consisted of carboxylate ligands can be
attributed to their lower stability in basic conditions (Hu et al., 2019;
Yuan et al., 2018). This catalyst degraded 90 % of TCEP in deionized
water but, due to radical scavenging species present in actual effluents,
the efficiency was reduced for TCEP in real wastewater (Hu et al., 2019).
This report shows the importance of testing both in deionized water as a
controlled environment to understand the catalyst and the need for the
real effluent studies to provide reaction condition optimization for real-
world applications. The effect of dissolved organic matter (DOM) on this
reaction is of particular importance due to the composition of real-world
wastewater (Gonsior et al., 2011; Imai et al., 2002). Previous literature
has discussed the inhibition of hydroxyl radical reactions with aromatics
in water containing DOM, indicating that pure water studies would lead
to optimal H,O, and catalyst doses that are lower than the optimal
conditions for real-world wastewater, and that the require reaction times
would also be longer (Lindsey and Tarr, 2000). Previous studies show that
Fenton processes that do not achieve full mineralization lead to
significant changes in the DOM species distribution, showing that the
operating conditions of the Fenton process should be tailored to achieve
full oxidation or produce a known distribution of products aimed at a
secondary treatment process such as biological or adsorption treatment
(He et al., 2015; Mantzavinos and Psillakis, 2004).

Two key steps in the mechanism of heterogeneous photo-Fenton-like
processes discussed in the literature are adsorption of the contaminant on
the catalyst surface and subsequent reaction with ROS (Zhang et al.,
2019). In a study utilizing goethite and oxalate ions, the authors claimed
that adsorbed tetracycline was easily degraded while adsorbed glypho-
sate was not easily degraded (Zhang et al., 2019). However, the lack of
clear experimental evidence from spectroscopic methods poses the issue
of decoupling the effects of adsorption and degradation. For organic
molecules that only contain C, H, and O, the products are CO, and H,O,
provided sufficient ROS are generated. In the case of organophosphates, P
leads to the production of PO,>~. Materials, such as glyphosate, that also
contain N can lead to the production of NOs- or NH,*, as shown using
computational methods (Yang et al., 2018). At higher pH values, the
liberated PO,>~ may adsorb on the catalyst due to the affinity of iron
oxides to adsorb PO,* ions (Wang et al., 2018), potentially affecting the
overall process performance. The soluble ions, such as NOs-, do not
adsorb on the catalyst but pose an additional challenge of removal when
present a low concentration ppb level.

Future research directions

The growth in the industrial manufacturing process scale, increased in
population and urbanization, as well as the growth in agricultural
outputs, has caused significant detrimental effects on the environment.
Organophosphates destroy aquatic ecosystems, as well as present long-
term issues to human health via water and soil exposure. Encroachment of
organophosphates in the food chain suggests the need of exploring viable
and effective treatment routes to reduce the organophosphate concen-
trations entering the watershed (Li et al., 2020b; Melgar et al., 2010;
Pagliuca et al., 2006; Salas et al., 2003). With wastewater facilities
transitioning away from discarding the wastewater and towards reusing
and recovering water and nutrients contained therein, developing highly
efficient AOPs becomes a research avenue of vital importance. To
facilitate reuse of the wastewater for irrigation or gardening, it is critical
that no harmful intermediates are produced during the AOP process and
this problem has not been fully addressed when using photo-Fenton-like
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degradation of organophosphates (Vilé, 2020). As discussed in this
review, the use of heterogeneous photocatalysts can be viewed as
advantageous due to milder process conditions than the homogeneous
process, better catalyst reusability, and lack of sludge production. While
quite a few heterogeneous catalysts have been reported for dye and model
contaminant molecule degradation under ideal conditions, there is a need
for research utilizing wastewater feedstocks that are representative of
real-world conditions, as well as for the measured reaction kinetics for the
organophosphates reported in this review. Furthermore, by utilizing
these kinetic insights, pilot-scale process design work must also begin de
novo with environmental sustainability and economic feasibility in mind.
Recent mechanistic studies have been performed to provide molecular
insights of the heterogeneous photo-Fenton-like process using Density
Functional Theory calculations, which indicates that computational
methods are only recently emerging tool of paramount importance in
understanding molecular-level insights for the degradation process of
these complex molecules (Li et al., 2020a; Vorontsov, 2019). Therefore,
this field offers a wide variety of opportunities to (a) improve the catalytic
material design and characterization, (b) obtain further mechanistic
insights, and (c) design large-scale processes with life-cycle assessment
and techno-economic analysis.
Declaration of Competing Interest
The authors declare no conflicts of interest.

Acknowledgments

This material is based upon work supported by the National Science
Foundation under Grant No. CHE 1710120.

References

Andreozzi, R., Caprio, V., Insola, A., Marotta, R., 1999. Advanced oxidation processes
(AOP) for water purification and recovery. Catal. Today 53, 51-59. https://doi.org/
10.1016/50920-5861(99)00102-9.

Andresen, J.A., Grundmann, A., Bester, K., 2004. Organophosphorus flame retardants and
plasticisers in surface waters. Sci. Total Environ. 332, 155-166. https://doi.org/
10.1016/j.scitotenv.2004.04.021.

Badawy, M.I.,, Ghaly, M.Y., Gad-Allah, T.A., 2006. Advanced oxidation processes for the
removal of organophosphorus pesticides from wastewater. Desalination 194, 166-175.
https://doi.org/10.1016/j.desal.2005.09.027.

Bekele, T.G., Zhao, H., Wang, Q., Chen, J., 2019. Bioaccumulation and trophic transfer of
emerging organophosphate flame retardants in the marine food webs of Laizhou Bay,
North China. Environ. Sci. Technol. 53, 13417-13426. https://doi.org/10.1021/acs.
est.9b03687.

Blum, A., Behl, M., Birnbaum, L.S., Diamond, M.L., Phillips, A., Singla, V., Sipes, N.S.,
Stapleton, H.M., Venier, M., 2019. Organophosphate ester flame retardants: are they a
regrettable substitution for polybrominated diphenyl ethers? Environ. Sci. Technol.
Lett. https://doi.org/10.1021/acs.estlett.9b00582.

Chen, Y., Wu, F., Lin, Y., Deng, N., Bazhin, N., Glebov, E., 2007. Photodegradation of
glyphosate in the ferrioxalate system. J. Hazard. Mater. 148, 360-365. https://doi.org/
10.1016/j.jhazmat.2007.02.044.

Chen, D., Letcher, R.J., Chu, S., 2012. Determination of non-halogenated, chlorinated and
brominated organophosphate flame retardants in herring gull eggs based on liquid
chromatography-tandem quadrupole mass spectrometry. J. Chromatogr. A 1220, 169—
174. https://doi.org/10.1016/j.chroma.2011.11.046.

Chen, Xianjie, Chen, F., Liu, F., Yan, X., Hu, W., Zhang, G., Tian, L., Xia, Q., Chen, Xiaobo,
2016. Ag nanoparticles/hematite mesocrystals superstructure composite: a facile
synthesis and enhanced heterogeneous photo-Fenton activity. Catal. Sci. Technol. 6,
4184-4191. https://doi.org/10.1039/c6cy00080k.

Cristale, J., Garcia Vazquez, A., Barata, C., Lacorte, S., 2013. Priority and emerging flame
retardants in rivers: occurrence in water and sediment, Daphnia magna toxicity and risk
assessment. Environ. Int. 59, 232-243. https://doi.org/10.1016/j.envint.2013.06.011.

Dai, C., Tian, X., Nie, Y., Lin, H.M., Yang, C., Han, B., Wang, Y., 2018. Surface facet of
CuFeO2 nanocatalyst: a key parameter for H202 activation in fenton-like reaction and
organic pollutant degradation. Environ. Sci. Technol. 52, 6518-6525. https://doi.org/
10.1021/acs.est.8b01448.

de Castilhos Ghisi, N., Zuanazzi, N.R., Fabrin, T.M.C., Oliveira, E.C., 2020. Glyphosate and
its toxicology: a scientometric review. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2020.139359.

Dindarsafa, M., Khataee, A., Kaymak, B., Vahid, B., Karimi, A., Rahmani, A., 2017.
Heterogeneous sono-Fenton-like process using martite nanocatalyst prepared by high
energy planetary ball milling for treatment of a textile dye. Ultrason. Sonochem. 34,
389-399. https://doi.org/10.1016/j.ultsonch.2016.06.016.

Doherty, B.T., Hammel, S.C., Daniels, J.L., Stapleton, H.M., Hoffman, K., 2019.
Organophosphate Esters: are these flame retardants and plasticizers affecting children’s
health? Curr. Environ. Heal. reports 6, 201-213. https://doi.org/10.1007 /s40572-019-


http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0005
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0005
http://dx.doi.org/10.1016/S0920-5861(99)00102-9
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0010
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0010
http://dx.doi.org/10.1016/j.scitotenv.2004.04.021
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0015
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0015
http://dx.doi.org/10.1016/j.desal.2005.09.027
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0020
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0020
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0020
http://dx.doi.org/10.1021/acs.est.9b03687
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0025
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0025
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0025
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0025
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0030
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0030
http://dx.doi.org/10.1016/j.jhazmat.2007.02.044
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0035
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0035
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0035
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0035
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0040
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0040
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0040
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0040
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0045
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0045
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0045
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0050
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0050
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0050
http://dx.doi.org/10.1021/acs.est.8b01448
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0055
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0055
http://dx.doi.org/10.1016/j.scitotenv.2020.139359
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0060
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0060
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0060
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0060
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0065
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0065
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0065

M. Silva, J. Baltrusaitis

00258-0.

Eggen, T., Heimstad, E.S., Stuanes, A.O., Norli, H.R., 2013. Uptake and translocation of
organophosphates and other emerging contaminants in food and forage crops. Environ.
Sci. Pollut. Res. 20, 4520-4531. https://doi.org/10.1007/s11356-012-1363-5.

Environmental Engineering for the 21st Century, 2019. Environmental Engineering for the
21st Century: Addressing Grand Challenges. National Academies Press, Washington, D.
C https://doi.org/10.17226/25121.

Feng, J., Hu, X., Yue, P.L., 2004. Novel bentonite clay-based Fe - nanocomposite as a
heterogeneous catalyst for photo-fenton discoloration and mineralization of orange II.
Environ. Sci. Technol. 38, 269-275. https://doi.org/10.1021/es034515c.

Fenton, H.J.H., 1894. LXXIII. - Oxidation of tartaric acid in presence of iron. J. Chem. Soc.
Trans. https://doi.org/10.1039/CT8946500899.

Fries, E., Piittmann, W., 2003. Monitoring of the three organophosphate esters TBP, TCEP
and TBEP in river water and ground water (Oder, Germany). J. Environ. Monit. 5, 346—
352. https://doi.org/10.1039/b210342g.

Ghanem, A., Bados, P., Estaun, A.R., de Alencastro, L.F., Taibi, S., Einhorn, J., Mougin, C.,
2007. Concentrations and specific loads of glyphosate, diuron, atrazine, nonylphenol
and metabolites thereof in French urban sewage sludge. Chemosphere 69, 1368-1373.
https://doi.org/10.1016/j.chemosphere.2007.05.022.

Giannakis, S., 2019. A review of the concepts, recent advances and niche applications of the
(photo) Fenton process, beyond water/wastewater treatment: surface
functionalization, biomass treatment, combatting cancer and other medical uses. Appl.
Catal. B Environ. 248, 309-319. https://doi.org/10.1016/j.apcatb.2019.02.025.

Gonsior, M., Zwartjes, M., Cooper, W.J., Song, W., Ishida, K.P., Tseng, L.Y., Jeung, M.K.,
Rosso, D., Hertkorn, N., Schmitt-Kopplin, P., 2011. Molecular characterization of
effluent organic matter identified by ultrahigh resolution mass spectrometry. Water
Res. 45, 2943-2953. https://doi.org/10.1016/j.watres.2011.03.016.

Greaves, A.K., Letcher, R.J., 2014. Comparative body compartment composition and in
ovo transfer of organophosphate flame retardants in North American Great Lakes
herring gulls. Environ. Sci. Technol. 48, 7942-7950. https://doi.org/10.1021/
es501334w.

He, R., Tian, B.H., Zhang, Q.Q., Zhang, H.T., 2015. Effect of Fenton oxidation on
biodegradability, biotoxicity and dissolved organic matter distribution of concentrated
landfill leachate derived from a membrane process. Waste Manag. 38, 232-239.
https://doi.org/10.1016/j.wasman.2015.01.006.

He, J., Yang, X., Men, B., Wang, D., 2016. Interfacial mechanisms of heterogeneous Fenton
reactions catalyzed by iron-based materials: a review. J. Environ. Sci. (China) 39, 97—
109. https://doi.org/10.1016/j.jes.2015.12.003.

Herney-Ramirez, J., Vicente, M.A., Madeira, L.M., 2010. Heterogeneous photo-Fenton
oxidation with pillared clay-based catalysts for wastewater treatment: a review. Appl.
Catal. B Environ. https://doi.org/10.1016/j.apcatb.2010.05.004.

Hou, X., Huang, X., Ai, Z., Zhao, J., Zhang, L., 2016. Ascorbic acid/Fe@Fe203: a highly
efficient combined Fenton reagent to remove organic contaminants. J. Hazard. Mater.
310, 170-178. https://doi.org/10.1016/j.jhazmat.2016.01.020.

Hu, H., Zhang, H., Chen, Y., Ou, H., 2019. Enhanced photocatalysis using metal-organic
framework MIL-101(Fe) for organophosphate degradation in water. Environ. Sci.
Pollut. Res. 26, 24720-24732. https://doi.org/10.1007/511356-019-05649-2.

Huang, X., Hou, X., Jia, F., Song, F., Zhao, J., Zhang, L., 2017. Ascorbate-promoted surface
iron cycle for efficient heterogeneous Fenton alachlor degradation with hematite
nanocrystals. ACS Appl. Mater. Interfaces 9, 8751-8758. https://doi.org/10.1021/
acsami.6b16600.

Huang, X., Hou, X., Zhang, X., Rosso, K.M., Zhang, L., 2018. Facet-dependent contaminant
removal properties of hematite nanocrystals and their environmental implications.
Environ. Sci. Nano https://doi.org/10.1039/c8en00548f.

Huang, X., Chen, Y., Walter, E., Zong, M., Wang, Y., Zhang, X., Qafoku, O., Wang, Z.,
Rosso, K.M., 2019. Facet-specific photocatalytic degradation of organics by
heterogeneous Fenton chemistry on hematite nanoparticles. Environ. Sci. Technol. 53,
10197-10207. https://doi.org/10.1021/acs.est.9b02946.

Huston, P.L., Pignatello, J.J., 1999. Degradation of selected pesticide active ingredients and
commercial formulations in water by the photo-assisted Fenton reaction. Water Res. 33,
1238-1246. https://doi.org/10.1016/50043-1354(98)00330-3.

Imai, A., Fukushima, T., Matsushige, K., Kim, Y.H., Choi, K., 2002. Characterization of
dissolved organic matter in effluents from wastewater treatment plants. Water Res. 36,
859-870. https://doi.org/10.1016/50043-1354(01)00283-4.

Ji, Y., Wang, Y., Yao, Y., Ren, C., Lan, Z., Fang, X., Zhang, K., Sun, W., Alder, A.C., Sun, H.,
2019. Occurrence of organophosphate flame retardants in farmland soils from Northern
China: primary source analysis and risk assessment. Environ. Pollut. 247, 832-838.
https://doi.org/10.1016/j.envpol.2019.01.036.

Kehrein, P., van Loosdrecht, M., Osseweijer, P., Garfi, M., Dewulf, J., Posada, J., 2020. A
critical review of resource recovery from municipal wastewater treatment plants —
market supply potentials, technologies and bottlenecks. Environ. Sci. Water Res.
Technol. 6, 877-910. https://doi.org/10.1039/c9ew00905a.

Kim, U.J., Oh, J.K., Kannan, K., 2017. Occurrence, removal, and environmental emission of
organophosphate flame Retardants/Plasticizers in a wastewater treatment plant in New
York State. Environ. Sci. Technol. 51, 7872-7880. https://doi.org/10.1021/acs.
est.7b02035.

Kolpin, D.W., Thurman, E.M., Lee, E.A., Meyer, M.T., Furlong, E.T., Glassmeyer, S.T.,
2006. Urban contributions of glyphosate and its degradate AMPA to streams in the
United States. Sci. Total Environ. 354, 191-197. https://doi.org/10.1016/j.
scitotenv.2005.01.028.

Li, Q., Wei, G., Yang, Y., Li, Z., Zhang, L., Shao, L., Lai, S., 2020a. Insight into the enhanced
catalytic activity of a red mud based Fe 2 O 3 /Zn-Al layered double hydroxide in the
photo-Fenton reaction. Catal. Sci. Technol. https://doi.org/10.1039/d0cy01539c.

Li, X., Zhao, N., Fu, Jie, Liu, Y., Zhang, W., Dong, S., Wang, P., Su, X., Fu, Jianjie, 2020b.
Organophosphate diesters (Di-OPEs) play a critical role in understanding global
organophosphate esters (OPEs) in fishmeal. Environ. Sci. Technol. 54, 12130-12141.

Journal of Hazardous Materials Letters 2 (2021) 100012

https://doi.org/10.1021/acs.est.0c03274.

Li, Y., Yao, C., Zheng, Q., Yang, W., Niu, X., Zhang, Y., Lu, G., 2020c. Occurrence and
ecological implications of organophosphate triesters and diester degradation products
in wastewater, river water, and tap water. Environ. Pollut. 259, 113810. https://doi.
org/10.1016/j.envpol.2019.113810.

Lim, H., Lee, J., Jin, S., Kim, J., Yoon, J., Hyeon, T., 2006. Highly active heterogeneous
Fenton catalyst using iron oxide nanoparticles immobilized in alumina coated
mesoporous silica. Chem. Commun. 463-465. https://doi.org/10.1039/b513517f.

Lindsey, M.E., Tarr, M.A., 2000. Inhibition of hydroxyl radical reaction with aromatics by
dissolved natural organic matter. Environ. Sci. Technol. 34, 444-449. https://doi.org/
10.1021/es990457c.

Lu, M.C., 2000. Oxidation of chlorophenols with hydrogen peroxide in the presence of
goethite. Chemosphere 40, 125-130. https://doi.org/10.1016/50045-6535(99)
00213-1.

Lu, M.C., Chen, J.N., Huang, H.H., 2002. Role of goethite dissolution in the oxidation of 2-
chlorophenol with hydrogen peroxide. Chemosphere 46, 131-136. https://doi.org/
10.1016/50045-6535(01)00076-5.

Mantzavinos, D., Psillakis, E., 2004. Enhancement of biodegradability of industrial
wastewaters by chemical oxidation pre-treatment. J. Chem. Technol. Biotechnol.
https://doi.org/10.1002/jctb.1020.

Marklund, A., Andersson, B., Haglund, P., 2003. Screening of organophosphorus
compounds and their distribution in various indoor environments. Chemosphere 53,
1137-1146. https://doi.org/10.1016/50045-6535(03)00666-0.

Marklund, A., Andersson, B., Haglund, P., 2005. Organophosphorus flame retardants and
plasticizers in Swedish sewage treatment plants. Environ. Sci. Technol. 39, 7423-7429.
https://doi.org/10.1021/es0510131.

Martinez-Carballo, E., Gonzalez-Barreiro, C., Sitka, A., Scharf, S., Gans, O., 2007.
Determination of selected organophosphate esters in the aquatic environment of
Austria. Sci. Total Environ. 388, 290-299. https://doi.org/10.1016/j.
scitotenv.2007.08.005.

Melgar, M.J., Santaeufemia, M., Garcia, M.A., 2010. Organophosphorus pesticide residues
in raw milk and infant formulas from Spanish northwest. J. Environ. Sci. Heal. - Part B
Pestic. Food Contam. Agric. Wastes 45, 595-600. https://doi.org/10.1080/
03601234.2010.502394.

Meyer, J., Bester, K., 2004. Organophosphate flame retardants and plasticisers in
wastewater treatment plants. J. Environ. Monit. 6, 599-605. https://doi.org/10.1039/
b403206¢.

Munoz, M., de Pedro, Z.M., Casas, J.A., Rodriguez, J.J., 2015. Preparation of magnetite-
based catalysts and their application in heterogeneous Fenton oxidation - a review.
Appl. Catal. B Environ. https://doi.org/10.1016/j.apcatb.2015.04.003.

Naughton, S.X., Terry, A.V., 2018. Neurotoxicity in acute and repeated organophosphate
exposure. Toxicology 408, 101-112. https://doi.org/10.1016/j.tox.2018.08.011.

O’Dowd, K., Pillai, S.C., 2020. Photo-Fenton disinfection at near neutral pH: process,
parameter optimization and recent advances. J. Environ. Chem. Eng. 8104063 https://
doi.org/10.1016/j.jece.2020.104063.

Pagliuca, G., Serraino, A., Gazzotti, T., Zironi, E., Borsari, A., Rosmini, R., 2006.
Organophosphorus pesticides residues in Italian raw milk. J. Dairy Res. 73, 340-344.
https://doi.org/10.1017/50022029906001695.

Pereira, M.C., Oliveira, L.C.A., Murad, E., 2012. Iron oxide catalysts: Fenton and Fentonlike
reactions — a review. Clay Miner. 47, 285-302. https://doi.org/10.1180/
claymin.2012.047.3.01.

Pignatello, J.J., Oliveros, E., MacKay, A., 2006. Advanced oxidation processes for organic
contaminant destruction based on the fenton reaction and related chemistry. Crit. Rev.
Environ. Sci. Technol. https://doi.org/10.1080/10643380500326564.

Poiger, T., Keller, M., Buerge, I.J., Balmer, M.E., 2020. Behavior of glyphosate in
wastewater treatment plants. Chimia (Aarau) 74, 156-160. https://doi.org/10.2533/
CHIMIA.2020.156.

Qian, X., Wu, Y., Kan, M., Fang, M., Yue, D., Zeng, J., Zhao, Y., 2018. FeOOH quantum dots
coupled g-C3N4 for visible light driving photo- Fenton degradation of organic
pollutants. Appl. Catal. B Environ. 237, 513-520. https://doi.org/10.1016/j.
apcatb.2018.05.074.

Qin, Y., Li, G., Gao, Y., Zhang, L., Ok, Y.S., An, T., 2018. Persistent free radicals in carbon-
based materials on transformation of refractory organic contaminants (ROCs) in water:
a critical review. Water Res. https://doi.org/10.1016/j.watres.2018.03.012.

Regnery, J., Piittmann, W., 2010. Occurrence and fate of organophosphorus flame
retardants and plasticizers in urban and remote surface waters in Germany. Water Res.
44, 4097-4104. https://doi.org/10.1016/j.watres.2010.05.024.

Relyea, R.A., 2009. A cocktail of contaminants: how mixtures of pesticides at low
concentrations affect aquatic communities. Oecologia 159, 363-376. https://doi.org/
10.1007/s00442-008-1213-9.

Riches, J., 2015. Analysis of Organophosphorus Chemicals, in: Best Synthetic Methods:
Organophosphorus (V) Chemistry. Elsevier Inc., pp. 721-752. https://doi.org/
10.1016/B978-0-08-098212-0.00007-8.

Ruales-Lonfat, C., Barona, J.F., Sienkiewicz, A., Bensimon, M., Vélez-Colmenares, J.,
Benitez, N., Pulgarin, C., 2015. Iron oxides semiconductors are efficients for solar water
disinfection: a comparison with photo-Fenton processes at neutral pH. Appl. Catal. B
Environ. 166-167, 497-508. https://doi.org/10.1016/j.apcatb.2014.12.007.

Salas, J.H., Gonzalez, M.M., Noa, M., Pérez,N.A., Diaz, G., Gutiérrez, R., Zazueta, H., Osuna,
1., 2003. Organophosphorus pesticide residues in Mexican commercial pasteurized milk.
J. Agric. Food Chem. 51, 4468-4471. https://doi.org/10.1021/jf020942i.

Schreder, E.D., La Guardia, M.J., 2014. Flame retardant transfers from U.S. Households
(dust and laundry wastewater) to the aquatic environment. Environ. Sci. Technol. 48,
11575-11583. https://doi.org/10.1021/es502227h.

Serra-Clusellas, A., De Angelis, L., Beltramo, M., Bava, M., De Frankenberg, J., Vigliarolo,
J., Di Giovanni, N., Stripeikis, J.D., Rengifo-Herrera, J.A., Fidalgo De Cortalezzi, M.M.,
2019. Glyphosate and AMPA removal from water by solar induced processes using low


http://dx.doi.org/10.1007/s40572-019-00258-0
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0070
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0070
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0070
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0075
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0075
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0075
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0080
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0080
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0080
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0085
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0085
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0090
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0090
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0090
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0095
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0095
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0095
http://dx.doi.org/10.1016/j.chemosphere.2007.05.022
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0100
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0100
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0100
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0100
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0105
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0105
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0105
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0105
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0110
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0110
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0110
http://dx.doi.org/10.1021/es501334w
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0115
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0115
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0115
http://dx.doi.org/10.1016/j.wasman.2015.01.006
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0120
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0120
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0120
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0125
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0125
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0125
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0130
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0130
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0130
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0135
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0135
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0135
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0140
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0140
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0140
http://dx.doi.org/10.1021/acsami.6b16600
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0145
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0145
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0145
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0150
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0150
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0150
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0150
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0155
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0155
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0155
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0160
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0160
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0160
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0165
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0165
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0165
http://dx.doi.org/10.1016/j.envpol.2019.01.036
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0170
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0170
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0170
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0170
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0175
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0175
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0175
http://dx.doi.org/10.1021/acs.est.7b02035
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0180
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0180
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0180
http://dx.doi.org/10.1016/j.scitotenv.2005.01.028
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0185
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0185
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0185
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0190
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0190
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0190
http://dx.doi.org/10.1021/acs.est.0c03274
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0195
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0195
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0195
http://dx.doi.org/10.1016/j.envpol.2019.113810
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0200
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0200
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0200
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0205
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0205
http://dx.doi.org/10.1021/es990457c
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0210
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0210
http://dx.doi.org/10.1016/S0045-6535(99)00213-1
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0215
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0215
http://dx.doi.org/10.1016/S0045-6535(01)00076-5
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0220
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0220
http://dx.doi.org/10.1002/jctb.1020
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0225
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0225
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0225
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0230
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0230
http://dx.doi.org/10.1021/es051013l
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0235
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0235
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0235
http://dx.doi.org/10.1016/j.scitotenv.2007.08.005
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0240
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0240
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0240
http://dx.doi.org/10.1080/03601234.2010.502394
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0245
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0245
http://dx.doi.org/10.1039/b403206c
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0250
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0250
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0250
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0255
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0255
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0260
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0260
http://dx.doi.org/10.1016/j.jece.2020.104063
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0265
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0265
http://dx.doi.org/10.1017/S0022029906001695
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0270
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0270
http://dx.doi.org/10.1180/claymin.2012.047.3.01
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0275
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0275
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0275
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0280
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0280
http://dx.doi.org/10.2533/CHIMIA.2020.156
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0285
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0285
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0285
http://dx.doi.org/10.1016/j.apcatb.2018.05.074
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0290
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0290
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0290
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0295
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0295
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0295
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0300
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0300
http://dx.doi.org/10.1007/s00442-008-1213-9
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0305
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0305
http://dx.doi.org/10.1016/B978-0-08-098212-0.00007-8
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0310
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0310
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0310
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0310
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0315
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0315
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0315
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0320
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0320
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0320
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0325
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0325
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0325

M. Silva, J. Baltrusaitis

Fe(III) or Fe(Il) concentrations. Environ. Sci. Water Res. Technol. 5, 1932-1942.
https://doi.org/10.1039/c9ew00442d.

Shi, J., Ai, Z., Zhang, L., 2014. Fe@Fe203 core-shell nanowires enhanced Fenton oxidation
by accelerating the Fe(III)/Fe(II) cycles. Water Res. 59, 145-153. https://doi.org/
10.1016/j.watres.2014.04.015.

Shukla, P., Wang, S., Sun, H., Ang, H.M., Tadé, M., 2010. Adsorption and
heterogeneous advanced oxidation of phenolic contaminants using Fe loaded
mesoporous SBA-15 and H202. Chem. Eng. J. 164, 255-260. https://doi.org/
10.1016/j.cej.2010.08.061.

Someya, M., Suzuki, G., Ionas, A.C., Tue, N.M., Xu, F., Matsukami, H., Covaci, A., Tuyen,
L.H., Viet, P.H., Takahashi, S., Tanabe, S., Takigami, H., 2016. Occurrence of emerging
flame retardants from e-waste recycling activities in the northern part of Vietnam.
Emerg. Contam. 2, 58-65. https://doi.org/10.1016/j.emcon.2015.10.002.

Souza, D.R.D., Trovo, A.G., Filho, N.R.A., Silva, M.A.A., Machado, A.E.H., 2013.
Degradation of the commercial herbicide glyphosate by photo-fenton process:
evaluation of kinetic parameters and toxicity. J. Braz. Chem. Soc. 24, 1451-1460.
https://doi.org/10.5935/0103-5053.20130185.

Stasinska, A., Heyworth, J., Reid, A., Callan, A., Odland, J.@., Trong Duong, P., Van Ho,
Q., Hinwood, A., 2014. Polybrominated diphenyl ether (PBDE) concentrations in
plasma of pregnant women from Western Australia. Sci. Total Environ. 493, 554-561.
https://doi.org/10.1016/j.scitotenv.2014.06.001.

Sulzberger, B., Laubscher, H., 1995. Reactivity of various types of iron(IIl) (hydr)oxides
towards light-induced dissolution. Mar. Chem. 50, 103-115. https://doi.org/10.1016/
0304-4203(95)00030-U.

Sun, Y., Tian, P., Ding, D., Yang, Z., Wang, W., Xin, H., Xu, J., Han, Y.F., 2019. Revealing
the active species of Cu-based catalysts for heterogeneous Fenton reaction. Appl. Catal.
B Environ. 258, 117985. https://doi.org/10.1016/j.apcatb.2019.117985.

Tran, N.H., Reinhard, M., Gin, K.Y.H., 2018. Occurrence and fate of emerging contaminants
in municipal wastewater treatment plants from different geographical regions-a review.
Water Res. https://doi.org/10.1016/j.watres.2017.12.029.

Tran, M.H., Nguyen, H.C., Le, T.S., Dang, V.A.D., Cao, T.H., Le, CK., Dang, T.D., 2019.
Degradation of glyphosate herbicide by an electro-Fenton process using carbon felt
cathode. Environ. Technol. (United Kingdom) https://doi.org/10.1080/
09593330.2019.1660411.

Tufail, A., Price, W.E., Hai, F.I., 2020. A critical review on advanced oxidation processes for
the removal of trace organic contaminants: a voyage from individual to integrated
processes. Chemosphere 260, 127460. https://doi.org/10.1016/j.
chemosphere.2020.127460.

Van Bruggen, A.H.C., He, M.M., Shin, K., Mai, V., Jeong, K.C., Finckh, M.R., Morris, J.G.,
2018. Environmental and health effects of the herbicide glyphosate. Sci. Total Environ.
616-617, 255-268. https://doi.org/10.1016/j.scitotenv.2017.10.309.

van der Veen, 1., de Boer, J., 2012. Phosphorus flame retardants: properties, production,
environmental occurrence, toxicity and analysis. Chemosphere 88, 1119-1153.
https://doi.org/10.1016/j.chemosphere.2012.03.067.

Vilé, G., 2020. Photocatalytic materials and light-driven continuous processes to selectively
remove emerging pharmaceutical pollutants from water: recent developments and
future trends in catalysis and reactor engineering. Catal. Sci. Technol. https://doi.org/
10.1039/d0cy01713b.

Vorontsov, A.V., 2019. Advancing Fenton and photo-Fenton water treatment through the
catalyst design. J. Hazard. Mater. 372, 103-112. https://doi.org/10.1016/j.
jhazmat.2018.04.033.

Wang, S., 2008. A comparative study of Fenton and Fenton-like reaction kinetics in
decolourisation of wastewater. Dyes Pigm. 76, 714-720. https://doi.org/10.1016/j.
dyepig.2007.01.012.

Wang, N., Zhu, L., Lei, M., She, Y., Cao, M., Tang, H., 2011. Ligand-induced
drastic enhancement of catalytic activity of nano-BiFeO 3 for oxidative

Journal of Hazardous Materials Letters 2 (2021) 100012

degradation of bisphenol A. ACS Catal. 1,1193-1202. https://doi.org/10.1021/
¢s2002862.

Wang, Y., Zhao, H., Li, M., Fan, J., Zhao, G., 2014. Magnetic ordered mesoporous
copper ferrite as a heterogeneous Fenton catalyst for the degradation of
imidacloprid. Appl. Catal. B Environ. 147, 534-545. https://doi.org/10.1016/j.
apcatb.2013.09.017.

Wang, L., Putnis, C., Hovelmann, J., Putnis, A., 2018. Interfacial precipitation of phosphate
on hematite and goethite. Minerals 8, 207. https://doi.org/10.3390/min8050207.

Xi, Y., Sun, Z., Hreid, T., Ayoko, G.A., Frost, R.L., 2014. Bisphenol A degradation enhanced
by air bubbles via advanced oxidation using in situ generated ferrous ions from nano
zero-valent iron/palygorskite composite materials. Chem. Eng. J. 247, 66-74. https://
doi.org/10.1016/j.cej.2014.02.077.

Xu, T., Zhu, R., Zhu, J., Liang, X., Liu, Y., Xu, Y., He, H., 2016a. Ag3PO4 immobilized on
hydroxy-metal pillared montmorillonite for the visible light driven degradation of acid
red 18. Catal. Sci. Technol. 6, 4116-4123. https://doi.org/10.1039/c5¢cy02129d.

Xu, T., Zhu, R., Zhu, J., Liang, X., Liu, Y., Xu, Y., He, H., 2016b. BiVO4/Fe/Mt composite
for visible-light-driven degradation of acid red 18. Appl. Clay Sci. 129, 27-34. https://
doi.org/10.1016/j.clay.2016.04.018.

Xu, T., Zhu, R., Zhu, G., Zhu, J., Liang, X., Zhu, Y., He, H., 2017. Mechanisms for the
enhanced photo-Fenton activity of ferrihydrite modified with BiVO4 at neutral pH.
Appl. Catal. B Environ. 212, 50-58. https://doi.org/10.1016/j.apcatb.2017.04.064.

Yang, Y., Deng, Q., Yan, W., Jing, C., Zhang, Y., 2018. Comparative study of glyphosate
removal on goethite and magnetite: adsorption and photo-degradation. Chem. Eng. J.
352, 581-589. https://doi.org/10.1016/j.cej.2018.07.058.

Yang, J., Zhao, Y., Li, M., Du, M., Li, X., Li, Y., 2019. A review of a class of emerging
contaminants: the classification, distribution, intensity of consumption, synthesis
routes, environmental effects and expectation of pollution abatement to
organophosphate flame retardants (OPFRs). Int. J. Mol. Sci. 20, 2874. https://doi.org/
10.3390/ijms20122874.

Ye, L., Liu, J., Gong, C., Tian, L., Peng, T., Zan, L., 2012. Two different roles of metallic Ag
on Ag/AgX/BiOX (X = Cl, Br) visible light photocatalysts: surface plasmon resonance
and Z-Scheme bridge. ACS Catal. 2, 1677-1683. https://doi.org/10.1021/cs300213m.

Yuan, S., Feng, L., Wang, K., Pang, J., Bosch, M., Lollar, C., Sun, Y., Qin, J., Yang, X.,
Zhang, P., Wang, Q., Zou, L., Zhang, Y., Zhang, L., Fang, Y., Li, J., Zhou, H.C., 2018.
Stable metal-organic frameworks: design, synthesis, and applications. Adv. Mater. 30
https://doi.org/10.1002/adma.201704303.

Zhang, Y., Pagilla, K., 2010. Treatment of malathion pesticide wastewater with
nanofiltration and photo-Fenton oxidation. Desalination 263, 36-44. https://doi.org/
10.1016/j.desal.2010.06.031.

Zhang, X., Chen, Y., Zhao, N., Liu, H., Wei, Y., 2014. Citrate modified ferrihydrite
microstructures: Facile synthesis, strong adsorption and excellent Fenton-like catalytic
properties. RSC Adv. 4, 21575-21583. https://doi.org/10.1039/c4ra00978a.

Zhang, Z., Ouyang, Z., Yang, J., Liu, Y., Yang, C., Dang, Z., 2019. High mineral adsorption
of glyphosate versus diethyl phthalate and tetracycline, during visible light
photodegradation with goethite and oxalate. Environ. Chem. Lett. 17, 1421-1428.
https://doi.org/10.1007/s10311-019-00877-x.

Zhong, M., Tang, J., Guo, X., Guo, C., Li, F., Wu, H., 2020. Occurrence and spatial
distribution of organophosphorus flame retardants and plasticizers in the Bohai, Yellow
and East China seas. Sci. Total Environ. 741, 140434. https://doi.org/10.1016/j.
scitotenv.2020.140434.

Zhu, Y., Zhu, R., Xi, Y., Zhu, J., Zhu, G., He, H., 2019. Strategies for enhancing the
heterogeneous fenton catalytic reactivity: a review. Appl. Catal. B Environ. https://doi.
org/10.1016/j.apcatb.2019.05.041.

Zubir, N.A., Yacou, C., Motuzas, J., Zhang, X., Zhao, X.S., Diniz Da Costa, J.C., 2015. The
sacrificial role of graphene oxide in stabilising a Fenton-like catalyst GO-Fe304. Chem.
Commun. 51, 9291-9293. https://doi.org/10.1039/c5¢c02292d.


http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0325
http://dx.doi.org/10.1039/c9ew00442d
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0330
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0330
http://dx.doi.org/10.1016/j.watres.2014.04.015
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0335
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0335
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0335
http://dx.doi.org/10.1016/j.cej.2010.08.061
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0340
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0340
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0340
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0340
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0345
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0345
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0345
http://dx.doi.org/10.5935/0103-5053.20130185
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0350
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0350
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0350
http://dx.doi.org/10.1016/j.scitotenv.2014.06.001
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0355
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0355
http://dx.doi.org/10.1016/0304-4203(95)00030-U
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0360
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0360
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0360
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0365
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0365
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0365
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0370
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0370
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0370
http://dx.doi.org/10.1080/09593330.2019.1660411
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0375
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0375
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0375
http://dx.doi.org/10.1016/j.chemosphere.2020.127460
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0380
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0380
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0380
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0385
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0385
http://dx.doi.org/10.1016/j.chemosphere.2012.03.067
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0390
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0390
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0390
http://dx.doi.org/10.1039/d0cy01713b
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0395
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0395
http://dx.doi.org/10.1016/j.jhazmat.2018.04.033
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0400
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0400
http://dx.doi.org/10.1016/j.dyepig.2007.01.012
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0405
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0405
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0405
http://dx.doi.org/10.1021/cs2002862
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0410
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0410
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0410
http://dx.doi.org/10.1016/j.apcatb.2013.09.017
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0415
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0415
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0420
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0420
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0420
http://dx.doi.org/10.1016/j.cej.2014.02.077
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0425
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0425
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0425
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0430
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0430
http://dx.doi.org/10.1016/j.clay.2016.04.018
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0435
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0435
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0435
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0440
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0440
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0440
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0445
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0445
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0445
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0445
http://dx.doi.org/10.3390/ijms20122874
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0450
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0450
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0450
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0455
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0455
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0455
http://dx.doi.org/10.1002/adma.201704303
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0460
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0460
http://dx.doi.org/10.1016/j.desal.2010.06.031
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0465
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0465
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0465
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0470
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0470
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0470
http://dx.doi.org/10.1007/s10311-019-00877-x
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0475
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0475
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0475
http://dx.doi.org/10.1016/j.scitotenv.2020.140434
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0480
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0480
http://dx.doi.org/10.1016/j.apcatb.2019.05.041
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0485
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0485
http://refhub.elsevier.com/S2666-9110(20)30012-5/sbref0485

	Destruction of emerging organophosphate contaminants in wastewater using the heterogeneous iron-based photo-Fenton-like pr...
	Introduction
	Organophosphates as emerging wastewater contaminants
	Photo-Fenton-like catalyst design for organophosphate degradation
	Future research directions
	Acknowledgments
	References


