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IntroductionIntroduction

Fenton reaction (Haber & Weiss, 1934): Fe2+ + H2O2 => Fe3+ + OH- + OH�

Recent developments in research about advanced oxidation processes:

Ø Solid substrates such as iron-bearing minerals

Ø Reactive species produced by O2 replacing H2O2 and at circumneutral pH
Fang et al. (2013); Ardo et al. (2015); He et al. (2016); He et al. (2020)

Contamination of natural environments

Persistent Organic Pollutants
(POP)
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Production of Abundant Hydroxyl Radicals from Oxygenation of
Subsurface Sediments
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ABSTRACT: Hydroxyl radicals (•OH) play a crucial role in the fate
of redox-active substances in the environment. Studies of the •OH
production in nature has been constrained to surface environments
exposed to light irradiation, but is overlooked in the subsurface under
dark. Results of this study demonstrate that abundant •OH is
produced when subsurface sediments are oxygenated under fluctuating
redox conditions at neutral pH values. The cumulative concentrations
of •OH produced within 24 h upon oxygenation of 33 sediments
sampled from different redox conditions are 2−670 μmol •OH per kg
dry sediment or 6.7−2521 μM •OH in sediment pore water. Fe(II)-
containing minerals, particularly phyllosilicates, are the predominant
contributor to •OH production. This production could be sustainable
when sediment Fe(II) is regenerated by the biological reduction of
Fe(III) during redox cycles. Production of •OH is further evident in a
field injection-extraction test through injecting oxygenated water into a 23-m depth aquifer. The •OH produced can oxidize
pollutants such as arsenic and tetracycline and contribute to CO2 emissions at levels that are comparable with soil respiration.
These findings indicate that oxygenation of subsurface sediments is an important source of •OH in nature that has not been
previously identified, and •OH-mediated oxidation represents an overlooked process for substance transformations at the oxic/
anoxic interface.

■ INTRODUCTION
The hydroxyl radical (•OH, standard reduction potential: 2.8
V1) is the most powerful reactive oxygen species (ROS) in the
environment. The •OH produced in the atmosphere, surface
waters and oceans exerts a significant impact on the fate of
redox-active substances, the emission of CO2 by reacting with
dissolved organic matters (DOM) and the elimination of non-
CO2 greenhouse gases.2−4 Photolysis has been recognized as
the predominant pathway for •OH production in surface
environments.4−7 For example, photolysis of nitrate and DOM
produces the majority of •OH in surface waters.4,6,7 Dark
subsurface environments are as important as surface environ-
ments for the cycling of substances (i.e., nutrients and
contaminants), however, the production of •OH in the
subsurface environment under circumneutral conditions has
been overlooked.
Unlike surface environments, subsurface environments are

often O2-deficient, which is presumably the reason that •OH
production in the subsurface has rarely been reported.8

Nevertheless, the redox conditions of subsurface environments
are often disturbed by O2 in natural and artificial processes
(e.g., surface water and groundwater interactions and riverbank
filtration treatment),9−12 leading to strong interactions between
O2 and reduced components in this environment. Many

reduced substances can activate molecular O2 to produce
superoxide (O2

•−) through a one-electron transfer process,13

and a wide range of heterotrophic bacteria can produce
extracellular O2

•− in the aquatic environment.14 Fe(II) is an
important and abundant component in the subsurface environ-
ment under reducing conditions.15 Fe(II) oxidation can be
coupled to the transformation of O2

•− (and O2) to H2O2 and
further to •OH through the Haber-Weiss mechanism.16,17

Thus, we hypothesize that oxygenation of the subsurface
environment could produce •OH through the interaction of O2
with the reduced components, particularly Fe(II).
In the subsurface, Fe(II) mainly exists in the form of

complexes in pore water and minerals in sediments. Production
of •OH resulting from the interaction of O2 with ligand-
complexed Fe(II) has been confirmed in the lab and utilized for
the degradation of organic pollutants in wastewaters.18,19 With
respect to Fe(II) minerals, oxidation of pyrite by O2 was found
to produce •OH under acidic conditions (pH < 3),20−24 and
the reaction of Fe(II) minerals (i.e., siderite and magnetite)
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with addition of isopropanol (Figure 1), indicating the
involvement of •OH with phenol degradation.
To further evaluate the role of •OH in phenol degradation,

the cumulative •OH concentrations were measured during
oxygenation. For 10 h oxygenation, the cumulative •OH was
minimal for sandbeach sediment (Figure 2a), whereas it
increased to 166 and 235 μM for lakeshore and farmland
sediments, respectively (Figure 2b, c). The cumulative •OH
concentration increased quickly in the first 2 h and slowed
down afterward for lakeshore sediment, but it increased
continuously for farmland sediment. This difference points to
the different components in lakeshore and farmland sediments
for O2 activation. Phenol degradation correlated with •OH
accumulation (R2 > 0.92, Figure S8), which further supports
the involvement of •OH for phenol degradation. The
deviation from linear correlation in the later stage for farmland
sediment (Figure S8b) might be caused by the increased

competition of sediment organic matter and Fe(II) for •OH
with progressive phenol degradation.
Solid Fe(II) has been identified to be the main contributor

for •OH production from sediment oxygenation in previous
studies.16−18 Figure 2 illustrates that 6 M HCl-extractable
Fe(II) concentration changed negligibly for sandbeach sedi-
ment, but decreased largely for lakeshore and farmland
sediments during oxygenation. The trends of Fe(II) oxidation
were similar to those of phenol degradation and •OH
production. In addition, •OH accumulation and phenol
degradation correlated well with Fe(II) oxidation, respectively
(R2 > 0.95, Figures S9 and S10). As aqueous Fe(II) in the
sediment suspension was below the detection limit, sediment
solid-phase Fe(II) in the sediments with close pH values was
the key component for •OH production. On the basis of the
above results, we can conclude that phenol was degraded by

Figure 1. Phenol degradation in (a) sandbeach, (b) lakeshore, and (c)
farmland sediment suspensions under different conditions. Unless
otherwise specified, the reactions were based on 200 g/L wet
sediment, 2 mg/L phenol. The initial pH values were 7.30, 6.96, and
7.15 for sandbeach, lakeshore, and farmland sediment suspensions,
respectively. The pH was not conditioned during reactions and the
variations were ranged in 0.15−0.36.

Figure 2. Fe(II) oxidation and •OH production in (a) sandbeach, (b)
lakeshore, and (c) farmland sediment suspensions during oxygen-
ation. The reactions were based on 200 g/L wet sediment, 2 mg/L
phenol (or 20 mM BA for trapping •OH). The initial pH values were
7.30, 6.96, and 7.15 for sandbeach, lakeshore and farmland sediment
suspensions, respectively. The pH was not conditioned during
reactions and the variations were ranged in 0.15−0.36. Note that
Fe(II) concentration referred to the portion extracted by 6 M HCl.
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ABSTRACT: It has been documented that contaminants could be
degraded by hydroxyl radicals (•OH) produced upon oxygenation of
Fe(II)-bearing sediments. However, the dependence of contaminant
degradation on sediment characteristics, particularly Fe(II) species,
remains elusive. Here we assessed the impact of the abundance of
Fe(II) species in sediments on contaminant degradation by •OH
during oxygenation. Three natural sediments with different Fe(II)
contents and species were oxygenated. During 10 h oxygenation of 200
g/L sediment suspension, 2 mg/L phenol was negligibly degraded for
sandbeach sediment (Fe(II): 9.11 mg/g), but was degraded by 41%
and 52% for lakeshore (Fe(II): 9.81 mg/g) and farmland (Fe(II):
19.05 mg/g) sediments, respectively. •OH produced from Fe(II)
oxygenation was the key reactive oxidant. Sequential extractions, X-ray
diffraction, Mössbauer, and X-ray absorption spectroscopy suggest that surface-adsorbed Fe(II) and mineral structural Fe(II)
contributed predominantly to •OH production and phenol degradation. Control experiments with specific Fe(II) species and
coordination structure analysis collectively suggest the likely rule that Fe(II) oxidation rate and its competition for •OH increase
with the increase in electron-donating ability of the atoms (i.e., O) complexed to Fe(II), while the •OH yield decreases accordingly.
The Fe(II) species with a moderate oxidation rate and •OH yield is most favorable for contaminant degradation.

■ INTRODUCTION
Contaminant attenuation in the subsurface is closely related to
redox conditions.1−3 Intensive attention has been paid to the
attenuation under anoxic conditions that prevail in the
subsurface.4−6 However, perturbation by O2 is common in
the shallow subsurface by both natural and artificial
processes.7−11 For example, interactions of surface water with
groundwater and groundwater table fluctuations in aquifers,
wetlands, and coasts may bring O2 into the anoxic subsur-
face;8,9 water conservancy projects, groundwater abstraction/
recharging, farming activities, and subsurface remediation may
also lead to O2 perturbation.10,11 Contaminant attenuation
induced by O2 perturbation has previously been mainly
attributed to aerobic biological oxidation.12−14

In recent years, abiotic oxidation by hydroxyl radicals
(•OH) has been noted during sediment perturbation by
O2.

15−18 Hall and Silver demonstrated that Fe(II) oxygenation
in sediments stimulated organic matter decomposition, which
was likely attributed to the reactive oxygen species (ROS).15

Tong et al. revealed that •OH can be produced from sediment
Fe(II) oxygenation and contributed to arsenic and tetracycline
oxidation.16 A very recent study conducted by Schaefer et al.
found that the half-life of trichloroethylene (TCE) abiotic
dechlorination in sediments was shortened from 60 years
under anoxic conditions to 3 months under oxic conditions
due to •OH oxidation.17 These studies pointed to an

important but usually overlooked role of •OH for contaminant
attenuation in subsurface environments when perturbed by O2.
However, both •OH production and contaminant oxidation

differ substantially for the sediments with different character-
istics.16,17 This difference has been roughly related to the
content of total Fe(II) in sediments.15−18 In fact, the reactivity
of Fe(II) differs by orders of magnitude for different
species,5,19−21 and specific Fe(II) species are necessary for
reducing O2 to H2O2 and further to •OH under pH-neutral
conditions.22−26 Oxidation of aqueous Fe2+ by O2 is fast under
pH-neutral conditions,27 but the yield of •OH is extremely
low.22,25 When aqueous Fe2+ is complexed with oxygen-
containing ligands or adsorbed on mineral surface, its oxidation
by O2 is accelerated, and the yield of •OH is increased as
well.22,23,28,29 For the mineral structural Fe(II), the reactivity
with O2 and the yield of •OH depends on the mineral type.
Cheng et al. compared the reactivity of FeS, FeCO3, and FeS2
with O2 for •OH production under pH-neutral conditions, and
found that FeS and FeCO3 were much more reactive than
FeS2.

21 Fe(II)-bearing clay minerals have been identified to
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Fenton-like reaction with O2 as oxidant
Introduction
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Any changes that have been made in the full proposal compared to the pre-proposal 
The$laboratory,based$bend,crystal$spectrometer$for$X,ray$emission$spectroscopy$(XES)$to$monitor$Fe$redox$state$has$been$

changed$to$a$Mössbauer$spectrometer$for$the$same$funding$amount,$based$on$up–to–date$quote$(50$k€).$Indeed$preliminary$
HR,XES$measurements$by$our$team,$together$with$recently$published$data$from$other$groups[1],$show$that$the$sensitivity$of$
XES$to$redox$changes$is$below$that$requested$for$our$study.$In$contrast,$57Fe$Mössbauer$spectroscopy,$for$which$the$team$
has$ a$ long$ lasting$ experience[2,5],$ will$ be$ fully$ suitable$ for$ measuring$ Fe(II)/Fe(III)$ ratio$ with$ ~1%$ accuracy[3,5]$ and$ will$
complement$Fe$mineralogy$and$crystal,chemistry$analyses[2,4$that$we$will$conduct$using$XAS$on$a$morer$limited$number$of$
samples. In$addition,$the$Master$ internship$initially$requested$for$months$0,6$at$ IMPMC$will$be$granted$by$the$Piren,Seine$
program$bringing$a$6,3k€/year$funding$for$the$2020,2023$period. 
$

I. Proposal’s$context,$positioning$and$objective(s)$
 

a. Objectives$and$research$hypothesis$
!

The$ project$ will$ develop$ new$ concepts$ for$ catalytic$ degradation$ of$ organic$ contaminants$ in$
groundwaters$at$neutral$pH$with$air$as$ sole$oxidant.$This$aim$responds$ to$ the$ increasingly$obvious$
need$to$develop$eco<compatible$and$long<term$effective$methods$for$in!situ$cleaning$up$of$soils$and$
groundwaters.$Recent$proofs<of<concepts$from$our$team[6]$and$others[7]$show$that$deleterious$side<
effects[8<10]$ and$ limitations[8,9,11]$ of$ current$ advanced$ oxidation$ processes,$ could$ be$ overcome$ by$
exploiting$ the$ intrinsic$ ability$ of$ natural$ Fe(II)<minerals$ present$ in$ soils$ and$ sediments$ to$ degrade$
organic$molecules$in$the$presence$of$airborne$O2$in$darkness$(Fig.$1).$Indeed,$recent$research$results$

show$ that$ reactive$ oxygen$ species$ (ROS)$ can$ be$ produced$ in$ such$ conditions[6,7,12,13]$ and$ lead$ to$
organic$pollutant$degradation$in$the$laboratory[6,7,14]$(Fig.$2).$$
Up<scaling$such$a$concept$to$complex$field$sites$requires$a$three<step$strategy$able$to$unravel$the$

reactivity,!selectivity$and$applicability'of$specific$natural$and$geo<inspired$Fe(II)<catalysts,$which$will$
be$addressed$through$three$dedicated$work<packages.$
$

$
$
Task$1$(Reactivity)$will$quantify$the$ability$of$waterlogged$natural$soils$and$aquifers$sediments[12]$as$

well$as$of$synthetic$geo<inspired$nanoparticles[6,12]$ to$produce$ROS$and$other$reactive$species$upon$
air$ oxidation$ (Fig.$ 3).$ Indeed,$ finely$ divided$ (high$ surface$ area)$ Fe(II)<rich$ minerals$ from$
soils/sediments,$ especially$ Fe(II)<clays$ and$ Fe(II)<sulfides,$ are$ formed$ or$ regenerated$ during$
waterlogging$periods$because$of$anaerobic$microbial$respiration$of$Fe(III)$and$sulfate$(Figs.$1,$4$&$6),$
and$ are$ susceptible$ to$ produce$ ROS$ when$ exposed$ to$ air$ when$ the$ soil/sediment$ returns$ to$ dry$
conditions$(Fig.$3).$The$role$of$such$genuine$soils/sediments$mineral$in$ROS$production$upon$natural$
redox$ cycling,$ and$ potential$ subsequent$ pollutant$ degradation$ is$ largely$ unexplored[15<17].$ Beyond$
investigating$ the$ natural$ ability$ of$ genuine$ soil$ minerals$ to$ produce$ ROS,$ we$ will$ also$ synthesize$
reactive$geo<inspired$Fe(II)<substrates$(Figs.$4$&$6)$that$will$be$used$to$amend$the$soils/sediments$in$
order$to$improve$ROS$production$and$pollutant$degradation.$$$

$

Figure' 1.' Synopsis' of' the' DEPOLECO' project.$$
Task$1$“Reactivity”$will$quantify$the$production$
of$ Reactive$ Oxygen$ Species$ (ROS)$ by$ natural$
Fe(II)<minerals$ in$ alluvial$ sediments$ and$
riverbank$ soils$with$ air$ as$ sole$ oxidant.$ Task$ 2$
“Selectivity”$ will$ quantify$ the$ ability$ of$ geo<
inspired$ Fe(II)<substrates$ to$ degrade$
hydrophobic$$pollutants,$in$order$to$screen$their$
remediation$ efficiency.$ Task$ 3$ “Applicability”$
will$ determine$ degradation$ pathways$ and$
byproducts$ of$ high<priority$ pollutants$ in$ batch$
experiments$ mimicking$ natural$ redox$
fluctuations$ on$ genuine$ or$ amended$
soils/sediments.$

$

• Natural'resilience'
• LongJterm'remediation'

processes'

ANR project DEPOLECO

Which ROS under such conditions ?

Tong et al. 2016
Liao et al. 2019
Zhao et al. 2023
Morin et al. 2023

« ROS » : Reactive Oxygen Species : OH°, H2O2, O2
°-, …



´ Part 1 - Natural production of Reactive Oxygen Species
(ROS) in soils and sediments upon oxygenation

´ Part 2 - Dégradation of Polycyclic Aromatic Hydrocarbons
(PAH) upon sediment oxygenation

´Part 3 - Reductive degradation of in alluvial soils
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Part 1 - Reactive Oxygen Species in soils and sediments

Experimental air-oxidation of alluvial soils/sediments naturally subjected to 
hydrological fluctuations 

Ø Measure radical species using EPR spin-trapping

Ø Determine the identity of radical species produced using combinations of 
spin-trap and radical scavengers

Ability of natural soils and sediments to produce radical species upon air-oxidation?
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Part 1 - Reactive Oxygen Species in soils and sediments

Non-Hydroxyl Radical Species Production during Dark Air Oxidation
of Alluvial Soils
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ABSTRACT: Natural environments subjected to hydrologically driven redox
fluctuations are regarded as propitious to contaminant degradation since they
favor the cyclic oxygenation of Fe(II) minerals, which produces oxygen reactive
species (ROS), such as the hydroxyl radical, OH•. However, the identity of these
reactive species may vary as a function of physicochemical conditions and remains a
matter of research. Here, using spin-trapping electron paramagnetic resonance (EPR)
with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap, we show that a non-
hydroxyl reactive species is produced in significant amounts upon air-oxidation of
alluvial soil suspensions (Seine River Basin, France). Indeed, among the DMPO−
OH•, DMPO−CO2

•−, and DMPO−alkyl• adducts observed, the latter dramatically
increases with the addition of ethanol or, to a lesser extent, tert-butanol, especially
with phosphate buffer. This result reveals a dominant non-hydroxyl species, which we
interpret as Fe(IV) since it is known to oxidize alcohols to alkyl• radicals and is
favored by phosphate ligands. With phosphate buffer and ethanol, the DMPO−alkyl• production correlates with the initial reduced-
state iron pool in the samples, as determined using Fe K-edge X-ray absorption spectroscopy (XAS). Fe(II) phyllosilicates, Fe(0) in
one soil core and, to a lesser extent, vivianite, are found to be the most significantly oxidized iron phases upon soil oxygenation, and
pyrite appears less reactive. Hence, we show that a significant reactive species, differing from OH•, forms upon oxygenation of soil
Fe(II) minerals, especially in the presence of soil-sourced phosphate. Our results may therefore call to further directly identify this
putative Fe(IV) species and to investigate its ability to degrade organic contaminants in natural environments.
KEYWORDS: alkyl•, OH•, CO2

•−, Fe(IV), phosphate, clays, EPR, XAS

■ INTRODUCTION
A wide diversity of advanced oxidation processes has been the
subject of intense research in recent decades in order to help
design efficient remediation processes for organic pollutants in
water and soils.1−3 Among recent developments, particular
interest has been devoted to investigating Fenton-based
processes using iron-bearing compounds as catalysts and
airborne O2 as an oxidant, especially in order to promote eco-
compatible routes favoring circumneutral pH and avoiding
strong oxidants.4,5 For instance, various organic compounds
have been reported to be degraded upon oxygenation of iron-
rich solid phases such as zerovalent iron,6 magnetite,7,8 FeS,9,10
pyrite11, and clay minerals.12−14 Moreover, some studies have
provided promising results regarding the degradation of organic
contaminants upon oxygenation of natural soils and sediments
in relation to the redox reactivity of Fe(II)-bearing soil
components.15−17 In these studies, organic contaminant
degradation has been attributed to the oxidizing role of reactive
oxygen species (ROS), particularly OH•, which have been
reported to be produced upon oxygenation of reduced soils and
sediments.17−23 Some of these studies proposed that OH•

production could be related to the oxidation of iron

minerals15−18 and organic matter (OM).18,24−26 Nevertheless,
in aqueous media that are relevant to this literature, the actual
formation of OH• could only be probed using indirect
approaches due to the high reactivity and extremely short
lifetime of this species (typically estimated to be ∼10−9 s at 37
°C in 1M linoleate27). Thus, OH• scavengers have been used to
investigate the role of this radical species in pollutant
degradation.16 More generally, the hydroxylation of specific
aromatic molecules by OH• has been rather used to obtain
quantitative estimates of this short-lived species. In particular,
the production rate of p-hydroxybenzoic acid (p-HBA) from
benzoic acid (BA) has often been used to assess OH•

production. This method was first established by Zhou and
Mopper28 and is now commonly used in various contexts,
including in soil and sediment oxygenation experi-
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ABSTRACT: Natural environments subjected to hydrologically driven redox
fluctuations are regarded as propitious to contaminant degradation since they
favor the cyclic oxygenation of Fe(II) minerals, which produces oxygen reactive
species (ROS), such as the hydroxyl radical, OH•. However, the identity of these
reactive species may vary as a function of physicochemical conditions and remains a
matter of research. Here, using spin-trapping electron paramagnetic resonance (EPR)
with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap, we show that a non-
hydroxyl reactive species is produced in significant amounts upon air-oxidation of
alluvial soil suspensions (Seine River Basin, France). Indeed, among the DMPO−
OH•, DMPO−CO2

•−, and DMPO−alkyl• adducts observed, the latter dramatically
increases with the addition of ethanol or, to a lesser extent, tert-butanol, especially
with phosphate buffer. This result reveals a dominant non-hydroxyl species, which we
interpret as Fe(IV) since it is known to oxidize alcohols to alkyl• radicals and is
favored by phosphate ligands. With phosphate buffer and ethanol, the DMPO−alkyl• production correlates with the initial reduced-
state iron pool in the samples, as determined using Fe K-edge X-ray absorption spectroscopy (XAS). Fe(II) phyllosilicates, Fe(0) in
one soil core and, to a lesser extent, vivianite, are found to be the most significantly oxidized iron phases upon soil oxygenation, and
pyrite appears less reactive. Hence, we show that a significant reactive species, differing from OH•, forms upon oxygenation of soil
Fe(II) minerals, especially in the presence of soil-sourced phosphate. Our results may therefore call to further directly identify this
putative Fe(IV) species and to investigate its ability to degrade organic contaminants in natural environments.
KEYWORDS: alkyl•, OH•, CO2

•−, Fe(IV), phosphate, clays, EPR, XAS

■ INTRODUCTION
A wide diversity of advanced oxidation processes has been the
subject of intense research in recent decades in order to help
design efficient remediation processes for organic pollutants in
water and soils.1−3 Among recent developments, particular
interest has been devoted to investigating Fenton-based
processes using iron-bearing compounds as catalysts and
airborne O2 as an oxidant, especially in order to promote eco-
compatible routes favoring circumneutral pH and avoiding
strong oxidants.4,5 For instance, various organic compounds
have been reported to be degraded upon oxygenation of iron-
rich solid phases such as zerovalent iron,6 magnetite,7,8 FeS,9,10
pyrite11, and clay minerals.12−14 Moreover, some studies have
provided promising results regarding the degradation of organic
contaminants upon oxygenation of natural soils and sediments
in relation to the redox reactivity of Fe(II)-bearing soil
components.15−17 In these studies, organic contaminant
degradation has been attributed to the oxidizing role of reactive
oxygen species (ROS), particularly OH•, which have been
reported to be produced upon oxygenation of reduced soils and
sediments.17−23 Some of these studies proposed that OH•

production could be related to the oxidation of iron

minerals15−18 and organic matter (OM).18,24−26 Nevertheless,
in aqueous media that are relevant to this literature, the actual
formation of OH• could only be probed using indirect
approaches due to the high reactivity and extremely short
lifetime of this species (typically estimated to be ∼10−9 s at 37
°C in 1M linoleate27). Thus, OH• scavengers have been used to
investigate the role of this radical species in pollutant
degradation.16 More generally, the hydroxylation of specific
aromatic molecules by OH• has been rather used to obtain
quantitative estimates of this short-lived species. In particular,
the production rate of p-hydroxybenzoic acid (p-HBA) from
benzoic acid (BA) has often been used to assess OH•

production. This method was first established by Zhou and
Mopper28 and is now commonly used in various contexts,
including in soil and sediment oxygenation experi-
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Part 1 - Reactive Oxygen Species in soils and sediments

Non-Hydroxyl Radical Species Production during Dark Air Oxidation
of Alluvial Soils
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ABSTRACT: Natural environments subjected to hydrologically driven redox
fluctuations are regarded as propitious to contaminant degradation since they
favor the cyclic oxygenation of Fe(II) minerals, which produces oxygen reactive
species (ROS), such as the hydroxyl radical, OH•. However, the identity of these
reactive species may vary as a function of physicochemical conditions and remains a
matter of research. Here, using spin-trapping electron paramagnetic resonance (EPR)
with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap, we show that a non-
hydroxyl reactive species is produced in significant amounts upon air-oxidation of
alluvial soil suspensions (Seine River Basin, France). Indeed, among the DMPO−
OH•, DMPO−CO2

•−, and DMPO−alkyl• adducts observed, the latter dramatically
increases with the addition of ethanol or, to a lesser extent, tert-butanol, especially
with phosphate buffer. This result reveals a dominant non-hydroxyl species, which we
interpret as Fe(IV) since it is known to oxidize alcohols to alkyl• radicals and is
favored by phosphate ligands. With phosphate buffer and ethanol, the DMPO−alkyl• production correlates with the initial reduced-
state iron pool in the samples, as determined using Fe K-edge X-ray absorption spectroscopy (XAS). Fe(II) phyllosilicates, Fe(0) in
one soil core and, to a lesser extent, vivianite, are found to be the most significantly oxidized iron phases upon soil oxygenation, and
pyrite appears less reactive. Hence, we show that a significant reactive species, differing from OH•, forms upon oxygenation of soil
Fe(II) minerals, especially in the presence of soil-sourced phosphate. Our results may therefore call to further directly identify this
putative Fe(IV) species and to investigate its ability to degrade organic contaminants in natural environments.
KEYWORDS: alkyl•, OH•, CO2

•−, Fe(IV), phosphate, clays, EPR, XAS

■ INTRODUCTION
A wide diversity of advanced oxidation processes has been the
subject of intense research in recent decades in order to help
design efficient remediation processes for organic pollutants in
water and soils.1−3 Among recent developments, particular
interest has been devoted to investigating Fenton-based
processes using iron-bearing compounds as catalysts and
airborne O2 as an oxidant, especially in order to promote eco-
compatible routes favoring circumneutral pH and avoiding
strong oxidants.4,5 For instance, various organic compounds
have been reported to be degraded upon oxygenation of iron-
rich solid phases such as zerovalent iron,6 magnetite,7,8 FeS,9,10
pyrite11, and clay minerals.12−14 Moreover, some studies have
provided promising results regarding the degradation of organic
contaminants upon oxygenation of natural soils and sediments
in relation to the redox reactivity of Fe(II)-bearing soil
components.15−17 In these studies, organic contaminant
degradation has been attributed to the oxidizing role of reactive
oxygen species (ROS), particularly OH•, which have been
reported to be produced upon oxygenation of reduced soils and
sediments.17−23 Some of these studies proposed that OH•

production could be related to the oxidation of iron

minerals15−18 and organic matter (OM).18,24−26 Nevertheless,
in aqueous media that are relevant to this literature, the actual
formation of OH• could only be probed using indirect
approaches due to the high reactivity and extremely short
lifetime of this species (typically estimated to be ∼10−9 s at 37
°C in 1M linoleate27). Thus, OH• scavengers have been used to
investigate the role of this radical species in pollutant
degradation.16 More generally, the hydroxylation of specific
aromatic molecules by OH• has been rather used to obtain
quantitative estimates of this short-lived species. In particular,
the production rate of p-hydroxybenzoic acid (p-HBA) from
benzoic acid (BA) has often been used to assess OH•

production. This method was first established by Zhou and
Mopper28 and is now commonly used in various contexts,
including in soil and sediment oxygenation experi-
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ABSTRACT: Natural environments subjected to hydrologically driven redox
fluctuations are regarded as propitious to contaminant degradation since they
favor the cyclic oxygenation of Fe(II) minerals, which produces oxygen reactive
species (ROS), such as the hydroxyl radical, OH•. However, the identity of these
reactive species may vary as a function of physicochemical conditions and remains a
matter of research. Here, using spin-trapping electron paramagnetic resonance (EPR)
with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap, we show that a non-
hydroxyl reactive species is produced in significant amounts upon air-oxidation of
alluvial soil suspensions (Seine River Basin, France). Indeed, among the DMPO−
OH•, DMPO−CO2

•−, and DMPO−alkyl• adducts observed, the latter dramatically
increases with the addition of ethanol or, to a lesser extent, tert-butanol, especially
with phosphate buffer. This result reveals a dominant non-hydroxyl species, which we
interpret as Fe(IV) since it is known to oxidize alcohols to alkyl• radicals and is
favored by phosphate ligands. With phosphate buffer and ethanol, the DMPO−alkyl• production correlates with the initial reduced-
state iron pool in the samples, as determined using Fe K-edge X-ray absorption spectroscopy (XAS). Fe(II) phyllosilicates, Fe(0) in
one soil core and, to a lesser extent, vivianite, are found to be the most significantly oxidized iron phases upon soil oxygenation, and
pyrite appears less reactive. Hence, we show that a significant reactive species, differing from OH•, forms upon oxygenation of soil
Fe(II) minerals, especially in the presence of soil-sourced phosphate. Our results may therefore call to further directly identify this
putative Fe(IV) species and to investigate its ability to degrade organic contaminants in natural environments.
KEYWORDS: alkyl•, OH•, CO2

•−, Fe(IV), phosphate, clays, EPR, XAS

■ INTRODUCTION
A wide diversity of advanced oxidation processes has been the
subject of intense research in recent decades in order to help
design efficient remediation processes for organic pollutants in
water and soils.1−3 Among recent developments, particular
interest has been devoted to investigating Fenton-based
processes using iron-bearing compounds as catalysts and
airborne O2 as an oxidant, especially in order to promote eco-
compatible routes favoring circumneutral pH and avoiding
strong oxidants.4,5 For instance, various organic compounds
have been reported to be degraded upon oxygenation of iron-
rich solid phases such as zerovalent iron,6 magnetite,7,8 FeS,9,10
pyrite11, and clay minerals.12−14 Moreover, some studies have
provided promising results regarding the degradation of organic
contaminants upon oxygenation of natural soils and sediments
in relation to the redox reactivity of Fe(II)-bearing soil
components.15−17 In these studies, organic contaminant
degradation has been attributed to the oxidizing role of reactive
oxygen species (ROS), particularly OH•, which have been
reported to be produced upon oxygenation of reduced soils and
sediments.17−23 Some of these studies proposed that OH•

production could be related to the oxidation of iron

minerals15−18 and organic matter (OM).18,24−26 Nevertheless,
in aqueous media that are relevant to this literature, the actual
formation of OH• could only be probed using indirect
approaches due to the high reactivity and extremely short
lifetime of this species (typically estimated to be ∼10−9 s at 37
°C in 1M linoleate27). Thus, OH• scavengers have been used to
investigate the role of this radical species in pollutant
degradation.16 More generally, the hydroxylation of specific
aromatic molecules by OH• has been rather used to obtain
quantitative estimates of this short-lived species. In particular,
the production rate of p-hydroxybenzoic acid (p-HBA) from
benzoic acid (BA) has often been used to assess OH•

production. This method was first established by Zhou and
Mopper28 and is now commonly used in various contexts,
including in soil and sediment oxygenation experi-
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Figure S9. Results of the Target Transform (TT) analysis of selected model compounds Fe K-edge EXAFS 
spectra. The spectra were reconstructed using the first four components of the principal component analysis, 
for T1S1, CRD3 and CRG1 samples altogether. Matching between the model compound spectrum (black) 
and its TT (red) is evaluated by a R factor (Ressler et al. 2000) The corresponding R factors are reported in   

• Target Transform analysis of 23 reference EXAFS spectra
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Table S3. Results of target transform (TT) analysis of Fe K-edge EXAFS spectra for a selected set of model 
compounds. The spectra were reconstructed using the first four principal components from the PCA analysis 
of our complete set of alluvial soils data (CRD3, CRG1 and T1S1 sample) before and after air-oxidation. 
Matching between the model compound spectrum and its TT is evaluated by a R factor (Ressler et al. 2000). 

Model compound Type R factor Reference 
Illite Natural, structural Fe(III) Le Puy-en-Velay 0.046 Merrot et al. (2019) 
Goethite Synthetic, Fe(III)-oxyhydroxide 0.085 Maillot et al. (2011) 
Fe(III)-triphosphate Synthetic, complexation 0.111 Baumgartner et al. (2016) 
2L-ferrihydrite Synthetic 0.128 Maillot et al. (2011) 
Si-ferrihydrite Synthetic, Si:Fe = 0.8 0.135 Adra et al. (2013) 
Fe(III)-humate Natural, sorption 0.142 Cosmidis et al. (2014) 
am-Fe-phosphate  Synthetic, amorphous Fe(III) phosphate 0.150 Cosmidis et al. (2014) 
Nontronite Natural, structural Fe(III), Garfield, WA, USA 0.156 Noël et al. (2014) 
Biotite Natural Yosemite, CA, USA 0.192 Merrot et al. (2019) 
Fe(II)-triphosphate Synthetic, complexation 0.246 Baumgartner et al. (2016) 
Fe(III)-talc Synthetic, structural Fe(III) 0.261 Zeyen et al. (2019) 
Serpentine Natural, structural Fe(II), New Idria, CA, USA 0.289 Dublet et al. (2012) 
Chlorite Natural, structural Fe(II,III), Rodez, France 0.333 This study 
Lepidocrocite Synthetic, Fe(III)-oxyhydroxide 0.352 Maillot et al. (2011) 
Phlogopite Natural, structural Fe(II), IMPMC collection 0.418 This study 
CO3

2--green rust Synthetic, structural Fe(II) and Fe(III) 0.472 Guerbois et al. (2014) 
Clinochlore Natural, structural Fe(II,III), IMPMC collection (Poitiers) 0.517 This study 
Pyrite Natural, Fe(II)-sulfide 0.529 Wang et al. (2018) 
Vivianite Synthetic, Fe(II) phosphate 0.569 Cosmidis et al. (2014) 
Fe metal Fe(0) foil 0.585 This study 
Fe(II)-talc Synthetic, structural Fe(II) 0.603 Zeyen et al. (2019) 
Hematite Synthetic, Fe(III)-oxide 0.696 Maillot et al. (2011) 
Siderite Synthetic 0.821 Dublet et al. (2014) 
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• Le deuxième centre visible est le DMPO-OH•. Cet adduit se distingue par un signal 
de type quadruplet d’intensité relative 1:2:2:1. Etant donné qu’il n’y a pas de relais, 
le radical est directement capturé par le piège DMPO pour former du DMPO-OH• 
démontrant que l’oxydation de l’échantillon de sol produit des radicaux hydroxyle 
en faible quantité.  
 

• le troisième radical identifié correspond à l’anion radical du dioxyde de carbone 
CO2•-, d’après les constantes hyperfines (AN = 15,6 G ; AH = 18,7 G : i.e. 0,00177 
cm-1 et 0,00149 cm-1) déterminées par ajustement de nos spectres RPE (Figure 9 ; 
Tableau 4) (Buettner, 1987 ; Finkelstein et al., 1980). 

 
Tableau 4 : Constantes hyperfines de l’azote et du proton (cm-1) des adduits du DMPO 

observés lors de l’oxydation par l’air de Av_CRD3 20-30 cm. 
L’incertitude est ± 1 sur la dernière décimale. Les constantes hyperfines présentées dans 

le tableau sont aussi représentatives de celle obtenues chez les autres échantillons. 
•  

 EtOH t-BuOH Sans relais 
 AN AH AN AH AN AH 

DMPO-EtOH 0,00150 0,00217 - - 0,00150 0,00215 
DMPO-OH 0,00140 0,00140 0,00140 0,00140 0,00140 0,00140 

DMPO-t-BuOH - - 0,00153 0,00224 - - 
DMPO-CO2•- - - 0,00177 0,00149 0,00178 0,00149 
•  

 

Figure 9 : Décomposition du signal RPE de Av_CRD3 20-30 cm sans relais à 27 minutes.  
Le spectre expérimental est représenté en noir et le spectre calculé (Fit) en rouge. Les 

composantes pondérées du spectre calculé sont reproduites en dessous en rouge, 
correspondant aux trois adduits décrits 
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Oxidant Formed by Iron(II)-Based Advanced Oxidation Processes for
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ABSTRACT: High-valent iron(IV)−oxo complexes are of great signifi-
cance as reactive intermediates implicated in diverse chemical and
biological systems. The aqueous iron(IV)−oxo complex (Feaq

IVO2+) is the
simplest but one of the most powerful ferryl ion species, which possesses a
high-spin state, high reduction potential, and long lifetime. It has been well
documented that Feaq

IVO2+ reacts with organic compounds through various
pathways (hydrogen-atom, hydride, oxygen-atom, and electron transfer as
well as electrophilic addition) at moderate reaction rates and show
selective reactivity toward inorganic ions prevailing in natural water, which
single out Feaq

IVO2+ as a superior candidate for oxidative water treatment.
This review provides state-of-the-art knowledge on the chemical properties
and oxidation mechanism and kinetics of Feaq

IVO2+, with special attention to
the similarities and differences to two representative free radicals (hydroxyl radical and sulfate radical). Moreover, the prospective
role of Feaq

IVO2+ in Feaq
2+ activation-initiated advanced oxidation processes (AOPs) has been intensively investigated over the past 20

years, which has significantly challenged the conventional recognition that free radicals dominated in these AOPs. The latest progress
in identifying the contribution of Feaq

IVO2+ in Feaq
2+-based AOPs is thereby reviewed, highlighting controversies on the nature of the

reactive oxidants formed in several Feaq
2+ activated peroxide and oxyacid processes. Finally, future perspectives for advancing the

evaluation of Feaq
IVO2+ reactivity from an engineering viewpoint are proposed.

KEYWORDS: Aqueous iron(IV)−oxo complex, Ferryl ion species, Free radical, Advanced oxidation processes, Oxidative water treatment

1. INTRODUCTION
High-valent iron(IV)−oxo complexes have attracted consid-
erable attention in the context of biological and chemical
oxidations.1−3 Extensive effort has been expanded to explore
the chemistry of heme and nonheme iron(IV)−oxo complexes
with amino or amido ligands.4−7 However, available
information for the simplest iron(IV)−oxo complexes, the
aqueous Fe(IV)−oxo complex (Feaq

IVO2+) has not been
reported as often until quite recently, despite the key role
Feaq

IVO2+ may play in Fenton chemistry and in some key
reactions in atmospheric and environmental processes.8

Much parallel work has been devoted to studying the
prospective role of Feaq

IVO2+ in advanced oxidation processes
(AOPs), one of the most widely used oxidative water
treatment techniques for eliminating refractory com-
pounds.9−12 Traditionally, oxidants employed in AOPs,
represented by peroxides (e.g., ozone (O3),

13 hydrogen
peroxide (H2O2),

14,15 persulfates,16,17 and peracetic acid
(PAA)18) and oxyacids (e.g., hypochlorous acid (HClO)19,20

and periodate (IO4
−)21−24) have often been recognized as free

radical precursors, and several methods have been developed
to enhance oxidant activation to produce radicals. Due to its
environmental benignity, energy efficiency, cost savings, and

high activation reactivity, aqueous ferrous iron (Feaq
2+) has been

picked out as a sought-after transition metal activator for
engineering applications of AOPs.25,26 Alternatively, the latest
advances in exploring the nature of the reactive oxidants
formed by Feaq

2+-initiated AOPs have indicated that Feaq
IVO2+,

rather than the long recognized free radicals, is mainly
responsible for the oxidative elimination of contaminants in
these AOPs under certain conditions.27−34 Until now, the
contribution of Feaq

IVO2+ in these AOPs has remained a
controversial issue.
Compared with the oxygen- and sulfur-containing reactive

species (e.g., hydroxyl radical (•OH) and sulfate radical
(SO4

•−)) prevailing in traditional AOPs, Feaq
IVO2+ exhibits

marked distinctions in basic chemical properties (e.g.,
reduction potential and half-life time) and oxidative behaviors
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reactive oxidants in hydrogen-atom and electron transfer-
involved oxidation processes.
2.3. Hydrolysis of FeaqIV O2+: Electron-Transfer or

Nucleophilic Attack? At one point, it was postulated that
the self-decay of Feaq

IVO2+ follows a sequence of one-electron
transfer reactions (Figure 4a).40,57 Specifically, Feaq

IVO2+
first

oxidizes H2O to produce •OH (Feaq
IVO2+ + H2O → Feaq

3+ +
•OH), and then, •OH is further transformed to H2O2 by
Feaq

IVO2+ (Feaq
IVO2+ + •OH + H+ → Feaq

3+ + H2O2). Subsequently,
the consumption of H2O2 by Feaq

IVO2+ leads to the formation of
HO2

• (Feaq
IVO2+ + H2O2 → Feaq

3+ + HO2
• + H+), which is

eventually oxidized by Feaq
IVO2+ to produce O2 (Feaq

IVO2+ +
HO2

• → Feaq
3+ + O2 + OH−).

However, in 2017, Bernasconi et al. proposed a stepwise
Feaq

IVO2+ hydrolysis pathway initiated by nucleophilic attack on
Feaq

IVO2+ by H2O (Figure 4b) according to DFT-based ab initio
molecular dynamics (AIMD) simulations and thermodynamic
calculations.58 In particular, the O atom of a H2O molecule
first attaches to the O atom of the Feaq

IVO2+ moiety (Step I in
Figure 4b), and subsequently, the proton of the attached H2O
molecule is transferred to another solvent H2O molecule to
form [H3O]

+ (Step II in Figure 4b). The ensuing two electron
transfers from the O atom of the Feaq

IVO2+ moiety to the FeIV

center leads to the formation of the Fe2+−[OOH]−[H3O
+]

group (Step III in Figure 4b). Eventually, protons of the
previously formed [H3O]

+ migrate to the [OOH]− moiety via
a Grotthuss mechanism, leading to the formation of an Feaq

2+

ion and free H2O2 molecule (Step IV in Figure 4b), which may
further result in the formation of •OH through the Fenton
reaction. Solvent water molecule-assisted proton transfer plays
a vital role in this stepwise process. Similarly, Pestovsky et al.
reported that the overall first-order decay rate of Feaq

IVO2+ in
H2O (kH = 1.0 × 10−1 s−1, pH 1.0) is faster than that in D2O
(kD = 0.040 s−1, pD 1.0), yielding a solvent kinetic isotope
effect (KIE = kH/kD) of 2.85, indicating the involvement of
proton transfer in Feaq

IVO2+ decay.37

Although the exact pathway of Feaq
IVO2+ hydrolysis is

controversial, one possibly certain notion is that •OH is
involved in the decay process of Feaq

IVO2+. The formed •OH
would also participate in Feaq

IVO2+-mediated contaminant
degradation processes, as identified by Zong et al. using
electron spin resonance (ESR) spectral analysis and oxidation
product detection.27 Moreover, according to the aforemen-
tioned Feaq

IVO2+ decay rate (kH = 1.0 × 10−1 s−1, pH 1.0), the
half-life time (t1/2) of FeaqIVO2+ is calculated to be about 7 s (pH
1.0),36 which is much longer than the reported lifetimes of
•OH (nanoseconds) and SO4

•− (microseconds).10,59

3. MECHANISM AND KINETICS OF FeaqIVO2+

OXIDATION
3.1. FeaqIVO2+-Mediated Oxidation of Organic Com-

pounds. 3.1.1. Hydrogen-Atom and Hydride Transfer.
Feaq

IVO2+ oxidizes the C−H bonds of alcohols, aldehydes,
ketones, ethers, nitriles, and carboxylic acids in parallel
hydrogen-atom transfer (a 1e− transfer process) and hydride
transfer (a single 2e− transfer process) pathways.37 During
such oxidation processes, an obvious deuterium isotope effect
and a good correlation between the reaction rate constants and
C−H bond dissociation energy of the substrates are
obtained.37,40 Moreover, the organic products are similar in
these two pathways, while the inorganic products are
mechanism sensitive.37 Specifically, the typical inorganic

product of hydride transfer is Feaq
2+, while hydrogen-atom

transfer leads to the formation of H2O2 (Figure 5).37

Therefore, the ratio of the formed [Fe2+]/[H2O2] can be
utilized to quantify the branching ratio of the hydrogen-atom
transfer vs hydride transfer process. On this basis, Pestovsky et
al. concluded that most alcohols, aldehydes, and ethers react
with Feaq

IVO2+ in parallel hydrogen-atom and hydride transfer
paths, cyclobutanol proceeds mostly (∼70%) by a hydride
transfer path, and acetone, acetonitrile, and tetrahydrofuran
clearly prefer the hydrogen-atom transfer path.37

Figure 5a exemplifies the oxidation of aliphatic alcohols
(RnCH−OH) by Feaq

IVO2+, •OH, and SO4
•−. All three reactive

oxidants could oxidize RnCH−OH through hydrogen-atom
transfer,16,37 with the exception that Feaq

IVO2+ oxidizes it in
parallel through the hydride transfer pathway, in which
RnCH−OH is oxidized to directly produce aldehydes/ketones
(RnCO) with reducing Feaq

IVO2+ to Feaq
2+.37 In the hydrogen-

atom transfer pathway, the reactive species preferentially
abstracts the hydrogen-atom associated with α-C to produce
carbon-centered radicals (RnC

•−OH), which are further
transformed to RnCO through a series of addition and
elimination reactions by forming organic peroxide radicals
(RnC(OH)(OO

•)) as one essential intermediate (see Figure
S1 for the detailed pathways of Feaq

IVO2+-mediated oxidation of
alcohols).37,60,61 The selectivity of attacking α-C of aliphatic
alcohols by these reactive oxidants is evidenced by the
deuterium isotope effect. For instance, CH3OH and CH3OD
react rapidly with Feaq

IVO2+ at the same reaction rate (5.72 ×
102 M−1 s−1), which is 4.5 times higher than the reaction rate
of Feaq

IVO2+ with CD3OH (1.26 × 102 M−1 s−1).37 Similarly,
substituting the H atom on β-C of (CH3)2CHOH by
deu t e r i um s l i g h t l y aff e c t s F e a q

I VO2 + r e a c t i v i t y
(k((CH3)2CHOH) = 3 .22 × 10 3 M− 1 s− 1 v s
k((CD3)2CHOH)) = 3.07 × 103 M−1 s−1), while replacing
the H atom on α-C by deuterium significantly reduces the

Figure 5. Comparison of the pathways for the oxidation of aliphatic
alcohols and carboxylic acids by Feaq

IVO2+, •OH, and SO4
•−. (N.A.:

The oxidation product is not available in the literature.)
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• Le deuxième centre visible est le DMPO-OH•. Cet adduit se distingue par un signal 
de type quadruplet d’intensité relative 1:2:2:1. Etant donné qu’il n’y a pas de relais, 
le radical est directement capturé par le piège DMPO pour former du DMPO-OH• 
démontrant que l’oxydation de l’échantillon de sol produit des radicaux hydroxyle 
en faible quantité.  
 

• le troisième radical identifié correspond à l’anion radical du dioxyde de carbone 
CO2•-, d’après les constantes hyperfines (AN = 15,6 G ; AH = 18,7 G : i.e. 0,00177 
cm-1 et 0,00149 cm-1) déterminées par ajustement de nos spectres RPE (Figure 9 ; 
Tableau 4) (Buettner, 1987 ; Finkelstein et al., 1980). 

 
Tableau 4 : Constantes hyperfines de l’azote et du proton (cm-1) des adduits du DMPO 

observés lors de l’oxydation par l’air de Av_CRD3 20-30 cm. 
L’incertitude est ± 1 sur la dernière décimale. Les constantes hyperfines présentées dans 

le tableau sont aussi représentatives de celle obtenues chez les autres échantillons. 
•  

 EtOH t-BuOH Sans relais 
 AN AH AN AH AN AH 

DMPO-EtOH 0,00150 0,00217 - - 0,00150 0,00215 
DMPO-OH 0,00140 0,00140 0,00140 0,00140 0,00140 0,00140 

DMPO-t-BuOH - - 0,00153 0,00224 - - 
DMPO-CO2•- - - 0,00177 0,00149 0,00178 0,00149 
•  

 

Figure 9 : Décomposition du signal RPE de Av_CRD3 20-30 cm sans relais à 27 minutes.  
Le spectre expérimental est représenté en noir et le spectre calculé (Fit) en rouge. Les 

composantes pondérées du spectre calculé sont reproduites en dessous en rouge, 
correspondant aux trois adduits décrits 

 

CRD3 20-30cm soil + phosphate buffer pH 7 + DMPO spin trap + 2min air-oxidation

DMPO-alkyl •

DMPO-
CO2

•-

CRD3 20-30cm

DMPO-OH•

Exp + Fit

EP
R

 in
te

ns
ity

(a
.u

.)

Magnetic field (T)

1.5 106

1.0 106

0.5 106

0.344 0.346 0.348 0.350 0.352 0.354 0.356
0

 

 S12 

 

Figure S9. Results of the Target Transform (TT) analysis of selected model compounds Fe K-edge EXAFS 
spectra. The spectra were reconstructed using the first four components of the principal component analysis, 
for T1S1, CRD3 and CRG1 samples altogether. Matching between the model compound spectrum (black) 
and its TT (red) is evaluated by a R factor (Ressler et al. 2000) The corresponding R factors are reported in   

• Target Transform analysis of 23 reference EXAFS spectra
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Table S3. Results of target transform (TT) analysis of Fe K-edge EXAFS spectra for a selected set of model 
compounds. The spectra were reconstructed using the first four principal components from the PCA analysis 
of our complete set of alluvial soils data (CRD3, CRG1 and T1S1 sample) before and after air-oxidation. 
Matching between the model compound spectrum and its TT is evaluated by a R factor (Ressler et al. 2000). 

Model compound Type R factor Reference 
Illite Natural, structural Fe(III) Le Puy-en-Velay 0.046 Merrot et al. (2019) 
Goethite Synthetic, Fe(III)-oxyhydroxide 0.085 Maillot et al. (2011) 
Fe(III)-triphosphate Synthetic, complexation 0.111 Baumgartner et al. (2016) 
2L-ferrihydrite Synthetic 0.128 Maillot et al. (2011) 
Si-ferrihydrite Synthetic, Si:Fe = 0.8 0.135 Adra et al. (2013) 
Fe(III)-humate Natural, sorption 0.142 Cosmidis et al. (2014) 
am-Fe-phosphate  Synthetic, amorphous Fe(III) phosphate 0.150 Cosmidis et al. (2014) 
Nontronite Natural, structural Fe(III), Garfield, WA, USA 0.156 Noël et al. (2014) 
Biotite Natural Yosemite, CA, USA 0.192 Merrot et al. (2019) 
Fe(II)-triphosphate Synthetic, complexation 0.246 Baumgartner et al. (2016) 
Fe(III)-talc Synthetic, structural Fe(III) 0.261 Zeyen et al. (2019) 
Serpentine Natural, structural Fe(II), New Idria, CA, USA 0.289 Dublet et al. (2012) 
Chlorite Natural, structural Fe(II,III), Rodez, France 0.333 This study 
Lepidocrocite Synthetic, Fe(III)-oxyhydroxide 0.352 Maillot et al. (2011) 
Phlogopite Natural, structural Fe(II), IMPMC collection 0.418 This study 
CO3

2--green rust Synthetic, structural Fe(II) and Fe(III) 0.472 Guerbois et al. (2014) 
Clinochlore Natural, structural Fe(II,III), IMPMC collection (Poitiers) 0.517 This study 
Pyrite Natural, Fe(II)-sulfide 0.529 Wang et al. (2018) 
Vivianite Synthetic, Fe(II) phosphate 0.569 Cosmidis et al. (2014) 
Fe metal Fe(0) foil 0.585 This study 
Fe(II)-talc Synthetic, structural Fe(II) 0.603 Zeyen et al. (2019) 
Hematite Synthetic, Fe(III)-oxide 0.696 Maillot et al. (2011) 
Siderite Synthetic 0.821 Dublet et al. (2014) 
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fitting parameters was estimated to 95% confidence (2σ) using
2√(var(p)·χR2, where var(p) is the variance of parameter p
returned by the Levenberg−Marquardt routine for the lowest
χR2 value. The fitting components were selected from our
database using the results of the TT analysis (Table S3) and
were further screened by requiring uncertainties returned from
the LCF procedure to be lower than the refined parameter values
(Table 4). Applying this method, a consistent set of six fitting
components, i.e., Fe(0), pyrite, vivianite, biotite, Illite, and
goethite, was found to fit both XANES and EXAFS spectra of
our whole set of soil core samples before and after air-oxidation.
The calculated uncertainties revealed that vivianite and pyrite
minor components, although observed by SEM, were significant
in the XANES fitting but not in the EXAFS fitting (Figure 4;
Table 4). In contrast, Fe(0) was required to fit both the XANES
and EXAFS data for the CRD3 core samples (Figure S12; Table
S4). This component may be attributed to steel or other metallic

particles, some of which were identified by the SEM-EDX
observations (Figure 1). We infer that they could originate from
incident anthropogenic inputs in the studied cropped fields,
such as soil tilling.
Because of the lower uncertainties and reliable sum-of-

component criteria, the XANES LCF was more accurate than
the EXAFS LCF in determining the Fe-redox state and was then
used to evaluate the “reduced-state iron” pool, calculated as the
sum of Fe(0) and Fe(II) (Table 4). This observation obviously
results from the well-known sensitivity of the energy position of
the Fe K-edge to oxidation state and first ligands, which allows
accurate determination of Fe oxidation state in complex natural
samples using the XANES LCF, provided that appropriate
model compounds are available.53,55,57−59

Figure 3. Role of the reduced-state iron pool in the reactive species production upon air-oxidation. (a) The quantity of DMPO−alkyl• adduct
produced after 2 min of air-oxidation is displayed as a function of total iron concentration (open circles) and the initial reduced-state iron pool (plain
circle). Uncertainties fall within the symbol size (Table 3). The reduced-state iron pool is calculated as Fe(0) + Fe(II) species in the pristine soil
samples, as determined from the LCF of XANES data at the Fe K-edge (Figure 4; Table 4) (b) Details of the LCF in the edge region are displayed
before and after air-oxidation with fit curves displayed as green and red curves, respectively, and overlap experimental data displayed as light blue, blue,
and orange colors for CRD3, CRG1, and T1S1, respectively. Strong overlap between fit and experiment relies on fit quality. (c) Iron speciation derived
from XANES LCF analysis of the soil core samples before and after 2 min air-oxidation is displayed as bar diagrams scaled to the total iron
concentration. Additional details of the XANES and EXAFS LCF procedures are provided in the Supporting Information.
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Figure S9. Results of the Target Transform (TT) analysis of selected model compounds Fe K-edge EXAFS 
spectra. The spectra were reconstructed using the first four components of the principal component analysis, 
for T1S1, CRD3 and CRG1 samples altogether. Matching between the model compound spectrum (black) 
and its TT (red) is evaluated by a R factor (Ressler et al. 2000) The corresponding R factors are reported in   

• Target Transform analysis of 23 reference EXAFS spectra
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Table S3. Results of target transform (TT) analysis of Fe K-edge EXAFS spectra for a selected set of model 
compounds. The spectra were reconstructed using the first four principal components from the PCA analysis 
of our complete set of alluvial soils data (CRD3, CRG1 and T1S1 sample) before and after air-oxidation. 
Matching between the model compound spectrum and its TT is evaluated by a R factor (Ressler et al. 2000). 

Model compound Type R factor Reference 
Illite Natural, structural Fe(III) Le Puy-en-Velay 0.046 Merrot et al. (2019) 
Goethite Synthetic, Fe(III)-oxyhydroxide 0.085 Maillot et al. (2011) 
Fe(III)-triphosphate Synthetic, complexation 0.111 Baumgartner et al. (2016) 
2L-ferrihydrite Synthetic 0.128 Maillot et al. (2011) 
Si-ferrihydrite Synthetic, Si:Fe = 0.8 0.135 Adra et al. (2013) 
Fe(III)-humate Natural, sorption 0.142 Cosmidis et al. (2014) 
am-Fe-phosphate  Synthetic, amorphous Fe(III) phosphate 0.150 Cosmidis et al. (2014) 
Nontronite Natural, structural Fe(III), Garfield, WA, USA 0.156 Noël et al. (2014) 
Biotite Natural Yosemite, CA, USA 0.192 Merrot et al. (2019) 
Fe(II)-triphosphate Synthetic, complexation 0.246 Baumgartner et al. (2016) 
Fe(III)-talc Synthetic, structural Fe(III) 0.261 Zeyen et al. (2019) 
Serpentine Natural, structural Fe(II), New Idria, CA, USA 0.289 Dublet et al. (2012) 
Chlorite Natural, structural Fe(II,III), Rodez, France 0.333 This study 
Lepidocrocite Synthetic, Fe(III)-oxyhydroxide 0.352 Maillot et al. (2011) 
Phlogopite Natural, structural Fe(II), IMPMC collection 0.418 This study 
CO3

2--green rust Synthetic, structural Fe(II) and Fe(III) 0.472 Guerbois et al. (2014) 
Clinochlore Natural, structural Fe(II,III), IMPMC collection (Poitiers) 0.517 This study 
Pyrite Natural, Fe(II)-sulfide 0.529 Wang et al. (2018) 
Vivianite Synthetic, Fe(II) phosphate 0.569 Cosmidis et al. (2014) 
Fe metal Fe(0) foil 0.585 This study 
Fe(II)-talc Synthetic, structural Fe(II) 0.603 Zeyen et al. (2019) 
Hematite Synthetic, Fe(III)-oxide 0.696 Maillot et al. (2011) 
Siderite Synthetic 0.821 Dublet et al. (2014) 
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fitting parameters was estimated to 95% confidence (2σ) using
2√(var(p)·χR2, where var(p) is the variance of parameter p
returned by the Levenberg−Marquardt routine for the lowest
χR2 value. The fitting components were selected from our
database using the results of the TT analysis (Table S3) and
were further screened by requiring uncertainties returned from
the LCF procedure to be lower than the refined parameter values
(Table 4). Applying this method, a consistent set of six fitting
components, i.e., Fe(0), pyrite, vivianite, biotite, Illite, and
goethite, was found to fit both XANES and EXAFS spectra of
our whole set of soil core samples before and after air-oxidation.
The calculated uncertainties revealed that vivianite and pyrite
minor components, although observed by SEM, were significant
in the XANES fitting but not in the EXAFS fitting (Figure 4;
Table 4). In contrast, Fe(0) was required to fit both the XANES
and EXAFS data for the CRD3 core samples (Figure S12; Table
S4). This component may be attributed to steel or other metallic

particles, some of which were identified by the SEM-EDX
observations (Figure 1). We infer that they could originate from
incident anthropogenic inputs in the studied cropped fields,
such as soil tilling.
Because of the lower uncertainties and reliable sum-of-

component criteria, the XANES LCF was more accurate than
the EXAFS LCF in determining the Fe-redox state and was then
used to evaluate the “reduced-state iron” pool, calculated as the
sum of Fe(0) and Fe(II) (Table 4). This observation obviously
results from the well-known sensitivity of the energy position of
the Fe K-edge to oxidation state and first ligands, which allows
accurate determination of Fe oxidation state in complex natural
samples using the XANES LCF, provided that appropriate
model compounds are available.53,55,57−59

Figure 3. Role of the reduced-state iron pool in the reactive species production upon air-oxidation. (a) The quantity of DMPO−alkyl• adduct
produced after 2 min of air-oxidation is displayed as a function of total iron concentration (open circles) and the initial reduced-state iron pool (plain
circle). Uncertainties fall within the symbol size (Table 3). The reduced-state iron pool is calculated as Fe(0) + Fe(II) species in the pristine soil
samples, as determined from the LCF of XANES data at the Fe K-edge (Figure 4; Table 4) (b) Details of the LCF in the edge region are displayed
before and after air-oxidation with fit curves displayed as green and red curves, respectively, and overlap experimental data displayed as light blue, blue,
and orange colors for CRD3, CRG1, and T1S1, respectively. Strong overlap between fit and experiment relies on fit quality. (c) Iron speciation derived
from XANES LCF analysis of the soil core samples before and after 2 min air-oxidation is displayed as bar diagrams scaled to the total iron
concentration. Additional details of the XANES and EXAFS LCF procedures are provided in the Supporting Information.
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ABSTRACT: Natural environments subjected to hydrologically driven redox
fluctuations are regarded as propitious to contaminant degradation since they
favor the cyclic oxygenation of Fe(II) minerals, which produces oxygen reactive
species (ROS), such as the hydroxyl radical, OH•. However, the identity of these
reactive species may vary as a function of physicochemical conditions and remains a
matter of research. Here, using spin-trapping electron paramagnetic resonance (EPR)
with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap, we show that a non-
hydroxyl reactive species is produced in significant amounts upon air-oxidation of
alluvial soil suspensions (Seine River Basin, France). Indeed, among the DMPO−
OH•, DMPO−CO2

•−, and DMPO−alkyl• adducts observed, the latter dramatically
increases with the addition of ethanol or, to a lesser extent, tert-butanol, especially
with phosphate buffer. This result reveals a dominant non-hydroxyl species, which we
interpret as Fe(IV) since it is known to oxidize alcohols to alkyl• radicals and is
favored by phosphate ligands. With phosphate buffer and ethanol, the DMPO−alkyl• production correlates with the initial reduced-
state iron pool in the samples, as determined using Fe K-edge X-ray absorption spectroscopy (XAS). Fe(II) phyllosilicates, Fe(0) in
one soil core and, to a lesser extent, vivianite, are found to be the most significantly oxidized iron phases upon soil oxygenation, and
pyrite appears less reactive. Hence, we show that a significant reactive species, differing from OH•, forms upon oxygenation of soil
Fe(II) minerals, especially in the presence of soil-sourced phosphate. Our results may therefore call to further directly identify this
putative Fe(IV) species and to investigate its ability to degrade organic contaminants in natural environments.
KEYWORDS: alkyl•, OH•, CO2

•−, Fe(IV), phosphate, clays, EPR, XAS

■ INTRODUCTION
A wide diversity of advanced oxidation processes has been the
subject of intense research in recent decades in order to help
design efficient remediation processes for organic pollutants in
water and soils.1−3 Among recent developments, particular
interest has been devoted to investigating Fenton-based
processes using iron-bearing compounds as catalysts and
airborne O2 as an oxidant, especially in order to promote eco-
compatible routes favoring circumneutral pH and avoiding
strong oxidants.4,5 For instance, various organic compounds
have been reported to be degraded upon oxygenation of iron-
rich solid phases such as zerovalent iron,6 magnetite,7,8 FeS,9,10
pyrite11, and clay minerals.12−14 Moreover, some studies have
provided promising results regarding the degradation of organic
contaminants upon oxygenation of natural soils and sediments
in relation to the redox reactivity of Fe(II)-bearing soil
components.15−17 In these studies, organic contaminant
degradation has been attributed to the oxidizing role of reactive
oxygen species (ROS), particularly OH•, which have been
reported to be produced upon oxygenation of reduced soils and
sediments.17−23 Some of these studies proposed that OH•

production could be related to the oxidation of iron

minerals15−18 and organic matter (OM).18,24−26 Nevertheless,
in aqueous media that are relevant to this literature, the actual
formation of OH• could only be probed using indirect
approaches due to the high reactivity and extremely short
lifetime of this species (typically estimated to be ∼10−9 s at 37
°C in 1M linoleate27). Thus, OH• scavengers have been used to
investigate the role of this radical species in pollutant
degradation.16 More generally, the hydroxylation of specific
aromatic molecules by OH• has been rather used to obtain
quantitative estimates of this short-lived species. In particular,
the production rate of p-hydroxybenzoic acid (p-HBA) from
benzoic acid (BA) has often been used to assess OH•

production. This method was first established by Zhou and
Mopper28 and is now commonly used in various contexts,
including in soil and sediment oxygenation experi-

Received: April 29, 2024
Revised: August 6, 2024
Accepted: August 6, 2024

Articlehttp://pubs.acs.org/journal/aesccq

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsearthspacechem.4c00113
ACS Earth Space Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

SO
R

B
O

N
N

E 
U

N
IV

 o
n 

Se
pt

em
be

r 1
0,

 2
02

4 
at

 1
5:

57
:5

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

Non-Hydroxyl Radical Species Production during Dark Air Oxidation
of Alluvial Soils
Elora Bourbon, Frédéric Averseng, Pierre Le Pape, Thierry Allard, Fulvia Baratelli, Fabrice Alliot,
Alexandre Gélabert, Valentine Rollot, Elodie Guigon, Jessica Brest, Sylvie Nélieu, and Guillaume Morin*

Cite This: https://doi.org/10.1021/acsearthspacechem.4c00113 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Natural environments subjected to hydrologically driven redox
fluctuations are regarded as propitious to contaminant degradation since they
favor the cyclic oxygenation of Fe(II) minerals, which produces oxygen reactive
species (ROS), such as the hydroxyl radical, OH•. However, the identity of these
reactive species may vary as a function of physicochemical conditions and remains a
matter of research. Here, using spin-trapping electron paramagnetic resonance (EPR)
with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap, we show that a non-
hydroxyl reactive species is produced in significant amounts upon air-oxidation of
alluvial soil suspensions (Seine River Basin, France). Indeed, among the DMPO−
OH•, DMPO−CO2

•−, and DMPO−alkyl• adducts observed, the latter dramatically
increases with the addition of ethanol or, to a lesser extent, tert-butanol, especially
with phosphate buffer. This result reveals a dominant non-hydroxyl species, which we
interpret as Fe(IV) since it is known to oxidize alcohols to alkyl• radicals and is
favored by phosphate ligands. With phosphate buffer and ethanol, the DMPO−alkyl• production correlates with the initial reduced-
state iron pool in the samples, as determined using Fe K-edge X-ray absorption spectroscopy (XAS). Fe(II) phyllosilicates, Fe(0) in
one soil core and, to a lesser extent, vivianite, are found to be the most significantly oxidized iron phases upon soil oxygenation, and
pyrite appears less reactive. Hence, we show that a significant reactive species, differing from OH•, forms upon oxygenation of soil
Fe(II) minerals, especially in the presence of soil-sourced phosphate. Our results may therefore call to further directly identify this
putative Fe(IV) species and to investigate its ability to degrade organic contaminants in natural environments.
KEYWORDS: alkyl•, OH•, CO2

•−, Fe(IV), phosphate, clays, EPR, XAS

■ INTRODUCTION
A wide diversity of advanced oxidation processes has been the
subject of intense research in recent decades in order to help
design efficient remediation processes for organic pollutants in
water and soils.1−3 Among recent developments, particular
interest has been devoted to investigating Fenton-based
processes using iron-bearing compounds as catalysts and
airborne O2 as an oxidant, especially in order to promote eco-
compatible routes favoring circumneutral pH and avoiding
strong oxidants.4,5 For instance, various organic compounds
have been reported to be degraded upon oxygenation of iron-
rich solid phases such as zerovalent iron,6 magnetite,7,8 FeS,9,10
pyrite11, and clay minerals.12−14 Moreover, some studies have
provided promising results regarding the degradation of organic
contaminants upon oxygenation of natural soils and sediments
in relation to the redox reactivity of Fe(II)-bearing soil
components.15−17 In these studies, organic contaminant
degradation has been attributed to the oxidizing role of reactive
oxygen species (ROS), particularly OH•, which have been
reported to be produced upon oxygenation of reduced soils and
sediments.17−23 Some of these studies proposed that OH•

production could be related to the oxidation of iron

minerals15−18 and organic matter (OM).18,24−26 Nevertheless,
in aqueous media that are relevant to this literature, the actual
formation of OH• could only be probed using indirect
approaches due to the high reactivity and extremely short
lifetime of this species (typically estimated to be ∼10−9 s at 37
°C in 1M linoleate27). Thus, OH• scavengers have been used to
investigate the role of this radical species in pollutant
degradation.16 More generally, the hydroxylation of specific
aromatic molecules by OH• has been rather used to obtain
quantitative estimates of this short-lived species. In particular,
the production rate of p-hydroxybenzoic acid (p-HBA) from
benzoic acid (BA) has often been used to assess OH•

production. This method was first established by Zhou and
Mopper28 and is now commonly used in various contexts,
including in soil and sediment oxygenation experi-
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Figure S9. Results of the Target Transform (TT) analysis of selected model compounds Fe K-edge EXAFS 
spectra. The spectra were reconstructed using the first four components of the principal component analysis, 
for T1S1, CRD3 and CRG1 samples altogether. Matching between the model compound spectrum (black) 
and its TT (red) is evaluated by a R factor (Ressler et al. 2000) The corresponding R factors are reported in   

• Target Transform analysis of 23 reference EXAFS spectra
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Table S3. Results of target transform (TT) analysis of Fe K-edge EXAFS spectra for a selected set of model 
compounds. The spectra were reconstructed using the first four principal components from the PCA analysis 
of our complete set of alluvial soils data (CRD3, CRG1 and T1S1 sample) before and after air-oxidation. 
Matching between the model compound spectrum and its TT is evaluated by a R factor (Ressler et al. 2000). 

Model compound Type R factor Reference 
Illite Natural, structural Fe(III) Le Puy-en-Velay 0.046 Merrot et al. (2019) 
Goethite Synthetic, Fe(III)-oxyhydroxide 0.085 Maillot et al. (2011) 
Fe(III)-triphosphate Synthetic, complexation 0.111 Baumgartner et al. (2016) 
2L-ferrihydrite Synthetic 0.128 Maillot et al. (2011) 
Si-ferrihydrite Synthetic, Si:Fe = 0.8 0.135 Adra et al. (2013) 
Fe(III)-humate Natural, sorption 0.142 Cosmidis et al. (2014) 
am-Fe-phosphate  Synthetic, amorphous Fe(III) phosphate 0.150 Cosmidis et al. (2014) 
Nontronite Natural, structural Fe(III), Garfield, WA, USA 0.156 Noël et al. (2014) 
Biotite Natural Yosemite, CA, USA 0.192 Merrot et al. (2019) 
Fe(II)-triphosphate Synthetic, complexation 0.246 Baumgartner et al. (2016) 
Fe(III)-talc Synthetic, structural Fe(III) 0.261 Zeyen et al. (2019) 
Serpentine Natural, structural Fe(II), New Idria, CA, USA 0.289 Dublet et al. (2012) 
Chlorite Natural, structural Fe(II,III), Rodez, France 0.333 This study 
Lepidocrocite Synthetic, Fe(III)-oxyhydroxide 0.352 Maillot et al. (2011) 
Phlogopite Natural, structural Fe(II), IMPMC collection 0.418 This study 
CO3

2--green rust Synthetic, structural Fe(II) and Fe(III) 0.472 Guerbois et al. (2014) 
Clinochlore Natural, structural Fe(II,III), IMPMC collection (Poitiers) 0.517 This study 
Pyrite Natural, Fe(II)-sulfide 0.529 Wang et al. (2018) 
Vivianite Synthetic, Fe(II) phosphate 0.569 Cosmidis et al. (2014) 
Fe metal Fe(0) foil 0.585 This study 
Fe(II)-talc Synthetic, structural Fe(II) 0.603 Zeyen et al. (2019) 
Hematite Synthetic, Fe(III)-oxide 0.696 Maillot et al. (2011) 
Siderite Synthetic 0.821 Dublet et al. (2014) 
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Part 2 – Degradation of HAP upon oxygenation of soils and sediments

PIREN-Seine – Rapport de fin de phase VIII – Vol. 10 – Processus biophysicochimiques et interactions biote 
contaminants à l’échelle locale 

 

Chap. 2 – Radicaux libres naturellement présents dans les sédiments   19 

1.1.3 Site autoroutier de la N118 
 

Le site autoroutier est localisé dans un bassin de rétention d’eau proche de la N118 (Fig. 3) qui a initialement 
été prélevé par le LSCE et l’IMPMC dans le cadre du projet Antimoine du PIREN-Seine (Philippe et al. 2021). 
Les échantillons de sédiment ont été stockés plusieurs semaines en flacon fermé saturé d’eau à 4 °C avant d’être 
centrifugés et séchés en boîte à gants anoxique puis étudiés bruts (pour la mesure des radicaux libres) et/ou 
tamisés à 200 µm (pour les expériences menées sur les HAP). 

Figure 3. Schéma de localisation du prélèvement de sédiment réalisé dans le bassin #3 de rétention des eaux 
de ruissellement autoroutier de la N118 à Orsay. D’après Philippe et al. (2021). La photo montre la sortie de 

la buse et le bassin #3. Le point de prélèvement est indiqué par une étoile. 

 

1.2 Géochimie des eaux et minéralogie des solides 

1.2.1 Physico-chimie des eaux aux points de prélèvement 

Lorsque cela était possible, des échantillons d’eau de rivière (Seine ou Ru des Avenelles), de la nappe 
alluviale et de la nappe superficielle dans les trous de carottage ont été prélevés (Bourbon et al. 2021 ; Morin et 
al. 2022). Après des mesures de pH, de conductivité et d'O2 dissous directement faites sur le terrain, les eaux 
ont été prélevées, filtrées, acidifiées, conditionnées hermétiquement et conservées dans une glacière pour le 
trajet. Ces échantillons liquides ont ensuite été entreposés à 4 °C en attendant d’être analysés pour le Fe(II) 
dissous (Fadrus and Maly, 1975).  

Nous reportons ici les résultats des eaux de la nappe superficielle, qui est assimilable à l’eau porale des 
sols/sédiments étudiés, car elle est la plus représentative des conditions physico-chimiques auxquelles sont 
exposées les phases solides in situ. Les mesures réalisées montrent que ces eaux de nappe superficielles sont 
appauvries en oxygène sur les sites de l’Orgeval et de la Bassée/Seine Amont (Tab. 1). En effet, la mesure de 

Crédit GM 

Chapitre II – Matériels et méthodes 

65 

 

Figure II-5 : (Haut) Localisation du bassin de rétention routier de la N118 par rapport au bassin 

versant de l’Orge-Yvette (d’après les données BD TOPAGE£ 2022, ADMIN EXPRESS et BD 

CARTO£ ROUTE 500£ 2021). (Bas) Représentation schématique des bassins de rétention du site 

(Philippe, 2022). 
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facilement oxydée, avec une perte de la moitié de cette composante après oxydation, tandis que les 
composantes pyrite et vivianite sont peu affectées (Tableau 1).  

    

Figure 1. Analyse par combinaison linéaire des spectres d’absorption des rayons X au seuil K du Fe 
dans le sédiment N118_290121 brut, avant (vert) et après oxydation (rouge) à l’air pendant 2 minutes. 

A gauche les données XANES avec un détail montrant le décalage du seuil d’absorption lors de 
l’oxydation. A droite les données EXAFS pondérées en k3 avec les transformées de Fourier rapides. 

Tableau 1. Résultats de l’analyse par combinaison linéaire des spectres d’absorption des rayons X au 
seuil K du Fe dans le sédiment N118_290121 brut, avant et après oxydation à l’air pendant 2 minutes. 

Les spectres sont présentés en Figure 1.  Le ratio Fe(II)/∑Fe est de 30% dans la Biotite utilisée ici 
comme composante de l’ajustement.  

Echantillon Pyrite 
Fe(II) 
% 

Vivianite 
Fe(II) 
% 

Biotite 
Fe(II,III) 
% 

Illite 
Fe(III) 
% 

Goethite 
Fe(III) 
% 

Somme 
% 

Fe(II) 
% 

∆Fe(II) 
% 

Chi2R 
(x 104) 

N118_290121_brut 10 ± 2 13 ± 3 27 ± 6 14 ± 9 33 ± 9 98 43 ± 4 0 8,5 

N118_290121_Air_2min 12 ± 2 12 ± 3 13 ± 5 19 ± 8 43 ± 8 99 33 ± 4 -10 ± 4 7,2 

 

2.1.2. Spéciation du fer avant et après bullage d’air dans une suspension 12 mL 

Nos résultats montrent qu’il n’y a pas eu d’oxydation du fer(II) lors du traitement par bullage d’air 
dans un grand volume 12 mL (Tableau 2 ; Figure 4), contrairement à ce qui avait été observé pour le 
petit volume < 1 mL (Figure 1 , Tableau 1). Le bullage d’air d’une suspension de 1,5 g de sédiment 
pendant 3h avec l’aiguille d’une seringue s’avère insuffisant pour oxyder les phases porteuses du Fe(II). 
Ceci quand bien même nous avons vérifié que la solution est saturée en oxygène après 30 minutes de 
bullage. Il semble que l’absence d’agitation autre que celle provoquée par le bullage soit ici limitante 
pour la diffusion de l’oxygène jusqu’aux phases minérales réactives. Au contraire, Le bullage d’un petit 
volume avec la même aiguille, tel qu’il a été présenté dans la section précédente, apparaît plus efficace 
pour oxygéner la suspension en redispersant mieux le solide lors de l’oxygénation. Cette explication liée 
à l’agitation est d’autant plus probable que la saturation en oxygène était seulement de 65 % avec deux 
minutes de bullage dans 0,826 mL, 

2.1.3. Spéciation du fer avant et après séchage à l’air ou sous azote 

En revanche les résultats spectroscopiques montrent que l’oxydation par agitation de 30 min et 
séchage à l’air provoque une oxydation du Fe(II) (Tableau 2 ; Figure 4). Le sédiment N118_110322 < 
200µm présente une fraction en Fe(II) initiale (24 ± 4 %) très inférieure à celle du sédiment brut 
N118_290121 (43 ± 4 %) qui avait été incubé un an en conditions saturées anoxiques (Tableau 1 ; 
Figure 1). On remarque que la fraction de Fe(II) supplémentaire dans ce sédiment est particulièrement 
exprimée par la pyrite et la vivianite (Tableau 1), tandis que la fraction de Fe(II) associé aux 
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valeurs sont données comme la moyenne de triplicats des expériences d’oxydation et les barres 
d’erreur représentent l’incertitude à 3s. (Bourbon 2022) 

 

2.2.2. Sédiments tamisés à 200 µm, bullage dans une suspension < 1mL 

Afin de limiter l’hétérogénéité de l’échantillon, une seconde série d’expériences a été menée le 
sédiment N118_290121+N118_210220 tamisé en boîte à gants à 200 µm. De plus, cette fois, le sédiment 
tamisé, a été oxydé par bullage pendant une durée plus longue, trois heures, et une expérience en 
présence de 10% en masse de nano-magnétitea aussi été pratiquée, afin de favoriser les réactions Fenton-
like oxydatives liées à l’oxygénation du Fe(II). Les résultats obtenus sur les triplicats d’expériences 
montrent que le tamisage a effectivement permis d’améliorer la répétabilité de la quantification des 
HAP, ainsi que l’indique la plus faible dispersion des teneurs dans les échantillons (Figure 4). On peut 
également remarquer que dans l’échantillons tamisé les moyennes ne dépassent pas les 1400 µg/kg, 
alors que dans l’échantillon brut, les moyennes des molécules les plus lourdes sont de plusieurs milliers 
de µg/kg (Figure 3). Ceci suggère que le tamisage a retiré des particules grossières porteuses de HAP, 
qui pourraient correspondre à des fragments dont la nature reste à déterminer, mais qui pourraient par 
exemple provenir des asphaltes (Germain-Aizac 2023).  

 

 

Figure 4. Concentrations en HAP dans l’échantillon de sédiment N118_290121+N118_210220 
tamisé à 200 µm,  mesurées avant et après oxydation par bullage d’air (3h) en suspension aqueuse. 
Les valeurs sont données comme la moyenne de triplicats des expériences d’oxydation et les barres 

d’erreur représentent l’incertitude à 3s. (Bourbon 2022) 

Il est aussi intéressant de remarquer que les moyennes des teneurs en HAP des échantillons oxydés sont plus 
faibles pour la plupart, que celles de l’échantillon non oxydé, ce qui suggère un effet de l’oxydation sur la teneur 
en HAP. Selon les molécules la réduction est de 17 à 53%. Les molécules sur les lesquelles l’oxydation a eu le 
plus d’effet sont l’anthracène avec une diminution de 45% sans nano-magnétite et 53% avec ; le 
benzo(a)anthracène (37% : sans magnétite ; 38% avec magnétite) et le dibenzo(a,h)anthracène (36% avec et sans 
nano-magnétite. Ainsi, les effets de l’oxydation de 3h semblent détectables malgré la dispersion intrinsèque des 

 

28 
 

L’hétérogénéité de l’échantillon, qui était déjà visible dans des tests préliminaires de 
mesures du Fe(II) à plusieurs temps d’oxydation (non présentés dans ce rapport), est très 
probablement à l’origine de cette dispersion. Pour tenter de pallier à ce problème 
d’hétérogénéité, une seconde série d’expériences a été menée sur un sédiment tamisé en 
boîte à gants à 200 µm. Sur la base des travaux de Usman et al. (2012), cette seconde série 
de suivi des HAP a été fait sur un sédiment non oxydé de nouveau, oxydé trois heures, 
oxydé trois heures avec 10% en masse de nano-magnétite, de nouveau en triplicat.  
 

 
Figure 15 : Concentrations moyennes (µg/kg) de HAP dans des sédiments de bassin de 

rétention de la N118 tamisés à 200 µm - Incertitude = ± 3σ 

Le tamisage a effectivement permis d’améliorer la répétabilité de l’expérience puisque la 
dispersion des teneurs dans les échantillons sont plus faibles (Figure 15). En effet, les 
teneurs en benzo(b)fluoranthène varie de 1185 ± 193 µg/kg sans oxydation à 834 ± 290 
avec oxydation de 3 h et à 815 ± 189 pour une oxydation de 3 h avec magnétite. En ne 
gardant que la phase fine, on pouvait s’attendre à ce que les concentrations soient plus 
élevées que sur l’échantillon brut, puisque les HAP ne s’adsorbent pas sur les grains 
millimétriques de quartz qui ont été retirés lors du tamisage. Or l’effet inverse est observé 
ici. Après tamisage, les moyennes ne dépassent pas les 1400 µg/kg, alors que dans 
l’échantillon brut, les moyennes des molécules les plus lourdes sont de plusieurs milliers de 
µg/kg. 
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A B S T R A C T   

The frequently occurring redox fluctuations in paddy soil are critical to the cycling of redox-sensitive elements (e. 
g., iron (Fe) and carbon) due to the driving of microbial processes. However, the associated abiotic process, such 
as hydroxyl radical (•OH) formation, was rarely investigated. Hence, we examined the under-appreciated role of 
•OH formation in driving polycyclic aromatic hydrocarbons (PAHs) degradation upon oxygenation of anoxic 
paddy slurries. Results showed that •OH production largely differed in different paddy slurries, in the range of 
271.5-581.2 μmol kg−1 soil after 12 h reaction. The •OH production was highly hinged on the contents of active 
Fe species, i.e., exchangeable, surface-bound Fe and Fe in low-crystalline phases rather than Fe in high-crystalline 
minerals or silicates. Besides, •OH production significantly decreased with increasing soil depth due to the 
declined active Fe species and abundance of functional microbes. Oxygenation also induced the transformation 
of these active Fe species into the low- and high-crystalline phases, which might affect the following redox 
process. The produced •OH can efficiently degrade PAHs with degradation extents depending on their physi-
ochemical properties. Our findings highlight the key roles of active Fe species in driving •OH formation and 
organic contaminants degradation during redox fluctuations of paddy soils.   

1. Introduction 

Paddy soils serve as the critical “grain base” for food production, 
feeding about 50% world’s population. As flooding and drainage 
frequently occur during rice growth, soil redox potential (Eh) signifi-
cantly fluctuates along with the periodic anoxic-oxic cycles 
(Kögel-knabner et al., 2010). Accordingly, redox-sensitive elements, 
such as iron (Fe), manganese (Mn) and sulfide (S), concurrently trans-
form at the anoxic-oxic interfaces (Hashmi and Varma 2018), which is of 
great significance to biogeochemical elements cycling. After flooding, 
Eh dramatically decreases due to the rapid oxygen (O2) depletion, which 
is accompanied with massive formation of reduced substances (e.g., Fe 
(II), at level of μM~mM) deriving from dissimilatory microbial respi-
ration (Kappler et al., 2021; Klüpfel et al., 2014; Winkler et al., 2018), 
coupling with soil organic carbon (SOC) mineralization and organic 
contaminants degradation (Xu et al., 2015; Xu et al., 2019). During 
drainage period, O2 can quickly penetrate anoxic soil due to the 

water-table decline and enhance the metabolic activities of aerobic 
microorganisms, which also promotes SOC decomposition and con-
taminants (e.g., arsenic and polycyclic aromatic hydrocarbons (PAHs)) 
transformation (Li et al., 2021; Ni et al., 2018; Tong et al., 2021). 
Compared to these biotic processes, knowledge referring to the abiotic 
processes during paddy redox fluctuations, such as hydroxyl radicals 
(•OH) production, is rather limited. 

The •OH (E0=2.7 eV), one of the most powerful oxidants in natural 
environments, can mediate a wide range of chemical reactions, 
including the transformation of organic contaminants and cycling of 
nutrient elements (Yu and Kuzyakov 2021). In recent years, many 
studies have documented that oxygenation of reduced substances (e.g., 
Fe(II)-bearing minerals) by O2 can produce abundant •OH (Chen et al., 
2019a; Cheng et al., 2020; Page et al., 2012), which can induce the 
oxidation of organic matter (OM), emission of CO2 and degradation of 
organic contaminants, etc. (Zhang et al., 2020b). Thus, increasing 
attention has been paid to the reduced substances-based •OH formation 
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Table A3 with a slight modification from Voelz et al., (2019). All solu-
tions were degassed with 99. 9% Ar before use. Briefly, 1 mL homoge-
neous suspension was extracted by 10 mL 1 M CaCl2 for 2 h to obtain 
exchangeable Fe (Heron et al., 1994), which was followed by extraction 
with 10 mL 0.5 M HCl for 2 h to obtain dissolve surface-adsorbed Fe and 
a portion of Fe in low-crystalline minerals (e.g., ferrihydrite, siderite and 
green rust-like phase) (Ayalaluis et al., 2012; Chen et al., 2018a). Then, 
the residuals were extracted by 10 mL 5 M HCl for 24 h for Fe in 
high-crystalline minerals (e.g., hematite and magnetite) and by 10 mL 
mixture of 1.3 M HF and 1.8 M H2SO4 for 24 h to obtain Fe in silicates 
and clays (Amonette and Tampleton 1998), respectively. Fe(II) was 
measured at 560 nm on a UV-Vis spectrometer (Shimadzu UV-2550) 
using the phenanthroline method (Tamura, et al., 1974), with total Fe 
determined after reduction of Fe(III) by 10% hydroxylamine 
hydrochloride. 

2.4.2. Other analyses 
Mössbauer and XPS spectra were applied to identify the Fe species 

transformation in different treatments (details were summarized in Text 
A3). Bacterial communities in HX and JN slurries at different depths 
were analyzed according to the previous methods (Wang et al., 2016), 
with details provided in Text A4. The p-HBA concentration was 
measured by the LC-15C HPLC (Shimadzu, Japan). The •OH production 
was calculated with a conversion factor of 5.87 of p-HBA concentration 
(Mopper and Zhou 1990). H2O2 was analyzed by acridinium ester-based 
chemiluminescing reaction method (Zhang et al., 2020a), with addition 
of 2,2′-bipyridine (BPY) and Na2EDTA to minimize the interfere from 
Fe2+ and Fe3+. The PAHs concentration was analyzed with a Trace ISQ 
GC-MS (Thermo Fisher Scientific, Austin, TX USA). The degradation 
products were analyzed with the liquid 
chromatography-quadrupole-time-of-flight premier mass spectrometry 
(X500R LC-QTOF, AB SCIEX). The TOC samples were analyzed with a 
multi N/C 3100 (Analytik Jena, Germany) TOC analyzer. Details are 
provided in Text A5. 

3. Results and discussion 

3.1. •OH production during oxygenation of anoxic paddy slurries 

Extensive •OH accumulation was observed in oxygenation of paddy 
slurries (Figure 1), whereas negligible •OH accumulated under anoxic 
conditions (Figure A2a). The initial time points (0, 0.5 and 1 h) were best 
fitted with (R2 ≥ 0.95) the pseudo-zero-order rate constant (kobs, •OH). 
The kobs, •OH values of YX (54.0 ± 1.8 μM h−1), JR (85.9 ± 1.6 μM h−1), 
WJ (109.5 ± 0.9 μM h−1) and JN (116.6 ± 1.2 μM h−1) were much 
higher than that of HX (5.3 ± 0.3 μM h−1), inducing 83.5, 137.2, 156.5, 
178.8 and 8.3 μM •OH production (271.5 - 581.2 μmol kg−1) after 12 h, 

respectively (Figure 1a). These results indicated paddy soils produced 
more •OH than non-irrigated soil during redox fluctuations. The dis-
crepancies of •OH production among these paddy slurries probably 
implied that active components (e.g., Fe species) for •OH production 
largely differed with each other. For JN slurry with different depths, kobs, 

•OH significantly decreased with the increasing depth, giving value of 
116.6 ± 1.2, 66.5 ± 0.8, 35.0 ± 0.8 and 10.8 ± 0.2 μM h−1 for JN0-20, 
JN20-40, JN40-60 and JN60-80, respectively. These results further sug-
gested that active components significantly altered along with the ver-
tical soil profiles. Application of γ irradiation before oxygenation 
negligibly affected •OH production (Figure A2a), which meant O2- 
mediated chemical processes were mainly accountable for •OH 
formation. 

3.2. Identification of Fe species for •OH production 

The roles of Fe(II) species in •OH production were examined with the 
addition of BPY to screen the Fe2+ or surface-exposed Fe(II) (Kat-
soyiannis et al., 2008). Results showed that adding 20 mM BPY in WJ 
and JN slurries inhibited 91.3% and 87.4% of •OH production respec-
tively (Figure A2b), which denoted the Fe(II) species were mainly 
responsible for •OH formation. Besides, correlation analyses showed 
total Fe(II) (TFe(II)) were positively correlated with •OH accumulation 
(p < 0.01, Figure A3a-d), indicating oxygenation of 1 g Fe(II) in JR, JN, 
WJ and YX can produce 135.2, 124.3, 159.3 and 146.0 μmol •OH, 
respectively. The different stoichiometry of •OH production points to 
different Fe(II) species present in these slurries. Hence, the exchangeable 
Fe (noted CaCl2-Fe), surface-adsorbed Fe and Fe in low-crystalline 
minerals (0.5 M HCl-Fe), Fe in high-crystalline minerals (5 M HCl-Fe), 
and Fe in silicates and clays (HF-Fe) were examined with sequential 
extraction. 

3.2.1. Changes of Fe(II) species during oxygenation 
For HX, only 0.43 g kg−1 5 M HCl-Fe(II) and 0.73 g kg−1 5 M HCl-Fe 

(II) were extracted at 0 h (Figure 2a), which indicated limited Fe was 
reduced during incubation due to the high Eh (58.2-182.3 mV). 

However, large amount of Fe(II) was extracted in paddy slurries 
(Figure 2b-e). The contents of CaCl2-Fe(II) were 1.27 ± 0.10, 1.25 ±
0.01, 0.62 ± 0.01and 0.34 ± 0.01 g kg−1 for JN, JR, WJ and YX slurries 
at 0 h, respectively, which indicated that more exchangeable Fe(II) 
presented in JN and JR than that of WJ and YX. During oxygenation, 
CaCl2-Fe(II) was almost completely oxidized within 2 h, with Fe(II) 
oxidation rate (kobs) of 1.85 ± 0.01 h−1, 1.05 ± 0.03 h−1, 1.77 ± 0.07 
h−1 and 1.85 ± 0.08 h−1 for JN, JR, WJ and YX, respectively (Table 1). 
The kobs, CaCl2-Fe(II) of JN, WJ and YX showed no significant difference 
(p>0.05) with each other, but much higher than that of JR (p < 0.05), 
which implied the oxidation mechanism of CaCl2-Fe(II) in JR were 

Fig. 1. The •OH accumulation during oxygenation of a) surface paddy slurries and b) JN slurry with different depths. HX, JR, JN, YX and WJ represent the paddy 
sites of Hengxi, Jurong, Jiangning, Yixing and Wujin. 
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faster than outer-sphere reaction due to more intimate electronic 
interaction between Fe atom and oxygen molecule (Rosso and Morgan 
2002). In this case, hydrolyzed or ligand complexed Fe(II) (e.g., Fe(OH2) 
(OH) 2) favored the oxidation than hydrated forms (e.g., Fe(OH2)2+ 6) 
(Luther 1990; Scherlis and Estrin 2002). For 5 M HCl-Fe(II), represent-
ing the Fe(II) in high-crystalline mineral phases, probably included 
magnetite, Fe(II) in sulfides, etc., based on Table A3. Oxidation of these 
Fe(II) species were well elucidated in previous studies (Fang et al., 2012; 
Zhang et al., 2018). However, the content of oxidized 5 M HCl-Fe(II) was 
much lower than CaCl2- and 0.5 M HCl-Fe(II) (Table 1), indicating 
associated •OH production was to the low extent. 

Hence, the discrepancies of Fe(II) oxygenation and •OH formation 
were further elucidated in these paddy slurries. The kobs, CaCl2-Fe(II) of JR 
was much lower than that of YX, which was probably ascribed to the 
relatively low pH of JR inducing more oxygenation of exchangeable Fe 
(II) via outer-sphere mechanisms. Besides, higher content of amorphous 
Fe species (Feo, Table A2) in JR than YX might induce more formation of 
green rust-like Fe(II) and more surface Fe(II) adsorbed via –––Fe(III)-O-Fe 
(II) or –––Fe(II)-O-Fe(II) thus accelerating Fe(II) oxygenation (Satapana-
jaru et al., 2003; Xie et al., 2020), which was probably responsible for 
the higher kobs, 0.5 M HCl-Fe(II) of JR than that of YX (Table 1). The green 
rust-like Fe(II) was difficult to be distinguished in soil samples, probably 
due to its low content and easy transformation during the preparation 
before spectroscopic measurements (Ayalaluis et al., 2012; Feder et al., 
2005). Hence, the oxidized CaCl2- and 0.5 M HCl-Fe(II) in JR were both 
higher than that of YX (Table 1), inducing more •OH accumulation 
(Figure 1a). Compared with JR, more •OH was produced in WJ slurry 
(Figure 1a). The kobs, CaCl2-Fe(II) of WJ was much higher than that of JR, 
probably due to the outer-sphere mechanisms induced by higher pH in 
WJ slurry (Figure A1b). However, the oxidized CaCl2-Fe(II) of WJ was 
less than that of JR. Although kobs, 0.5 M HCl-Fe(II) of JR and WJ showed no 
significant difference (p>0.05), more 0.5 M HCl-Fe(II) was oxidized in 
WJ than JR. These results collectively suggested 0.5 M HCl-Fe(II) 
contributed more to •OH production in WJ than that of JR. The kobs of 
CaCl2- and 0.5 M HCl-Fe(II) in JN and WJ showed no significant dif-
ference (p>0.05), indicating oxygenation of these Fe(II) species might 
follow the similar pattern. But the content of oxidized CaCl2- and 0.5 M 

HCl-Fe(II) in JN was much higher than that of WJ (Table 1), which 
induced more •OH formation in JN. Based on these discussions, •OH 
production depended more on the oxidized content rather than the 
oxidation rate of active Fe(II) species in oxygenation of paddy slurries. 

H2O2 concentration was examined to explore the pathways of •OH 
formation. The instantaneous H2O2 concentration increased rapidly 
within 1 h and then faded away (Figure A10a-d), which was well cor-
responding to the biphasic oxidation of CaCl2- and 0.5 M HCl-Fe(II) 
species (Figure 2). Addition of 5 mM nitroblue tetrazolium, the scav-
enger of O•- 2, significantly decreased the peak concentration of H2O2 
and •OH production by 75% and 71% for JN, 72% and 70% for JR, 74% 
and 75% for WJ, 68% and 77% for YX, respectively (Figure A10a-d), 
which indicated both one- and two-electron transfer mechanisms 
contributed to •OH formation. Besides, good correlation (p<0.01) was 
observed between the peak concentration of H2O2 and accumulated •OH 
(Figure A11b), which substantiated that H2O2 was the necessary pre-
cursor for •OH production via Haber-Weiss mechanism (Tong et al., 
2016). 

3.5. PAHs degradation in oxygenation of paddy slurries 

NAP degradation was investigated to examine the role of •OH in 
driving PAHs degradation during oxygenation of anoxic paddy slurries. 
Results showed that NAP was relatively stable under anoxic condition in 
JN slurry (Figure 5a). However, NAP concentration quickly decreased 
by 32.9% within 2 h and slowly afterwards under oxic conditions, which 
was well corresponding to the •OH accumulation (Figure 1a). Applica-
tion of γ irradiation slightly inhibited NAP degradation (< 2%), while 
the degradation was significantly decreased with the addition of meth-
anol. These combined results confirmed the predominant role of •OH in 
driving PAHs degradation. 

Besides, NAP degradation was examined during oxygenation of four 
paddy slurries to investigate the effects of soil types on PAHs degrada-
tion. The NAP degradation followed the similar trend in these slurries 
(Figure 5b), which showed that 34.1%, 30.7%, 29.1% and 32.6% of NAP 
was degraded in JN, WJ, JR and YX slurries after 12 h respectively. 
Based on previous analyses, higher content of active Fe(II) species (e.g., 

Fig. 5. a) NAP degradation under different conditions in JN0-20 slurry; b) NAP degradation during oxygenation processes in surface paddy slurries; c) PAHs 
degradation during the redox fluctuations processes in JN0-20 slurry; d) Changes of TOC in reaction systems during oxygenation of γ-irradiated JN0-20 slurry. 

N. Chen et al.                                                                                                                                                                                                                                    

(2021)
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Riverbank soils from Orgeval basin, France  (Avenelles creek)

Ø CRD3 and CRG1 and cores, 9 samples

MoLoNaRi: AvAv

Coordonnée L2E : X= 658586.04, Y= 2428587.83

Caractéristique du forage
Profondeur 3: m
Diamètre de forage : 120 mm
Diamètre de Tube :50 mm
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Début d’acquisition de données:

12/03 /13

/03 /12

Pression + température
Nom de la sonde:

Piézomètres et rivière:
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Regard cimenté
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K : 1.E-03 ? m/s
T : 1.5E-05 m²/s

PZPS 13- (aval-theil : rive gauche)

Coupe lithologique

0 0.6 : limons

0.6- 1.3 m : colluvion
de meulière + limons
1.30-1.50 m : meulière
+ silex

1,50-3 m : marnes
grise avec des silex

-0.92

2
.0

6

0.0

PZPS13

11.1

Anoxic
glove box

500 km
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• Fresh soils or pre-oxidized soils

• With or without nanomagnetite added

• doped with sulfamethoxazole and imidacloprid

Ø impregnation period of 24 h at 4°C under anoxic conditions 

Ø followed by an anoxic or oxic drying procedure
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Figure 3. Relative concentrations of imidacloprid (top) and sulfamethoxazole (bottom) in the dry 
soil and the aqueous filtrate after treatment via the Oxic and Anoxic routes, as described in Table 1 
and Figure 1 (see text). All data are reported as the average of three replicate experiments with s.d. 
expressed as error bars, relative to the doping concentrations.  
 

Indeed, we observe a significant removal of sulfamethoxazole (Figure 3b) and, to a lesser extent, of 

imidacloprid (Figure 3a), after contact with the pristine soil (Soil) compared to the pre-oxidized soil 

(PreOx). This trend is observed whether the anoxic or oxic route was applied to the samples (Figure 

1), which suggests that the organic contaminant removal occurred during the 24 hours impregnation 

period that was performed under anoxic conditions in both routes (Figure 1). In contrast, the shaking 

and drying operations carried out either in anoxic or oxic conditions (Figure 1) appear to had little 

Imidacloprid

Bourbon 2025
Bourbon et al. in prep



22

Reductive transformation of imidacloprid

351C. Gecgel et al. / Desalination and Water Treatment 114 (2018) 341–355

the percent IMC removal results are given in Table 3. The 
removal efficiency of IMC in the presence of anion decreased 
from 91.8% to 91.2%, 90.5% and 89.9% for chloride, carbon-
ate and sulphate, respectively. The presence of anions may 
prevent to contact of IMC with the active sites of the nZVI 
surface. Therefore, IMC removal percentages and rate con-
stants reduced slightly in the presence of anions.

3.5. Reusability of nZVI

It is important economically to be able to reuse nZVI in 
removing pollutants from aqueous solutions. The reusability 
of nZVI and also Fe+2 and Fe+3 ions which were leached from 
nZVI were investigated for IMC degradation and 10 cycles 
reusability results shown in Fig. 12 were obtained. After 
10 cycles, removal efficiency of IMC decreased from 100% 
to 89%. These results showed that nZVI could be efficiently 
reused for in the degradation of IMC in nitrogen (anoxic) 
medium. The slight decrease in the removal efficiency of IMC 
during the recycling may be due to the loss and little oxida-
tion of nZVI in the separation process.

The concentrations of the Fe+2 and Fe+3 ions in the deg-
radation solutions were determined to be lower than 0.2 
and 0.5 mg/L, respectively. The obtained high percent IMC 
removal results under anoxic condition show that the reac-
tion rate between nZVI and water is slow [44] and also the 
released Fe+2 and Fe+3 ions at low level probably turn to 

Fig. 10. Possible degradation pathway of imidacloprid.

Table 3
Percent of IMC removal and first-order kinetic rate constants 
in the presence of anions (30 mg IMC/L, 20°C, natural pH, 
0.04 g nZVI/L)

Anions IMC removal (%) Rate constant (K
1
) (min–1)

Sulphate 89.9 0.0401

Carbonate 90.5 0.0403

Chloride 91.2 0.0408

Without  

 anions
91.8 0.0416

Fig. 11. Evaluation of (a) COD and (b) released inorganic ions 
results during the degradation of imidacloprid in the nitrogen 
medium (0.24 g nZVI/L, 50 mg IMC/L, pH 7.1, 25°C).

* Corresponding author.

1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.
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Degradation of imidacloprid in aqueous solutions by zero valent iron 
nanoparticles in the nitrogen medium
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a b s t r a c t
Degradation of a neonicotinoid pesticide, imidacloprid (IMC), by zero valent iron nanoparticles 
(nZVI) was investigated in a batch manner as a function of nitrogen/air reaction medium, nZVI 
dosage, temperature and pH. The synthesis of nZVI was carried out by the reduction of ferric ions 
with borohydride method and characterized by scanning electron microscopy, energy dispersive 
X-ray, fourier transform infrared spectroscopy (FTIR), dynamic light scattering and X-ray diffrac-
togram measurements. The results showed that the IMC removal efficiency was higher in nitrogen 
medium than in air medium. Also, pH and temperature strongly affected the degradation rates and 
increased nZVI amount enhanced the degradation efficiency of IMC. The decays of IMC with time 
well fitted to first-order reaction kinetics, also activation energy value of degradation process was 
determined as 54.68 kJ/mol. Three main compounds, IMC nitrosamine, IMC urea ketone and IMC keto 
urea, were determined by LC-ESI-MS/MS analysis as the degradation products and also a possible 
degradation mechanism was proposed. The chemical oxygen demand and inorganic ions measure-
ments also showed low mineralization of IMC by using nZVI. The reusability studies and released 
ferrous and ferric ions measurement showed the long life of nZVI in nitrogen medium.

Keywords: Imidacloprid; Zero valent iron; Nanoparticle; Degradation; Nitrogen medium

1. Introduction

Pesticides have a wide production and application area 
in all over the world. With the rise of the world population, 
the production of agricultural products is also needed to 
increase and that can be achieved by the use of pesticides [1]. 
The United Nations estimate that all pesticides used in agri-
culture are only less than 1% of pesticides actually reaching 
the crops. The remaining pesticides contaminate the land, air 
and especially water [2]. Even a small amount of pesticides 
can show highly adverse effects to the environment such as 
toxicity to nontarget organisms, contamination of earth and 
groundwaters thus, their removal is imperative [1–3].

There are several groups and different chemical struc-
tures of pesticides. One of them is neonicotinoids that have 
been used for protecting crops from insect pests. Due to 
their superior physicochemical properties and high effi-
ciencies to target insects, neonicotinoids have become the 
most extensively used class of pesticides in recent years. 
Today, they possess at least a quarter of the world pesticide 
market [4,5]. Neonicotinoids contain two main compounds 
which are nitro-substituted compounds (imidacloprid 
(IMC), clothianidin, dinotefuran, nitenpyram, thiame-
thoxam) and cyano-substituted compounds (thiacloprid 
and acetamiprid) [5]. IMC is commonly used as systematic 
pesticides for controlling many species such as termites 
and sucking insects. It is highly soluble in water (0.58 g/L) 
and also remains stable in it for more than 30 d [6]. Due to 
a higher lethal effect on the insects, IMC is the bestselling 
and most preferred neonicotinoid insecticides in the world, 
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Nitroreduction of imidacloprid by the actinomycete Gordonia alkanivorans 
and the stability and acute toxicity of the nitroso metabolite 

Xi Cheng, Ke-xin Chen, Neng-dang Jiang, Li Wang, Huo-yong Jiang, Yun-xiu Zhao, Zhi-ling Dai, 
Yi-jun Dai * 

Jiangsu Key Laboratory for Microbes and Functional Genomics, Jiangsu Engineering and Technology Research Center for Industrialization of Microbial Resources, College 
of Life Science, Nanjing Normal University, Nanjing, 210023, People’s Republic of China   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A new isolate Gordonia alkanivorans 
effectively transformed IMI to nitroso 
derivate. 

• The genome of G. alkanivorans CGMCC 
21704 has been determined. 

• The nitroso IMI is easily degraded by 
photolysis and in soils. 

• 10 derivates were produced under 
photolysis by sunlight. 

• Nitroso IMI and its photolytic products 
were more toxic to D. magna than IMI.  

A R T I C L E  I N F O   

Handling Editor: Klaus Kümmerer  

Keywords: 
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Nitroso imidacloprid 
Photolysis 
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A B S T R A C T   

The insecticide imidacloprid (IMI), which is used worldwide, pollutes environments and has significant eco-
toxicological effects. Microbial metabolism and photolysis are the major pathways of IMI degradation in natural 
environments. Several studies have reported that the metabolites of IMI nitroreduction are more toxic to some 
insects and mammals than IMI itself. Thus, environmental degradation of IMI may enhance the ecotoxicity of IMI 
and have adverse effects on non-target organisms. Here, we report that an actinomycete—Gordonia alkanivorans 
CGMCC 21704—transforms IMI to a nitroreduction metabolite, nitroso IMI. Resting cells of G. alkanivorans at 
OD600 nm = 10 transformed 95.7% of 200 mg L−1 IMI to nitroso IMI in 4 d. Nitroso IMI was stable at pH 4–9. 
However, it rapidly degraded under sunlight via multiple oxidation, dehalogenation, and oxidative cleavage 
reactions to form 10 derivatives; the half-life of nitroso IMI in photolysis was 0.41 h, compared with 6.19 h for 
IMI. Acute toxicity studies showed that the half maximal effective concentration (EC50) values of IMI, nitroso 
IMI, and its photolytic metabolites toward the planktonic crustacean Daphnia magna for immobilization (exposed 
to the test compounds for 48 h) were 17.70, 9.38, 8.44 mg L−1, respectively. The half-life of nitroso IMI in various 
soils was also examined. The present study reveals that microbial nitroreduction accelerates IMI degradation and 
the nitroso IMI is easily decomposed by sunlight and in soil. However, nitroso IMI and its photolytic products 
have higher toxicity toward D. magna than the parent compound IMI, and therefore increase the ecotoxicity of 
IMI.  
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Figure 3. Relative concentrations of imidacloprid (top) and sulfamethoxazole (bottom) in the dry 
soil and the aqueous filtrate after treatment via the Oxic and Anoxic routes, as described in Table 1 
and Figure 1 (see text). All data are reported as the average of three replicate experiments with s.d. 
expressed as error bars, relative to the doping concentrations.  
 

Indeed, we observe a significant removal of sulfamethoxazole (Figure 3b) and, to a lesser extent, of 

imidacloprid (Figure 3a), after contact with the pristine soil (Soil) compared to the pre-oxidized soil 

(PreOx). This trend is observed whether the anoxic or oxic route was applied to the samples (Figure 

1), which suggests that the organic contaminant removal occurred during the 24 hours impregnation 

period that was performed under anoxic conditions in both routes (Figure 1). In contrast, the shaking 

and drying operations carried out either in anoxic or oxic conditions (Figure 1) appear to had little 
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’ INTRODUCTION

For several decades, antimicrobial agents have been used to
treat and prevent diseases in animals and as feed additives to
promote rapid livestock growth.1 Large fractions of the adminis-
tered doses are excreted unaltered or as metabolites that can be
reconverted to the parent compound in the environment.2,3

Livestock manure is often applied to fields as fertilizer, and
effluent from wastewater treatment plants is increasingly being
used for irrigation, leading to large inputs of antimicrobials and
other feed additives (e.g., hormones) to soils, sometimes as high
as kg/hectare levels.4 Antimicrobials are also present in land-
applied biosolids from wastewater treatment facilities.5

Land application of manure and biosolids can lead to con-
tamination of groundwater and surface waters.6,7 This has raised
concerns about the spread of antibiotic resistance resulting from
increased selective pressure on exposed microbial communities,
potentially leading to proliferation of resistant pathogens.8,9 Even
though detected levels of antimicrobials are low (ng/L to μg/L),
reports indicate that some antimicrobials may still be capable of
altering microbial community structure in impacted environ-
ments at these concentrations,10,11 and there remains uncertainty
about the effects of exposure to subinhibitory concentrations of
antimicrobials on the development of antibiotic resistance in
environmental microbial communities.12

Sulfonamide antimicrobials are bacteriostatic agents widely
used in humanmedicine and livestock production.4 Sulfonamides,

including the commonly administered sulfamethoxazole (SMX),
are synthetic compounds derived from sulfanilic acid that differ in
the N-bound substituent of the sulfonamide linkage (a methyl
isoxazole ring in SMX). They are among the most frequently de-
tected pharmaceuticals in occurrence surveys of aquatic and ter-
restrial environments.2,13,14

To provide an adequate risk assessment of current land
application practices, it is imperative that we improve under-
standing of the processes and environmental factors that govern
the fate of sulfonamides and other antimicrobials. Sulfonamides
sorb weakly to most soils and exhibit greater mobility than other
classes of antimicrobials, like tetracyclines and fluoroquino-
lones.4 Recent studies have examined the degradation of sulfona-
mides in soils and sediments, with an emphasis on biodegradation

Received: February 4, 2011
Accepted: April 20, 2011
Revised: April 15, 2011

ABSTRACT: Large quantities of antimicrobial agents used in
livestock production are released to soils by land application of
manure, but only limited information is available on mecha-
nisms that contribute to antimicrobial fate in soils under variable
biogeochemical conditions. Dissipation of the sulfonamide
antimicrobial sulfamethoxazole was examined in soil micro-
cosms incubated under different terminal electron-accepting
conditions (aerobic, nitrate-reducing, Fe(III)-reducing, and
sulfate-reducing). Somewhat unexpectedly, sulfamethoxazole
dissipation was fastest under Fe(III)-reducing conditions, with
concentrations decreasing by >95% within 1 day. The rapid
transformation was attributed to abiotic reactions between sulfamethoxazole and Fe(II) generated by microbial reduction of Fe(III)
soil minerals. Separate experiments demonstrated that sulfamethoxazole was abiotically transformed in Fe(II)-amended aqueous
suspensions of goethite (R-FeOOH(s)), and observed rate constants varied with the extent of Fe(II) sorption to goethite.
Sulfamethoxazole transformation is initiated by a 1-electron reductive cleavage of the N!O bond in the isoxazole ring substituent,
and observed products are consistent with Fe(II)-mediated reduction and isomerization processes. These findings reveal potentially
important, but previously unrecognized, pathways that may contribute to the fate of sulfamethoxazole and related chemicals in
reducing soil environments.
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For several decades, antimicrobial agents have been used to
treat and prevent diseases in animals and as feed additives to
promote rapid livestock growth.1 Large fractions of the adminis-
tered doses are excreted unaltered or as metabolites that can be
reconverted to the parent compound in the environment.2,3

Livestock manure is often applied to fields as fertilizer, and
effluent from wastewater treatment plants is increasingly being
used for irrigation, leading to large inputs of antimicrobials and
other feed additives (e.g., hormones) to soils, sometimes as high
as kg/hectare levels.4 Antimicrobials are also present in land-
applied biosolids from wastewater treatment facilities.5

Land application of manure and biosolids can lead to con-
tamination of groundwater and surface waters.6,7 This has raised
concerns about the spread of antibiotic resistance resulting from
increased selective pressure on exposed microbial communities,
potentially leading to proliferation of resistant pathogens.8,9 Even
though detected levels of antimicrobials are low (ng/L to μg/L),
reports indicate that some antimicrobials may still be capable of
altering microbial community structure in impacted environ-
ments at these concentrations,10,11 and there remains uncertainty
about the effects of exposure to subinhibitory concentrations of
antimicrobials on the development of antibiotic resistance in
environmental microbial communities.12

Sulfonamide antimicrobials are bacteriostatic agents widely
used in humanmedicine and livestock production.4 Sulfonamides,

including the commonly administered sulfamethoxazole (SMX),
are synthetic compounds derived from sulfanilic acid that differ in
the N-bound substituent of the sulfonamide linkage (a methyl
isoxazole ring in SMX). They are among the most frequently de-
tected pharmaceuticals in occurrence surveys of aquatic and ter-
restrial environments.2,13,14

To provide an adequate risk assessment of current land
application practices, it is imperative that we improve under-
standing of the processes and environmental factors that govern
the fate of sulfonamides and other antimicrobials. Sulfonamides
sorb weakly to most soils and exhibit greater mobility than other
classes of antimicrobials, like tetracyclines and fluoroquino-
lones.4 Recent studies have examined the degradation of sulfona-
mides in soils and sediments, with an emphasis on biodegradation
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soil minerals. Separate experiments demonstrated that sulfamethoxazole was abiotically transformed in Fe(II)-amended aqueous
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´Reactive Oxygen Species (ROS) are produced upon
aeration of waterlogged soils and sediments

´This is explained by heterogeneous Fenton-like
reactions occuring upon oxygenation of naturally
occuring Fe(II)-minerals

´Fe(IV) may be dominant over OH° under such
conditions when phosphate and other ligands are 
present

Part 2 – PAHs can be moderately degraded by such O2-based Fenton-like processes, for instance upon drying of waterlogged contaminated sediments 25

Conclusions  (1)



´ PAHs can be moderately degraded by O2-based Fenton-
like processes, for instance upon drying of waterlogged
contaminated sediments

´ Heavy PAHs appear to be more sensitive to this oxidative
degradation process in the highway stormwater pond 
studied.

26

Conclusions  (2)



´ Iron(II)-bearing soil minerals are able to degrade organic
contaminants via reductive pathways

´ We observed a significant removal of sulfamethoxazole
after 24h contact with a naturally reduced riparian alluvial 
soil

´ The removal of sulfamethoxazole and imidacloprid is
complete when 10 wt% nanomagnetite is added to the soil
prior contact

27

Conclusions (3)



´ Need for direct detection of Fe(IV) in soils and sediments oxygenation
experiments and for evaluating its reactivity toward pollutants

´ Interest in studying the effects of multiple redox cycles on the 
degradation/transformations of contaminants via both oxidative and 
reductive pathways

´ Important need for identifying the by-products of natural oxidative
and reductive transformation/degradation pathways

´ Further interest in evaluating the effects of natural reductive and 
oxidative pathways on the fate of perfluorinated compounds (PFAS)

28

Perspectives


