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Abstract

We introduced superoxide as potassium superoxi@®)(ko artificial lake water containing
dissolved organic matter (DOM) without or with imtiuced ferric iron complexes (DOM-Fe),
and monitored the production rate of hydroxyl raticas well as changes in the absorption
and fluorescence properties of DOM. The introductxd KO, decreased the absorption by
DOM but increased the spectral slope coefficienDGM more with complexed ferric Fe
than without it. The introduction of KOincreased the fluorescence of humic-like
components in DOM without introduced ferric Fe begulted in the loss of fluorescence in
DOM with introduced ferric Fe. A single introduatiof 13 pmol C* KO, produced 10 umol
L™ and 104 pmol T hydroxyl radicals during a week-long experimentheiit and with the
introduced DOM-Fe complexes, respectively. The potidn rate of hydroxyl radicals
decreased exponentially with time but levelledaftl continued several days in DOM with
introduced ferric Fe. These findings suggest thathe presence of DOM-Fe complexes,
superoxide can trigger an autocatalytic Fentonti@ac¢hat produces hydroxyl radicals and

breaks down DOM.

Keywords. dissolved organic matter, iron, superoxide, hygitadadicals, production rate,

absorption
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1 Introduction

Dissolved organic matter (DOM) is a heterogeneoudure of organic compounds
and plays important roles in natural and enginesyedems. In soils and freshwaters, the
majority of DOM consists of humic substances thangrily originate from terrestrial plant
litter after biotic and abiotic transformations ¢évlo, 1996; Tranvik, 1988). Humic DOM
binds ferric iron, Fe(lll), into complexes, DOM-H), and keeps poorly soluble Fe(lll) in
dissolved form (Fujii et al., 2014). Humic DOM caitts aromatic and quinone-like moieties,
which occur in three redox-states (quinones, seimapes and hydroquinones) and can
mediate reactions between electron donors and ewseg@eschbacher et al., 2010; Chen &
Pignatello, 1997; Garg et al., 2018; Yuan et d16).

The enzymatic hydrolysis of humic DOM and its icgHular metabolism is
inefficient, because the large size of moleculagragates, chemical heterogeneity, and non-
hydrolysable bonds limit the microbial transforroatiof humic DOM (Arnosti, 2004).
Abiotic photochemical reactions mineralize humic @nd account for one tenth of GO
emissions in freshwaters (Aarnos et al., 2018; Kaye#t al., 2014). The remaining 90% of
DOM is mineralized through mechanisms that are lgdarown.

Extracellular reactions between DOM and reactivggex species (ROS) can explain
a part of DOM transformations (Mostovaya et al120Page et al., 2012; Trusiak et al., 2018;
Waggoner et al., 2017). The first step in the fdramaof ROS is a one-electron reduction of
O, to superoxide (&). Numerous processes produce®©O (i) photochemical reactions
(Micinski et al., 1993; Fujii & Otani, 2017; Zhar& Blough, 2016; Text SIV in supporting
information (SI)), (ii) abiotic dark oxidation oéduced metals or organic matter (Garg et al.,
2018; Gil-Lozano et al., 2017; Page et al., 201Rary et al., 2016) and (iii) biological
processes both in light and dark (Diaz et al.,, 20iadz & Plummer, 2018; Imlay, 2004;

Zhang et al., 2016). £ reacts with the redox-active metals (e.g., Fe eopper) and
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quinone-like moieties of DOM, but it has otherwigaited reactivity with agueous DOM
(Garg et al., 2011, 2018; Hayyan et al., 2016; Yeiaal., 2016).

0,"" can be reduced further to hydrogen peroxidggHand hydroxyl radicals’QH).
Bimolecular disproportionation and the disproparéiton catalyzed by reduced metals or
DOM transform @* to H,O, (Goldstone & Voelker, 2000; Ma et al., 2010} Ccan reduce
DOM-Fe(lll) to DOM-Fe(ll) (Rose & Waite, 2005). DOMe(ll) as well as inorganic Fe(ll)
can react with kD, through the Fenton reaction and produce highlgtiea®OH that breaks
down DOM (Southworth & Voelker, 2003; Voelker et, d1997).

H,0, + DOM-Fe(ll) - *OH + OH + DOM-Fe(lll) Eq. 1

According to the stoichiometry of the Fenton react{(Eq. 1), the Fe(lll)-catalyzed
production of'OH requires three £ radicals, two for the formation of 8, and one for the
formation of DOM-Fe(ll). However, the stoichiometo§ the Fenton reactiofQH-to-O*”
ratio = 0.33) ignores a well-known fact tf@H generates radical species that can regenerate
the Fenton reactants and autocatalyze the Fendatioe (e.g., Chen & Pignatello, 1997; Gil-
Lozano et al., 2017). The degree of autocatalysipdorly known, although it has high
importance when the efficiency of the Fenton reacis evaluated in natural or engineered
systems.

The present study estimates the dark productias rat®OH in artificial lake water
from O,°” (introduced as potassium superoxide, )K@ the presence of DOM with or
without introduced Fe(lll). The production rates*@H were quantified from the reaction
between"OH and coumarin (Louit et al., 2005) and after actimg for the major scavengers
of *OH in the artificial lake water. In this study weerdonstrate that the cumulative
production ofOH from GQ*” in a-week-long experiment exceeds ¥ yield of the Fenton

reaction by several folds and extensively modifiesspectroscopic properties of DOM.



80 2 Materialsand methods

81 2.1 Materials and reagents

82 DOM was extracted from a water sample collectednduthe fall turnover of Lake
83 Valkea-Kotinen in southern Finland. This small heater lake is acidic (pH 5.4) with high
84  concentration of DOC (312 mg DOC [* = (20 mg DOM L) and total Fe[{5 pM:; Einola

85 et al,, 2011; vahatalo et al., 2003). In Lake Valkotinen, the mean molecular mass of
86 DOM is 1136-4000 g maf, the content of humic substances and aromaticpgrisu75% and
87 45-67%, respectively (Vogt et al., 2004).

88 The extraction of DOM followed the method by Dittred al. (2008) but included an
89 addition of 0.01 Msodium fluoride (NaF, Sigma-Aldrich) in filtered@<2 pm) and acidified
90 (pH 2) lake water. At pH 2, Fe(lll) binds poorly ®@OM and preferentially forms ferric
91 fluoride complex (Gao & Zepp, 1998). Ferric fluaridnd fluoride ions were rinsed out of the
92  column with 0.01 M HCI (Dittmar et al. 2008) to ldeextracted DOM with a very low
93 content of fluoride and Fe. The extraction remo®éd% of Fe from lake water and the
94 DOM extracts contained 8.5 nmol Fe/mg DOM (TableThe chemicals (>97% pure) were
95 bought from Sigma Aldrich. Iron(lll) chloride hexalrate (FeGt6H,O) and KQ were the
96 sources of Fe(lll) and £, respectively. Coumarin and 70H-coumarin wereptubes for
97 °OH (Burgos Castillo et al., 2018). The aqueoustsmis were prepared in ultrapure water
98  (resistivity 18 M2-cm; SG ultrapure water system, SG WATER), but vieter modified to
99 artificial lake water by a salt solution mixtureadle S1). Glassware was soaked overnight in
100 0.1 M HCI and carefully rinsed with ultrapure wasex times prior to use.

101 2.2 Experimental setup

102 The experiment consisted of four treatments preparériplicates (Table 1):
103 1) “control” — extracted DOM (8.5 nmol Fe/mg DOM) dibged in artificial lake water;
104 2) “KOy" — like (1) but with introduced K&
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3) “Fe” — like (1) but Fe(lll) was introduced as DOMHI) (1000 nmol Fe(lll)/mg

DOM);

4) “Fe + KO,” — a combination of (2) and (3).

For the preparation of DOM-Fe(lll), the acidic () DOM solution (50 mg T in
ultrapure water) received 1 mM Fe(lll) and wasatéd to pH 5 with NaOH and HCI,
approximating the ambient pH of Lake Valkea-KotinBaring the titration, the binding sites
of DOM suppressed the hydrolysis of ferric Fe ardMbFe(lll) was formed (Karlsson &
Persson, 2012). According to an equilibrium spemmamodel (Visual Minteq 3.1), the DOM
extract was able to bind Fe(lll) entirely and acdoogly visual precipitates were absent at any
phase of the experiment. The “control” and “R@eatments were titrated in the same way
but without the introduced Fe. All treatments reedi the stock solution of coumarin to the
final concentration of 10 uM (Table 1) and inorgacomponent of artificial lake water
(Table S1).

The “KO,” and “Fe + KQ” treatments received an alkaline solution of K@ g KGO,
in 100 mL 0.05 M NaOH) to a 13 uM final concentoati(Table 1). Similar magnitudes of
0,"” form instantly during the oxidation of reduced amgz matter or metals (Liao et al.,
2019; Minella et al., 2015; Page et al., 2013; kit al., 2018; Zhang & Yuan, 2017), with
a few days of microbial metabolism (Zhang et a01@ or with 0.17#few days of solar
irradiation depending on water quality (Cooper &&,i1983; Micinski et al., 1993; Text SIV
in Sl). The introduction of K@increased the pH of non-buffered artificial lakater to 12.2,
where the reduction rate of DOM-Fe(lll) to DOM-Rgby O,*" is faster than bimolecular
disproportionation of ¢~ (see Text Sl in Sl). The reaction medium wastgtidback to pH 5
with HCI. Finally, all treatments were incubated@t°C in the dark with a headspace of air.
2.3 UV-Vis spectral analysis

After 26 h and a week (168 h) of incubation, theabance of chromophoric DOM
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(CDOM) was measured with a UV-Vis spectrometer (hdm 850, PerkinElmer) from 200
nm to 700 nm at 1 nm intervals. The absorptionfameht was calculated as,

&, = 2.303 xA/L Eq. 2,

wherea, (m™) is the absorption coefficient at wavelengthh, (unitless) is absorbance, and
L is the path length of the cuvette £ 0.01 m). The changes & were quantified at 410 nm
asayig an indicator of water color (Hongve et al., 200@)e spectral slope coefficier{s.
205), Which indicates the molecular mass of DOM, wadcdated from In-transformed

absorption coefficient between 275 nm and 295 neirid et al., 2008).

2.4 Fluorescence analysis and PARAFAC

Samples for fluorescence analysis were stored°& 4fter collection and measured
within 3 weeks. Fluorescence EEMs were measurddavitS 55 luminescence spectrometer
(PerkinElmer). The samples were scanned with artagian wavelength (Ex) from 240 nm
to 450 nm at 5 nm intervals and emission wavelefigth) from 300 nm to 600 nm with 0.5
nm intervals. The slit width for both Ex and Em ve&t to 5 nm. Blank and Raman samples
from ultrapure water were measured prior to acsaatples (Murphy et al., 2003).

PARAllel FACtor analysis (PARAFAC) was run in MailaR2015b (Mathworks,
USA) using the drEEM toolbox (version 0.3.0). ThevrEEM datasein(= 48) was corrected
for spectral bias, inner filter effects and backmn signals (measured with ultrapure water).
In the end, all EEMs were normalized to the ared&kafman peak collected with ultrapure
water at Ex = 275 nm to compensate for daily flattans in lamp intensity (Kothawala et al.,
2016; Murphy et al., 2013). The fluorescent compisi@vere validated with multiple split-
half tests. The validation was constrained by ak&ucongruence coefficient (TCC >0.95).
Finally, the maximum fluorescence intensiti€s.4, in Raman unit, R.U.) of components

were reported.
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2.5 Calculations of the cumulative productior’®H radicals

The samples for the quantification of coumarin Z@dH-coumarin were collected at 0O,
3, 6, 20, 26, and 168 h. These samples were friozeediately after collection and analyzed
later. Coumarin and 7OH-coumarin were measured hygh hperformance liquid
chromatography (HPLC) equipped with UV-Vis absod®rand fluorescence detectors
(Louit et al., 2005). The quantification of the t@ompounds was carried out by means of the
UV-Vis absorbance detector for coumarin (absorptavelength = 280 nm) and
fluorescence detector for 70H-coumarin (excitatimavelength = 320 nm; emission
wavelength = 450 nm). The Text SlI in Sl repors details of HPLC technique.

The formation rates dfOH were quantified from the reaction between coimand
*OH. This reaction has a second-order rate consfahi6 x 10° M~ s and produces a few
hydroxycoumarin isomers, including 70H-coumarinhaatyield of 0.047 (Burgos Castillo et
al., 2018). We calculated the production rate8®H along the course of the experiment by
guantifying periodically the concentrations of 7@blimarin and coumarin as well as

accounting for the scavenging %OH by DOM, CI, HCOs", coumarin and 7OH-coumarin.

The calculations assumed a steady-state betweesc#wenging and the formation rate of
*OH. The production rates 80H radicals were integrated over the course oktperiment
for the cumulative production 80OH. The detailed procedure for calculations is dbed in
the SI.
2.6 Statistical analyses

The statistical difference between the triplicatexhtments and control (DOM alone
treatment) was assessed using pairéekts with two-tailed distributions. The significae

level was set & < 0.05.
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3 Resaults

3.1 Changes in absorption spectra

The introduction of K@ did not change the absorption coefficiegio in an early
phase of the experiment (at 26 h) but decreasby 25% by the end of the experiment (at
168 h) compared to DOM in artificial lake water mout KOG, (“control” vs “KO,”", Figure
1a). In the “Fe” treatment, the introduced DOM-Hg@onsistently keptyio at a higher level
than in the control (Figure 1a). When introducethidOM-Fe(lll), KO, decrease@dys;o by
18% already at 26 h and by 66% over the entire raxieat compared to the control (“Fe +
KO,", Figure 1a).

In comparison with the control treatment, Ki@creased the spectral slope coefficient
(S275-299, While DOM-Fe(lll) decreased it (Figure 1b). Whémtroduced with Fe, K@
increaseds;75.295by 20% at 26 h and by 54% at the end of the ewypari (Figure 1b).

3.2 Changes in fluorescent intensities of PARAFAGponents

The four components of fluorescent DOM identifieg the EEM-PARAFAC
associated with humic substances (Comp 1-2, F@ared Table S2), 7OH-coumarin (Comp
3; Figure S1) and protein-like DOM (Comp 4, Figiteand Table S2). After 168 h, the
introduction of KQ had increased the fluorescence of humic-like carepts 1 and 2 by 39%
and 18%, respectively, in comparison to the corttedtment (“KQ", Figure 3). The added
associated Fe(lll) quenched the fluorescence ofi¢Hike components42 (“Fe”, Figure 3).

In the presence of DOM-Fe(lll), KQ@educed the fluorescence of componenri? (klative to
the control treatment and decreased the fluorescehcomponent 4 to negligible level (“Fe
+ KOy", Figure 3). Component 3 was detected in all treatts (Figure 3) indicating th&H
radicals transformed coumarin (Table 1) into 7OMlroarin, as explained in the following

section.



201 3.3 Production otOH

202 The formation rate ofOH, R}OH (t), was assessed from the measured concentrations
203  of coumarin and 7OH-coumarin (Figure SllI-1&2) agnting for the other scavengers of
204 °*OH as described in the Text Slll in SI. In the negng of the experimenR]:OH(tO) was
205 0.003+0.0034 nM §' in the “Fe” treatment and the control, which didt meceive KQ
206  (Figure 4; Table SllI-1). The introduction of K@esulted inR:°"(¢,) of 0.039 nM §' and
207 1.14 nM §' in the “KO,” and “KO, + Fe’-treatments, respectively (Figure 4; Tablé-$).
208 In the “KO, + Fe” treatment, the measureR}OH (t,) was nearly identical to the
209 corresponding rate of 1.05 nM*salculated based on a simple kinetic model (Figiir&).
210 Briefly, the calculated rates are based on thetikisiéor the following sequence of reactions:
211 (i) the reduction of DOM-Fe(lll) to 13 uM DOM-Fejlby O,*, (ii) the reduction of @to
212 O,*” by DOM-Fe(ll), (iii) the disproportionation of O to H,O, and (iv) the Fenton reaction
213 (Eq. 1) between D, and DOM-Fe(ll). The good match between the measared the
214 caIcuIatedR]:OH(tO) in the “KO, + Fe” treatment suggest that, (i}*Oinduced the formation
215 of *OH in the presence of DOM-Fe(lll) and (ii) the réar stoichiometry (e.g.’OH-to-O,*”
216 ratio = 0.33 of Eq. 1) described the measuredainitites well.

217 The formation rates oYOH decreased exponentially with time in all treattseand
218  after 10 h levelled at 0.15 nM'dn the “KO, + Fe” treatment (Figure 4, Table SlII-1). In the
219 “KO, + Fe” treatment, the prolonged formation *@H is consistent with the changes in
220 DOM that took place mostly after 26 h (Figure 1)t Imconsistent with a simple kinetic
221 model (Text SI-3). The simple kinetic model incattg suggests the depletion B (t)
222 within a few minutes (Text SI-3) in contrast to urnteasured?}OH (t), which lasted tens of
223 hours (Figure 4).

224 The cumulative production dOH was computed as the integraIR;PH(t) for the
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first 10 hours or for the entire length of the exment (168 h, Table 2, Eq. SllI-1). In all
treatments, the majority SOH was produced after 10 h (Table 2). In the treatis with
introduced KQ, the cumulative production 8OH was 9.9 and 104 uM in the “kOand
“KO, + Fe” treatments, respectively, over the entirgik of the experiment (Table 2). The
yields of *OH per introduced 13 pM KQwere 0.76'OH/O,*” and 8°OH/O,* in the “KG,”
and “KO, + Fe” treatments, respectively. The measured yiekteeded the stoichiometric

yield (0.33°0OH/Q,*” in Eg. 1) by a factor of 2.3 and 24 in the “KGnd “KO, + Fe”
treatments, respectively, and indicated an auttyt@tdormation of *OH from Q" in the

presence of DOM-Fe.

4 Discussion
4.1 ®OH production

As explained in the Method-section 2.2, the amaiimtroduced @' in this study is
environmentally relevant but here we compare thutative productions ofOH (0.23-104
HM) in our week-long experiment to those reportadier. An oxidation of reduced DOM or
metals produce80H. For example, the oxidation of Arctic surfacel @il waters produce
0.2-4.5 uM*OH over 24 hour oxidation (Page et al., 2013); dkiglation of hypolimnetic
water accumulatively produces 0.2-4.5 fOH (Minella et al., 2015); the oxidation of pyrite
can produce 7-5135 pM*OH within 7 hours (Zhang & Yuan, 2017); and thedation of
river sediments can accumulatively produceB%79 pmol kg' *OH within 48 hours (Liao
et al., 2019). Thus, the cumulative productionS®@H in this study are broadly similar to
those reported earlier from various environmentatesses.
4.2 Stoichiometric production 80OH from superoxide and DOM-Fe(lIl)

In this study, the production 8OH is orders of magnitude larger in the presenaa th
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the absence of introduced KQherefore, @ is responsible for the extensive production of
*OH. The reaction pathway from,U to *OH is beyond the scope of the present study,
because we did not measure the intermediates sudhOd-Fe(ll) or BO,. Our simple
kinetic model, however, successfully predicts theaﬂmred'?}"” (ty) in the “KO, + Fe”
treatment and may provide a mechanistic explandtorthe initial *OH production rates
(Text Sl). According to this simple model, the mg@at pathway starts with the reduction of
DOM-Fe(lll) to DOM-Fe(ll) by Q°*” (Eg. 3, Text Sl). Later, bimolecular disproportition
generates bD, (EQ. 4). At this stage, the reduction of By DOM-Fe(ll) is the source of
0, (Text SI). Finally, HO, reacts with DOM-Fe(ll) (Eq. 1, Text Sl). The réaetoxygen
species can maintain the redox cycling of the catalyst and the production 8H from
the oxidant (HO, = 2[;*” + H']) according to the stoichiometry of the Fentonctim
(Pignatello et al. 2006; Text SI).

DOM-Fe(lll) + 0" — DOM-Fe(I) + &  EQq.3,

O+ HO" + H — H0, + O, Eq.4,

DOM facilitates the formation otOH through the Fenton reaction in many ways
(Georgi et al., 2007). When DOM makes complexes Wwe(lll) at pH > 3.5, it keeps Fe(lll)
in soluble reactive form (Zhang & Zhou, 2019). &M pH (for instance, pH = 5 in this
study), the deprotonated carboxylic groups of DOl favorable ligand for Fe(lll) and the
concentration of a major competing ligand, hydraxyl (OH), is low (Bhattacharyya et al.,
2019; Lee et al., 2019; Neubauer et al., 2013; gi&azhou, 2019). Mildly acidic conditions
(like in the present study) are favorable for tlemten reaction, which breaks down humic
substances most efficiently at pH34rather than in more acidic or basic solutions @val.,
2010). Additionally, HO, reacts faster with DOM-Fe(ll) than with inorgakie(ll) (Voelker

& Sulzberger 1996; Zhang & Zhou, 2019).
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4.3 Autocatalysis of the Fenton reaction

In our study, the cumulative production YDH is larger (0.768 *OH/Q,*") than
expected from the introduced,®© according to the stoichiometry of the Fenton rieact
(0.33°0OH/Q,*). The reactions betweeé®H and the phenolic moieties of DOM can explain
the autocatalysis of the Fenton reaction in thislpst(\Voelker & Sulzberger, 1996, Chen &
Pignatello, 1997). Those reactions generate hydnoge-like DOM and &~ (Voelker &
Sulzberger, 1996, Chen & Pignatello, 1997, Duestgrh®% Waite, 2007). The reactions
between®OH and phenols have been examined earlier with hnmmlapounds (phenol and
hydroxybenzoic acid) that mimick the aromatic mie®iof DOM (Chen & Pignatello, 1997;
Duesterberg & Waite, 2007). Firstly, an addition *@H to phenol (PhOH) generates a
dihydroxycyclohexadienyl radical (HO-(B5)°-OH, Eq.5), which transforms into
hydroquinone (HO-Ar-OH) in a reaction that consu®esind generatesO (Eq.6, Chen &
Pignatello, 1997; Voelker & Sulzberger, 1996). Sefly, the transformation of
hydroquinone to semiquinone radical (HO-AHQreduces DOM-Fe(lll) to DOM-Fe(ll)
(Eq.7, Chen & Pignatello, 1997; Duesterberg & Wa2@07). Finally, a semiquinone radical
reduces another DOM-Fe(lll) when undergoing oxmlatio quinone (O=Ar=0) (Eq.8, Chen
& Pignatello, 1997; Duesterberg & Waite, 2007).

PhOH +°*OH — HO-(CsHs)®-OH Eq.5,

HO-(CHs)*-OH + O, — HO-Ar-OH + Q* + H' Eq.6,

HO-Ar-OH + DOM-Fe(lll) — HO-Ar-O® + DOM-Fe(ll) + H  Eq.7,

HO-Ar-O°® + DOM-Fe(lll) — O=Ar=0 + DOM-Fe(ll) + H Eq.8,

2 DOM-Fe(ll) + 2 @ — 2 DOM-Fe(lll) + 2 Q*~ Eq.9,

The four consecutive reactions (Eg:8% described above produce three reducing

equivalents (&~ and/or DOM-Fe(ll)) that re-generate the Fentorctaas and thus the

13
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production of* OH gets autocatalyzed through the Fenton reactidn0OM oxidation. Note
that the net reaction of this process (from Eq.E¢o, with the exception of Eq.2) is the
oxidation of phenol to quinone (Eq.10).

PhOH + Q@ — O=Ar=0 + O Eq.10,

This autocatalysis can continue as long as watatacts Q and DOM contains
aromatic moieties th&OH can transform into hydroquinones. In this stutg, headspace of
air serves as a source of dissolvedd@our solutions like the atmosphere is a soufd@,do
surface waters. The high #&7%) aromaticity of DOM used in this study (Vogta&t 2004)
provides a large reservoir of aromatic moietieg fiieH can transform into hydroquinones.
Because highly aromatic humic substances and Fabaredant in soils and freshwaters, the
potential for the autocatalyzed Fenton reactidmgs in these environments.

4.4 Fenton reaction without introduced"O

Our experiments show that even without introductiér©®,*”, DOM-Fe can produce
hydroxyl radicals at low amounts that are simitaxt0.5 uM*OH produced during aeration
of Artic surface waters (Page et al., 2012; Trusakl., 2018). Since Lake Valkea-Kotinen
has typically anoxic hypolimnion in late summer ahds surrounded by peaty soils, the
DOM extract used in the present study may contailoiquinone-like moieties in a reduced
state. The reduced hydroquinone-like moieties duced metals (e.g., Fe(ll)) associated to
DOM can reduce ©to O,*” and initiate the sequence of reactions leadinthéo Fenton
reaction (Garg et al., 2018; Page et al., 20134R0h this study, the external supply of
DOM-Fe(lll) doubled the OH production compared to DOM extract alone with lcontent
of Fe and further emphasizes the Fenton reactiom ssurce of OH. Although an abiotic
dark formation of OH is low in oxic surface waters without externalisce of Q*~ (Trusiak

et al., 2018; this study), an episodic mixing afueed DOM or redox sensitive metals to an
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oxic environment can promote an extensive prodoatic’OH (Minella et al., 2015; Page et
al., 2012, 2013; Trusiak et al., 2018).

4.5 Effects of @® and Fe on the absorption spectra of CDOM

In this study, the introduction of externa*Oeventually led to a CDOM breakdown
and increased the value 8f75.295 (Figure 1). These changes in CDOM are relatechéo t
produced amount JdfOH radicals and indicate th&DH rather than €~ breaks down DOM
(Goldstone et al., 2002; Pignatello et al., 2006siiR& Bielski, 2005; Waggoner et al., 2017;
Wu et al., 2010; this study). The changes in CD@MNT in this study indicate a breakdown
of DOM into smaller less aromatic molecules (Heletsal., 2008) as found earlier in the

reactions between DOM a’f®H (Goldstone et al., 2002; Pignatello et al., 2006

4.6 Effects of @® and Fe on the fluorescence spectra of CDOM

In our study, the introduction of KQwithout external supply of Fe(lll) increases the
fluorescence of humic-like components (Figure 3hjclv agrees with the involvement of
hydroquinones in the autocatalysis of the Fentoactren (Chen & Pignatello, 1997;
Duesterberg & Waite, 2007). The hydroxylation adraatic moieties into hydroquinones by
*OH can explain the increase in fluorescence andhamge in absorption in the first 26 h
(Figure 1a and 3), because hydroquinone-moietiee égh fluorescence and absorption
(Cory et al., 2005). Additionally, the breakdown @OM by *OH decreases the molecular
size of DOM and increases the spectral slope aefii (Figure 1b), which are both related
to an increase in the quantum vyield of fluoresceiiBm®yle et al., 2009; Ghigo et al., 2020;
Senesi, 1990). The complexation of Fe quenchesefeence of DOM (Cabaniss, 1992; Du
et al., 2018; Poulin et al., 2014; Pullin et aD0Z; Figure 3), because Fe promotes internal
conversion and intersystem crossing of the firstited singlet state as well as a ligand to
metal charge transfer, i.e., processes that compithe fluorescence (Senesi, 1990). The

reduction in fluorescence in the “Fe + KQ@reatment (Figure 3) is, instead, attributedhe t
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breakdown of DOM by the extensive amounf©H, suggesting that there is an optimum in

fluorescence emission as a function of DOM molacwkeight or aromaticity.

5 Conclusions

This study shows that £ can induce the production 8OH in the presence of complexes
between Fe and humic DOM. The productiorf©@fH can exceed the stoichiometry of Fenton
reaction by 224 folds. The autocatalysis of Fenton reaction nlegkin the present study
emphasizes the role of,U as an efficient transformer of organic matter. snerous
processes (photochemistry, abiotic dark oxidatiamd biology) can produce .0,
superoxide-driven Fenton reactions likely transfaratural organic matter and contaminants

in diverse terrestrial and freshwater environments.
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605 Tables

606 Table 1. Experimental design. The initial concentrationd@M, complexed Fe, Kg& and

607 coumarin in the treatments made in artificial |akager (Table S1).

Treatments DOM Fe KO, Coumarin
(mg L™ (uM) (uM) (uM)
control 20 0.17 -- 10
KO, 20 0.17 13 10
Fe 20 20 - 10
Fe +KQ ™ 20 20° 13 10
608 --, no addition of KQ. residual Fe in extracted DOM (8.5 nmol Fe/mg DOMptroduced

609 as DOM-Fe complex. In the treatments “K@ and “Fe + KQ”, the introduction of 13 pM
610 KOy increased pH to 12.2, which was soon titrated Wi@i back to the same pH 5 as in the
611  other treatments.

612
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613  Table 2. Cumulative production dfOH radicals (uM) in the treatments.
614

Time

Interval control Fe KQ Fe + KGQ
0-10 h 0.09 0.11 1.32 16.3
0-168 h 0.23 0.57 9.88 103.5

615
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Figure captions

Figure 1. Absorption coefficient of CDOM at 410 nmas(g) and spectral slope coefficient
(S75-209 after 26 h and 168 h incubations in the threatinents and the control. Table 1
explains the treatments. Stars indicate a sigmifid&ference between the treatments and the
control, *P < 0.05 and **P < 0.01. Error bars show standard deviations adethreplicated

treatments.

Figure 2. Overlaid spectra of four components (PARAFAC madéhe figure shows six

unique splits vs. the overall model. Dot lines aade excitation spectra and solid lines
indicate emission spectra. The excitation and eamnisgmaxima of each components are
shown in Table S2. The loadings in the Y-axis iatkcthe normalized component intensity

in the PARAFAC modeling.

Figure 3. Fluorescent intensities at 168 h of four comptseobtained from EEM-
PARAFAC modeling (Figure 2). The fluorescence omponent 4 was negligible in the
“Fe+KQO,” treatment. Stars indicate a significant differefietween treatment and the control,
* P < 0.05 and **P < 0.01. Error bars show standard deviations oéehreplicated

treatments.

Figure 4. Computed formation rate 8OH in the treatments at selected times The blue
lines represent the fitting functions from whicke tbumulative production ofOH radicals

were calculated. The Rparameter shows the goodness of the fit. See Sthio fitting

functions. Note the orders of magnitude differenodabe scales of Y-axes.
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Highlights

« O,* can induce the production ¥H in the presence of DOM and Fe complexes

» The production otOH exceeds the stoichiometry of Fenton reactio@+484 folds

e °*OH produced from g~ extensively modified the spectroscopic propeie®OM

« O,* can trigger an autocatalytic Fenton reaction andyce®OH to break down
DOM

e O, driven Fenton reaction may explain DOM transfoioratn multiple
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Text Sl: Calculations on the £ disproportionation and DOM-Fe(lll) reduction by*Oin
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Text SlI: HPLC analysis for detecting coumarin and 7OH-couma
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Table S1 Composition of artificial lake water. The conaations refer to the final

concentrations in the beginning of the experiment.

Final concentration

(umol L)
NaSO 54
KCI 7.9
MgCl, - 2H,0 28.8
CaCl - 2H,0 60
MnSQG, - H,O 0.31
NaHCG; 0.04
Na,SiO; - 5H,0O 82
NaNG; 5.0
NH,CI 0.03
CsH1sNaOgP - 6HO* 21

*(3-glycerophosphate disodium salt hydrate
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Table S2 Description of four fluorescence components idiedt by PARAFAC

Excitation/Emission

Component )
maxima (nm)

Description

Comp 1 240(310)/415

Comp 2 240(350)/459

Comp 3 325/453

Comp 4 280/333

Humic-like material with low lexular weight and
aromaticity, common in marine environment but soal
widely found in (boreal) freshwater, originatedrfro
biological activity (Coble et al., 1998; Gu et &018;
Kothawala et al., 2014; Zhang et al., 2009)

Terrestrially-derived humielikaterial with high
molecular weight and aromaticity, is widely founat b
highest in forested environments and wetlands (€ebél.,
1990; Kothawala et al., 2014; Parlanti et al., 2000

70H-coumarin (Louit et al., 2005)

Tryptophan-like amino acid, frebaund on proteins
indicating more degraded materials (Cory et al0520
Kothawala et al., 2014; Stedmon et al., 2003)
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Figure S1 Excitation emission matrices for coumarin (I&f),umol %) and 7OH-coumarin
(right, 10 pmol C%). Note that the fluorescence of coumarin (givenits relative to the

Raman of HO; R.U.) is nearly negligible
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Text SI: Calculations on the Q°~ disproportionation and DOM-Fe(lll) reduction by

0,*"in treatment of “Fe + KO,"

This section will evaluate the reactions of sup&texG,*") in the beginning of treatment “Fe
+ KO,” containing 20 pmol ! DOM-Fe(lll) and artificial lake water (Table SThe

Scheme SI-1 shows that®Ocan be either reduced te®} or oxidized to @ (Fuijii & Otani,
2017).Disproportionation can converbD to H;O, either spontaneously or though the
catalysis by reduced metals or DOM, marked coletyias Xeqin Scheme SI-1.
Alternatively, oxidized DOM or metals (¥ can oxidize @ to O, (Scheme SI-I).

DOM-Fe(ll) DOM-Fe(lll) disproportionation

\_/1 spontaneous

—_— o— a7
02 2 ZH H202
/\ : catalyzed :
Xred Xox Xred Xox

Scheme Sl-1Possible fates of superoxide in the treatment+Re,” (modified from Fujii & Otani,

2017). Xeqand X refer to reduced and oxidized forms of metals OMD

In this study, the hydroxyl radical®H) production was an order of magnitude higheh@
‘KO, + Fe” treatment with DOM-Fe(lll) than in the “KOtreatment with DOM alone. This
finding suggests that the reaction of Owith DOM-Fe(ll) (from Xox t0 Xreqin Scheme Si-1)
played a major role in the production®@H. Artificial lake water contained 0.31 umoi‘L
Mn(ll) (i.e., Xreqin Scheme SI-1), which can catalyze disproportioneof G,*” to HO, in
addition to bimolecular disproportionation. One @onotice that disproportionation requires
also H (Scheme SI-1), and thus the process is sensitipelt In this study, the introduction
of KO, in 0.05 mol C* NaOH solution resulted in 13 pmot'i0,*~ concentration but at the
same time increased the pH of artificial lake wabet2.2. The calculations below indicate

that at pH 12.2 the rate of disproportionation wegligible sink compared to DOM-Fe(lll).
(1) Disproportionation of superoxide and hydroperoxylical

The conjugate acid of £, hydroperoxy radical (H&) forms when a superoxide anion,{Q
accepts a hydrogen ion:

HO,® 2 O, +H' (Eq. SI-1).

For the equation of 1:

Kroz = [02"7] [H')/[HO,"],

S5



the equilibrium constankuoy, is 1.6 x 10 L mol™ (Bielski et al., 1985).

Spontaneous disproportionation of ji@nd Q*~ to H,O, and molecular ©can proceed

either through:

HOy*+ HO,® - Hx0; + O; (Eqg. SI-2)

with a second order rate constdat= 8.3 x 10 L mol™* s (Bielski et al. 1985) or through:
HO,® + O, + HO — H,0, + Oy + OH (Eq. SI-3)

with a second order rate constdat= 9.7 x 16 L mol™ s (Bielski et al., 1985).

Because H@ is in an equilibrium with &~ (Eq. SI-1), it is convenient to examine their
concentrations together,O= HO,® + O,*". In this case, the two separate disproportionation

reactions can be presented together as:
O, +O, +2H = H,0, + O, (Eq. SI-4),

where the second order rate constlantcan be calculated with the combinatiorkoandks

accounting for the equilibrium between*Oand HQ® (Eg. SI-1):
ks = (ko + ks (Kno[H'])) (1 + Knod[H']) 2 (Bielski et al., 1985).

The formation rate of 0, or molecular @ (mol L™* s) through disproportionation is:
Ri202,02= ks [02 ][02 ] (Eq. SI-5)

The rate of @ consumption (mol T s%) is:
Rozr = 24 [0 ][02 ] (Eq. SI-6)
The temporal kinetics of Oconcentration (mol £) can be described as:

[02] = [02T0/(1 + 24[O2 Jot) (Eq. SI-7)
where [Q']o refers to the initial concentration 06O

and the half-life of @ (s) is:
t,02 = (24 [O2 o) ™ (Eg. SI-8)

At pH 12.2 k, = 3.83 L mol* s and the half-life of the introduced,Ghrough
disproportionation was 10054 s (= 2.79 hours) wétedoulated according to Eg. SI-8.

Manganese can react with superoxide at fast rate:
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Mn(ll) + O,*” — MnO," (Eqg. SI-9)

and in this study convert 0.31 pmof'i(or 2.4% of introduced K§) into manganous
superoxide (Wuttig et al., 2013). In seawater, Mnihaves like &~ and its major fate is
disproportionation (Wulttig et al., 2013). At pH 22f present study, the rate of
disproportionation of Mn@ is slow, if it behaves like £ (see above). Instead, MgQs

expected to form an equilibrium with Mn(ll) and*O(Wulttig et al., 2013):
MnO," 2 Mn(ll) + O,°*~ (Eg. SI-10)

and Q*” will be eventually consumed by DOM-Fe(lll) at pA.2 in the beginning of the

“KO, + Fe” treatment.

(2) Reduction of DOM-Fe(lll) by £~
The reduction of DOM-Fe(lll) by &~ can be expressed as,
DOM-Fe(lll) + O;*” —~ DOM-Fe(ll) + & (Eq. SI-11a).

The rate of superoxide consumption, DOM-Fe(lll)sland DOM-Fe(ll) formation can be

calculated as:
rate = ky1 [O.'] [DOM-Fe(lI)] (Eq. SI-11b)

The second-order rate constant for the reactiohlSk;; = 2.8 x 16 L mol™ s™) has been
determined at pH 8 using Suwannee River fulvic é8idFA) as a source of DOM (Garg et
al., 2007). Usind; = 2.8 x 16 L mol™* s, the reaction Eq. SI-11 consumeg Cand
produced 13 pmol DOM-Fe(ll) within about two secemdter the introduction of KO
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Figure SI-1. Calculated (Eq. SI-11) concentrations of supem@x{@d’), DOM-Fe(lll) and DOM-Fe(ll)
in the beginning of “Fe + K@ treatment at pH 12.2.

3) The Fenton process in the beginning of experirager the adjustment of pH to 5

After the introduction of K@and rapid reduction of DOM-Fe(lll) by, the pH of
artificial lake water was adjusted to 5. Under thoenditions, the concentration of
superoxide was initially negligible, but the watentained 13 pmol £ DOM-Fe(ll) (Figure
SI-1). The artificial lake water was in contactiétmosphere and contained 264 pmdl L
dissolved @ according to the solubility of Qo fresh water at +25°C.

The oxidation of DOM-Fe(ll) can lead to the prodaotof *OH through the following

sequence of reactions.
Dissolved Q can oxidize DOM-Fe(ll):
DOM-Fe(ll) + O, » DOM-Fe(lll) + O, (Eq. SI-12)

and produce @ with k;» = 100 L moi* s* determined for SRFA (Garg et al., 2007). The loss
of DOM-Fe(ll) through Eq. SI-12 is calculated irgkre Sl-2a.

DOM-Fe(ll) can also dissociate:
DOM-Fe(ll) - DOM + Fe(ll) (Eqg. SI-13)

with ki3 = 8 x 10 s* (Garg et al., 2007). Immediately after the pH atijient to 5, the

calculated rate of dissociation (1.04 x*1fol L s*; Eq. SI-13) is an order of magnitude
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lower than the oxidation of DOM-Fe(ll) by,@3.6 x 10’ mol L s%; Eq. SI-12). This
indicates that Eq. SI-12 was primarily responsfbtethe production of @ and for simplicity

the dissociation of DOM-Fe(ll) is omitted in kinetnodelling presented in Figure SI-2.

At pH 5, the spontaneous disproportionation of (Bq. Sl-4:ks = 2.3 x 16 L mol™* s™)
leads to a fast production ob&; (Figure SI-2a). DOM-Fe(ll) reacts faster with@®3 (Eq.
Sl-14:ki4 = 1.75 x 16 L mol™ s (Pignatello et al., 2006) than with, (Eq. SI-12):

DOM-Fe(ll) + HO, — DOM-Fe(lll) + *OH + OH (Eq. SI-14)

and produces hydroxyl radicals (Figure SI-2b).hia beginning of experiment, the calculated

maximum rate ofOH (1.05 x 10 mol L™ s is similar to the measured rate*afH

production ;%% (t,) =1.14 x 16 mol L™ s™%; Figure 4d).

The simple kinetic model (Figure SI-2) can explia initial rate o OH production in “Fe

+ KOy” treatment, but it fails to describe the laterekins of*OH production and the
cumulative amounts of producd®H (Figure 4d; 104 pmol't£*OH in 168 h, Table 2). The
simple kinetic model (Figure SI-2) predicts that fbrmation of OH stops in about three
minutes, and produces cumulatively 3.8 pnibldf *OH with a final residual concentration

of 0.8 pmol ! H,O,. The stoichiometry ofOH production in the kinetic model (Figure SI-2)

approximates iron-catalyzed Haber-Weiss processhRuBielski, 1985):

Fe(II)/Fe(I1I)
>

HOZ. + H,O, *OH + HO + O (Eq SI-15a).

When the formation of D, through disproportionation (Eq. SI-4) is includedEq. SI-15a,

it becomes:

. Fe(ID/Fe(1ll)
3HO, — LS OH+HO +2 0 (Eq. SI-15b),

The reaction Eq. SI-15 represents the theoretieaimum yield of OH ("OH/ 3 Q,) from
superoxide through Fe catalysis, which is 4.3 plovodf *OH from 13 umol [* O, . As the
measured yield oYOH (104 umol C* *OH in 168 h, Table 2) was 24-fold higher than the
theoretical yield from &~ (4.3 pumol C* *OH, Eq, SI-15b), the production dH in the “Fe

+ KOy” treatment must have included an autocatalyticess.
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Figure SI-2. The calculated concentrations of DOM-Fe(ll}Jxand Q" (a) and the production rate

of hydroxyl radicals. The calculations on the @tidn of DOM-Fe(ll) (Eqg. SI-12),
disproportionation of @ (Eq. SI-4) and the Fenton reaction (Eq. SI-14).
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Text SlI: HPLC analysis for detecting coumarin and7OH-coumarin

The HPLC system was a Shimadzu LC-30AD equipped ®It-30AC autosampler, CTO-
20AC column oven (set at 30 °C), DGU-20A5R degagsinit, SPD-M20A PDA detector
and RF-20A XS fluorescence detector. Chromatogcapirs were carried out with a reverse
phase chromatography column Bridge Columns XBridgeI8 (2.5um) in a gradient mode
with a mixture of two eluents (A and B). Eluent Asv0.3% acetic acid with 99.7% ultrapure
water, while B was 100% acetonitrile. The flow ratas 0.3 mL mift. The relevant elution
gradients were: 10% of B from 0 to 0.5 min, thereér gradient to 45% of B from 0.5 to 6
min, followed by a fast linear gradient to 75% ofd 6—6.5 min; 75% of B was then kept
from 6.5 to 9 min and then followed by a lineardieat to the initial condition 10% of B at
9.5 min, the same gradient was kept until 12.5 foirstabilizing the system. The injection
volume was 5 pL. The first sample was run two tineemake sure the gradient solvent was
fully stabilized in the system. The retention tinvesre 5.23 min for coumarin and 3.64 min
for 7OH-coumarin. Quantification of the two compdsnwas carried out by means of the
PDA detector for coumarin (absorption wavelengtt280 nm) and of the fluorescence
detector for 7OH-coumarin (excitation wavelengtl820 nm; emission wavelength = 450

nm,).
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Text SllI: Calculating the cumulative production of *OH radicals by using the

transformation of coumarin into 7-hydroxycoumarin as a®*OH probe reaction

The cumulative production 80OH radicals per unit of volume over a defined tifff®H];,
mol L) was described as a definite integral over time:

[FOH]; = fttol ROH()dt  (Eq.SUI—1),
wherety andt; represent the time in the beginning of experineemd at the selected tintg

respectively, an@;OH(t) is the formation rate GfOH radicals at tim& (mol L™ s™).

RJZOH (t) was calculated from the scavenging rate of hydroagjicals. Becaus¥OH radicals
react with their scavengers almost at diffusiontaaled rates, the total scavenging rate of
*OH at timet approximateﬁ?}OH(t).When the formation and scavenging rates are nézely
same, the’OH concentration at timé approximates a steady-state. In the experimental
solutions, the scavengers (see Scheme SllI-1) heetsteady-state concentration ‘@H

radicals ["OH] ) to:

R]:OH (t)
kéear + k2H[Coul, + k398 ., [70HCou],

Scav Cou

[(OH]ss = (Eq.SUI — 2),

where[Cou], and[70HCou], are the concentrations of coumarin and 7-hydroxgearin
(7OH-coumarin) at time, respectively (Figures SlII-1&2), and,,,, represents scavenging
by the artificial lake water (Table Slll-1§¢.,,, accounted for the major scavengers ©H
in the artificial lake water: DOM (DOC = 11.35 mg IC"), chloride gide infra for its
concentration) and bicarbonate anions1@°® mol L"), and thusks.,, = k;2%,DOC +
keH[CL] + kyp-[HCO3]. The modeling used the initial concentrations bfe@d HCQ
(Table SllI-1). In terms of DOM, we assumed that teactions between hydroxyl radicals
and DOM resulted primarily in the transformatiomgbucts that reacted with hydroxyl radical
like reported for DOM in literature (Westerhoff @&t 2007). Therefore, we used the initial
concentrations of DOM in the calculations (Tablél-$). The modeling also ignored the
reactions of°OH radicals with the different coumarin degradatlyproducts (P and B

Scheme SllI-1), as well as those with the iron gscbecause we did not measure the
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temporal variation of these compounds. Howeves, shiould not cause significant modeling
errors, because these constituents had lower catiens than the major scavenger DOM,
making negligible their role in the tot¥DH radicals scavenging. The reaction rate constants
were from literaturek;2 = 5.6x10° L mol™ s*; k338, = 6.1x10° L mol™* s*; k;2f, =

1.9<10"' L mg C* s™; k7%~ = 8.5<10° L mol™* s* (Burgos Castillo et al., 2018; Buxton et al.,

1988; Paya et al., 1992; Westerhoff et al., 200@g value ok 9¥ took into account the pH
dependence of th®H scavenging kinetics by Qkee Scheme SllI-1). At pH 2, the reaction
between"OH and Cl yields hypochlorous acid anion radicals (HO®, = 4.3x10° L mol*

s', Buxton et al., 1988). In acidic conditions thetpnation of HOCIinduces the formation
of a chlorine atom (¢) and a water moleculé(= 2.1x10™ L mol™* s?, Jayson et al., 1973)
making Cl as an actual sink fotlOH. At circumneutral and basic pH values, HOCI
dissociates back ttOH and Cl (k, = 6.1x10° s*, Jayson et al., 1973). By considering these
reactions and by reasonably applying the steadg-$tathe HOCI concentration, the pH
dependence df:?¥ can be described dgk10P™(k; + k,10P™)! (see also the paper by
Jayson et al., 1973). Therefokd?? (1 1.5¢10° L mol™ s* at pH 5. Chloride concentrations
used in the model took into account all thé €@lurces (i.e. artificial lake water, FgCand
HCI for the titration procedures) and were x8a* mol L* (“control”), 7.4x10° mol L*

(“Fe”), 1.62x10% mol L'* (“*KO,") and 2.1%10% mol L* (“Fe+ KO,").

P,
CO3"
S o,
@) QO
o
Fenton . *CI Kk - H K .
— = HO HOClI  —2= (]
Processes _ - ok,
g %,
§ k, K, @‘/,')
T
Q 70H-coumarin
P, +P

Scheme SllI-1 Simplified reaction scheme describing the forovatnd the scavenging pathways of

"OH radicals in the experiment.;"PPefers to a general byproduct(s).
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The transformation rate of 7OH-coumari®;®?°%(t), was a master variable in the
assessment ai;°"(t). R;°"¢°*(t) was defined as the difference between the formatice

(coumarin +*OH reaction) and the decay rate (7OH-coumarl®H reaction):
RIOHEOU(t) = ['OH]ss76kcoukiou [Coule — K3glcou[7T0HCoul:}  (Eq.SII = 3),

wheren$3% .., = 0.047 is the yield for the formation of 7OH-coanim from the coumarin +
*OH reaction (Burgos Castillo et al., 2018). By gitbng Eq. SllI-2 in Eg. SllI-3, one

obtains:
RZOHCou(t) = R}OH(t){nggllfICOuk&gg [Cou]t - k;gZCou[70Hcou]t} (Eq.SIII _ 4)
k::“cav + k&gfj [Cou], + k;(O)ZCou[70HCOU]t
By rearranging Eq. SllI-4, the expression R} (t) will be:
R]:OH(L‘) — RZOHcou(t){ké‘cav + k&gg [Cou]t + k;%ZCou[70Hcou]t} (Eq.SIII _ 5)

76hcoukcoulCoule = K30icoul7OHCoul}
RjOHCOU(t) was assessed as the first derivativf7QHCou],dt™t) of a function that
described the temporal developmen{Z®HCou]; in the treatments. In order to determine
d[70HCou],dt™!, a kinetic equation SllI-6 (the curves in Figurl-$) was fitted on the
measured concentrations of 7OH-coumarin duringcthase of experiment (the squares in
Figure SllII-1).

I3a

70HC = —
[ Ou]t k,4_ _ kl3

(e k'st — g=kiat) (Eq.SIII - 6)

wherek’; andk’, are the pseudo-first order rate constants foreélaetionsCou - 70HCou
and70HCou — P;, respectively (Scheme SllI-1), ardis a concentration parameter. The
values ofR}°H¢°%(t) were graphically computed as the slope of theeantine to the curves
shown in Figure SllI-1 at several reaction timesvah in Figure 4.

For the calculation oR:°"(t), Eq. SlII-5 received the values Bf°"“°“(t), [7OHCou],

(Figure SllII-1) andCou]; (Figure SllI-2) at the selected times (the reactimes in Figure
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4). The decreasing trend R):OH(t) at the selected times (the squares in Figure 4 wa

described by an exponential equation (the curvésguare 4):

RPM(t) = ROM(ty) et (Eq. SIlI-7),

WhereR;OH(tO) is the rate of hydroxyl radicals formation in theginning of experiment
nmol L~ s7) an S escribes the degree of exponential lossR t). In the
(nmol L' s and k (s') describes the d f ial | (t). In th

“Fe+KOz”-treatmentR]:OH (t) decreased initially exponentially but plateauadrléFigure 4d)
and therefore the kinetics was described by:
RPM(6) = RPM(to) e + RO (thiateqn) (Eq.SIlI-8),

whereR;%" (t,1atequ) is the rate at the plateau. Table Slil-1 showsviiaes of the relevant

parameters of Eq. SIlI-7&8.

Finally, the[*OH ] values were calculated by solving the integraheke fitting functions as
in Eq. SHI-1.

[7OH-coumarin], pmol L-!

[7OH-coumarin], pmol L-!

=
7

<
=
=

0.002

0.001

(@)

R2=0.99

control

0.008

0.006

0.002

R2=0.89

(b)

o 50

100 150
Reaction Time, h

0.000

30 100 150
Reaction Time, h

(©)

FetKO,

(d)

0 50

100 150

Reaction Time, h

50 100 130
Reaction Time, h

Figure SllII-1. The measured concentrations of 7-hydroxycounm@@H-coumarin) &) and the

kinetic fitting on the measured data (blue linds$)e error bars represent data standard deviafltres.
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R? parameter shows the goodness of the fit. See &fpr3he general form of the fitting functions.

Note, the differences in the scale of Y-axis amibrggpanels.

12.0
control
B
~ u
:],, Fe
S
= b
g N KO,
S 40 | ’
2\
= ]
RIS
2 20 ]
] Fe+KO,
b e —————e e e
0 20 40 60 80 100 120 140 160 180

Reaction Time. h

Figure SllII-2. Concentration profiles of coumarin observed mdifferent treatments. The error bars
represent the standard deviations of the measa@darin concentrations (squares). Data were fitted
with the equation [Couk C + Aexf-Bt) (lines). In the case “Fe+KQ C = 0 (blue curve).

Table SllI-1. Fitting parameters obtained by interpolatinglﬂ}@”(t) data with Eq. SllI-7 & SIII-8.

The R value shows the goodness of the fit.

R:°H(ty), K, R°H(t ,
Treatment Q@ X . 7" (tptateau) R?
nmol L s? S nmol L s?
control (3.074+0.085y10° (1.340+0.06%10° 0 0.99
Fe (3.361+0.221%10° (5.668+0.804y10° 0 0.97
KO, (3.894+0.225%10? (3.454+0.466y10° 0 0.95
Fe+KQ, (9.910+0.384%10™ (8.74520.701¥10° (1.523+0.13710" 0.99
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Text SIV: Modeling O,*" photoproduction in lake water.

Superoxide (&) photochemical production in surface waters careltsted to the formation
of hydrogen peroxide (#D,) from irradiated chromophoric dissolved organic ttera
(CDOM). Indeed, HO, is photoproduced by CDOM through a mechanism thatld
involve the reduction of dioxygen @Dto superoxide € by O,-reducing intermediates that
are generated by intramolecular electron transtanfCDOM short-lived excited states of
electron donors (probably phenols) to ground-stateeptors (most likely quinone-like
moieties) (Zhang et al., 2012). In the presenca bigh content of electro-donating phenols,
the excited triplet states of CDOM can be involued,” photoproduction as well (Zhang et
al., 2014). Then & can undergo dismutation, which can occur via tineén pathways(i)
uncatalyzed dismutation (0 + HQ;®), (i) DOM-catalyzed dismutation (‘DOM’ means
dissolved organic matter) angii) dismutation catalyzed by organometallic compounds
containing Fe, Cu and Mn (Goldstone & Voelker, 20Ma et al., 2019). Among these
processes, the DOM-catalyzed dismutation of @to HO, + O, can play the main
scavenging role of £ in inland surface waters (Ma et al., 2019). Asdsithe stoichiometry
of O,* dismutation is concerned, previous works have detexd the ratio H0,:0,* for
different DOM type (Goldstone & Voelker, 2000; Raw & Miller, 2016), showing that the
ratio should be 10.5 for DOM typically occurring in inland watershike it would decrease
down to10.25 for seawater and open ocean (Powers & Mi#lel,6). Here, we adopted the
former values in order to model superoxide photdpotion in lake water.

By doubling the HO, photoproduction rate from irradiated CDORSE3%), one can get the
O," photoformation rateRg2" = 2RE20Y = 201503 Pacoom- Piizgz i the polychromatic
apparent quantum yield (pAQY) of,8, formation from irradiated CDOM, wWhilB, cp¢y iS
the total photon flux absorbed by CDOM (or photaisorption rate, Einstein™Ls?).
®09% has been measured by Zhang et al. (2012) for se@®®M samples, such as
Suwannee River humic and fulvic acids, a lignirelikaterial and a river water sample. The
average value for these materials i5.9x10". P, cpom is a function of the light absorption
properties of CDOM, water depth and chemical cortigos namely P, cpoy =

A2 oy AbsgPOM —Absiot tot :
f/u p°(1) Tt [1 — 107452 ]d/l. Abs;°" is the total absorbance of water that takes into
A

account the water depth and the Lambert-Beer absoebof the main light-absorbing species,

Abs{P°M is the absorbance of CDOM apbi(2) is the spectral solar photon flux (Einstein L
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' s* nm"). To evaluateP, .poy ONe has to know all these parameters, which arécypiar
features of the considered water body. The APEXwsoE @Aqueous Photochemistry of
Environmentally occurring XenobioticBodrato & Vione, 2014) allows to indirectly asses
P, cpom- Indeed, APEX models the direct and indirect pb&mistry of water pollutants in
well-mixed surface waters (e.g., Carena et al.,720%uch as the lake epilimnion during
stratification in summertime, as well as the stesidye concentrations of the main
Photochemically Produced Reactive Intermedigf@BRIs), namely hydroxyl and carbonate
radicals (HO and CQ", respectively), the excited triplet states of CD@@DOM*) and
singlet oxygen'Qy).

To assess the PPRIs steady-state concentratiotSX A€fjuires as input data the chemical
and photochemical features of the water body, nartle photosensitizers concentration
(NOs3, NGO, and CDOM, the latter quantified by means of thesdived organic carbon
DOC), the water absorption spectrum (which is comgiased on the input DOC value) and
the water depth. For the detailed description & thodel, see the APEX User Guide
available for free in Bodrato and Vione (2014). Huftware output data are averaged over
the entire water column depth, cpoy Can be determined by modeling the steady-state
concentration ofCDOM?*, [3CDOM*|s = P52, Py cpom(kscpoms) ™, wWheredSROM

= 1.28x10° is the>*CDOM* formation pAQY andkscpom+= 5x10F s is the rate constant of
the 3CDOM* scavenging by the reaction with, Qthat forms'0,). As a consequence,
RGZM = 2R383" = 20536 [P.CDOM |55 kscpom (P5850m.) ™" - Note that this equation
refers to the direct photoproduction of"Qupon sunlight absorption by CDOM. It does not
take into account those reactions occurring inag@fwaters that indirectly photoproduce
0," as an intermediate, such as, for example, the MBbdtodegradation, the nitrate/nitrite

photolysis, and the xenobiotics degradation. Moeeomote that herBg?"" o< [ZCDOM" ],

is only due toP,cpopy -€valuation purposes, and it does not mean fDOM* is
mechanistically linked to © photoproduction (Zhang et al., 2014; Zhang et2411,2).

Figure SIV-1 show;2°" as a function of water depth and DOC. It must diefed out that
the Rg;" strongly depends upon.Qoncentration (Zhang et al., 2012). Unfortunately,

APEX does not consider,@s an input variable and thus the results showédgl. SIV-1 are
relevant for well oxygenated (saturated) waters.
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0 0.5 1 15 2 2.5 3 3.5 4 4.5

Water depth, m

Figure SIV-1. Superoxide photoproduction rate in a temperate (dk°N) as a function of water
depth and DOC, during the "16f July at 09 am or 03 pm. Other water chemicafosition
parameters were 1.0xténol L NOy, 1.0x10°mol L™ NO,, 1.0x10*mol L™ alkalinity and pH 7.

Note that the data are averaged over the entirerwatumn.

The solar spectrum used for the modeling (2&(1)) refers to the Sun spectrum reaching the
water surface on the T®f July at mid-latitudes (45°N) at solar noon # 8fat is at 09 a.m.
or 03 p.m., with 22 W f UV irradiance. This is roughly representative adaily average
solar spectrum. Such a condition allows to defiree Summer Sunny Day (SSD), which is
the time unit adopted by APEX to describe, foranse, the photochemical half-life time of
water pollutants. SSD = 10 h of continuous soladiation with 22 W rif UV irradiance.

By so doing, one can assess how many hours of sodaliation are required to directly
photoproduce 13 pmol £ L™ in a lake, without considering the daily fluctwats of solar
irradiance.Rg2°" varied from 4.5x10" to 9x10'° mol L* s* and, as a consequence, 13
pumol &°~ L™ are photoproduced in a time interval ranging fros h to (/8.5 SSD in the
first meter of a lake (Fig. SIV-2). The modelRff*"'for 0.5 and 1 mgC t are quite similar

to the superoxide formation rates that can be tatled from the HO, production rates
measured by Garcia et al. (2019) during lab irteahaof Andean shallow lakes with similar

DOC values. However, these results can be considasee minimum limit values of
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superoxide photoproduction, because the rati®,HD,*~ could be lower than the adopted
one (i.e., 0.5).

—0.5 mgC/L 1 mgC/L 5 mgC/L 10 mgC/L

I

= =
(o] o N
1 1 1

photoproduction, SSD

O_""I""I""I""I""I""I""I""I""
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Water Depth, m

Time required for 13 pmol O, Lt

Figure SIV-2. Time required for 13 umol £ L™ photoproduction in a temperate lake (45°N) as a
function of water depth and DOC, during thé' 6 July at 09 am or 03 pm. Further water chemical
composition parameters were 1.0XH8ol L™ NO;, 1.0x10°mol L™ NO,, 1.0x10°mol L™ alkalinity

and pH 7. Note that the data are averaged ovesritie water column.
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