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Hiahliahts

» Photogenerated Fe(ll) accelerates ligand-contralissblution of Fe(lll)oxides

» Dissolution with DFOB or EDTA is accelerated upi®fold under anoxic conditions
e Short illuminations (5-15 min) lead to continuedddilution in the dark

» Photoinduced dissolution under oxic conditions neguphotostable ligands

» Even short exposures to sunlight might lead togased bioavailability of iron

Graphical Abstract
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Abstr act

Low bioavailability of iron due to poor solubilityf iron(hydr)oxides limits the growth of
microorganisms and plants in soils and aquaticrenmients. Previous studies described accelerated
dissolution of iron(hydr)oxides under continuoukiniination, but did not distinguish between
photoreductive dissolution and non-reductive preessin which photogenerated Fe(ll) catalyzes
ligand-controlled dissolution. Here we show thabrshilluminations (5-15 min) accelerate the
dissolution of iron(hydr)oxides by ligands duringbsequent dark periods under anoxic conditions.
Suspensions of lepidocrocite (Lp) and goethite (@Gt13 mM) with 50 uM EDTA or DFOB were
illuminated with UV-A light of comparable intensity sunlight (pH 7.0, bicarbonate-¢®uffered
solutions). During illumination, the rate of Fe(joduction was highest with Gt-EDTA, followed by
Lp-EDTA > Lp-DFOB > Lp > Gt-DFOB > Gt. Under anoxtonditions, photochemically produced
Fe(ll) increased dissolution rates during subsedark periods by factors of 10-40 and dissolved
Fe(lll) reached 50 uM with DFOB and EDTA. Under oxionditions, dissolution rates increased by
factors of 3-5 only during illumination. With DFO@&issolved Fe(lll) reached 35 puM after 10 h of
illumination, while with EDTA it peaked at 15 uM dnthen decreased to below 2 uM. The
observations are explained and discussed basedkioetec model. The results suggest that in anoxic
bottom water of ponds and lakes, or in microenvimrents of algal blooms, short illuminations can
dramatically increase the bioavailability of irog Be(ll)-catalyzed ligand-controlled dissolutiom. |
oxic environments, photostable ligands such as DE@Bmaintain Fe(lll) in solution during extended

illumination.
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1. Introduction

Dissolution of Fe(lll)(hydr)oxides is one of theykprocesses in the biogeochemical Fe cycle and
may govern the (bio)availability of Fe in the emviment. Suspended Fe(lll)(hydr)oxide particles in
surface waters are important sources of Fe to migemisms, but under oxic conditions their low
solubility and slow dissolution kinetics can leadRe deficiency. To acquire Fe, organisms excrete
ligands that promote the dissolution of Fe(lll)(hyckides. In sunlit waters, photochemical reactions
lead to reduction of particulate Fe(lll) to solubled bioavailable Fe(ll), for example in surfacdexa
(Waite and Morel, 1984; Sulzberger and Laubsch@®5sh; Voelker et al., 1997), seawater (Wells et
al., 1991; Johnson et al., 1994; Kuma et al., 198Bhospheric water (Faust and Hoigne, 1990; Faust
and Zepp, 1993; Pehkonen et al., 1993; Fu et @.0% and ice (Kim et al., 2010b). Laboratory and
field studies have demonstrated that solar and (dit linduces photoreductive dissolution of
Fe(ll)(hydr)oxides in the presence of ligands etenl by marine phytoplankton and algae, and by
terrestrial microbes and plants (Litter et al., 1.9Goldberg et al., 1993; Barbeau et al., 2003pkrar
et al., 2005). Our recent studies have shown thaes$ of Fe(ll) can catalyze the overall non-reigact
dissolution of a range of Fe(lll)(hydr)oxides irethresence of ligands (Biswakarma et al., 2019gKan
et al., 2019; Biswakarma et al.,, 2020). Sunlightghhi thus accelerate the dissolution of
Fe(lll)(hydr)oxide not only by photoreductive difsion, but in addition by Fe(ll)-catalyzed ligand-
controlled dissolution. Short intermittent illumir@ns might be sufficient to lead to rapid dissmof
without much reduction of Fe(lll) to Fe(ll).

In the presence of ligands, photoreductive dissmiubf Fe(lll)(hydr)oxides can be explained by
two possible processes, which can also occur iallgarin the first process, due to the intrinsic
photoreactivity of Fe(lll)(hydr)oxides, light abs@d by the solids causes photoinduced charge
separation in the bulk with formation of mobilealens and electron holes (Sherman, 2005; AlSalka
et al., 2019). These charges can recombine or taitpahe surface where they form Fe(ll) and Fe(IV)
or "OH (Sherman, 2005). A smaller fraction of light atieed on the surface also leads to formation of
Fe(ll) and*OH on the surface by ligand-to-metal charge tranff&MCT) from surface hydroxyl
groups to surface Fe(lll). In the absence of ligamdost of the formed surface Fe(IV), Fe(ll) a6
react back to surface Fe(lll) and hydroxyl grouphich results in only low yields of Fe(ll) and
products such asB,. Adsorbed ligands can act as scavengers for suFfalV) or'OH, leading to

4
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accumulation of Fe(ll) and oxidation products oé figand on the surface. In the second process,
absorption of light by Fe(lll)-ligand surface comapés induces LMCT from ligands to the surface,
with formation of Fe(ll) and oxidation productstbg ligand (Waite, 1990; Barbeau et al., 2003; Bore
et al., 2009c; Borowski et al., 2018). In previatsdies, dissolved Fe(ll) and total dissolved Feewe
quantified while mineral suspensions were contirslyoaxposed to solar or UV illumination (Borer et
al., 2005; Borer et al., 2007, 2009a; Borer and,r20d4). Rates of photoreductive dissolution i th
presence of ligands during illumination were repdrto be higher than ligand-controlled dissolution
rates in the dark, and explained by faster detanhmieFe(ll) by ligands than of Fe(lll) (Litter and
Blesa, 1988; Goldberg et al., 1993; Karametaxaal.et1995; Sulzberger and Laubscher, 1995a).
However, the possibility that photogenerated Fedl§jo accelerates the detachment of Fe(lll) by
ligands and that this effect could persist evearaliumination ceased was not investigated.

In recent studies (Biswakarma et al., 2019; Kan@let2019; Biswakarma et al., 2020), we
examined the effect of added Fe(ll) on the dissmhubf Fe(lll)(oxyhydr)oxides and found that
micromolar concentrations of Fe(ll) lead to up t®@&fold acceleration of dissolution rates under
anoxic conditions. We further demonstrated thatqtteemically formed Fe(ll) accelerates dissolution
rates of lepidocrocite with EDTA under anoxic cdiudis, but not under oxic conditions.

Here, we extend our previous work by quantifyingptoiproduced Fe(ll) and its effect on the
dissolution of lepidocrocite (Lp) and goethite (Gtyith the synthetic ligand EDTA and with the
biogenic siderophore desferrioxamine B (DFOB). Digsd complexes of Fe(lll) with EDTA are
photoreactive and form Fe(ll) with a quantum yield0.034 at 365 nm (Kari et al., 1995), while
dissolved complexes of Fe(lll) with DFOB are notofireactive (Kunkely and Vogler, 2001;
Rijkenberg et al., 2006). The goal was to inveséighow much Fe(ll) can be produced
photochemically in suspensions of Lp and Gt atuwimeutral pH in the absence and presence of
ligands and how Fe(ll) affects ligand-controlledsddilution rates after intermittent and during
continuous illumination under anoxic and oxic caiahs.

As pH and carbonate concentrations strongly affeet speciation and sorption of Fe(ll), we
extended the pH range from 6.0 to 8.5 and perforexpariments at pH 7.0 in carbonate-Qffered
suspensions to mimic environmental conditions. Expents were performed under anoxic and oxic

conditions and at pH 6.0 (MES buffered), 7.0 ¢&@@rbonate buffered) and 8.5 (PIPES-buffered). In
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contrast to our previous, situ attenuated total reflectance fourier-transformedared (ATR-FTIR)
studies with Lp and EDTA, (Biswakarma et al., 2098 conducted batch dissolution experiments

with Lp, Gt, EDTA and DFOB under both intermittg€btor 15 min) and continuous illumination.

2. Experimental Section

2.1. Materials

All chemicals used were of analytical grade andligted in the Supplementary Material Table S1.
Aqueous solutions were prepared using high-puripubdy-deionized (DDI) water (Barnstead
Nanopure). The BET (NBrunauer-Emmett-Teller) specific surface areasevé® ni/g for Lp and
105m?g for Gt. The synthesis and characterizationfihd Gt were described in our recent studies

(Biswakarma et al., 2019; Kang et al., 2019).

2.2. Photochemical Experiments

Suspensions of Lp and Gt with EDTA or DFOB (100 mére irradiated in 120 ml Pyrex bottles
with UV-A light in a box with 8 Philips TL20W/05 inic blue) lamps. The lamps have a broad
emission spectrum from 300-450 nm (maximum at 3&% and closely simulate solar illumination in
the UV-A spectral range (Hug et al., 2001). Thession spectrum of the UV-source and the spectra
of Lp, Fe(lINEDTA and Fe(ll)DFOB are shown in Fi§l. All experiments were conducted at room
temperature (23-24 °C). Increases in temperatutedrbox with the UV-lamps were limited <1 °C
during intermittent illuminations to < 3°C duringrdinuous illumination by a strong ventilator

induced flow of air.

2.3. Photon flux

The photon flux entering the Pyrex bottles (320-48M) was measured by ferrioxalate
actinometry (Hatchard and Parker, 1956).100 ml @fnaM ferrioxalate actinometer solution absorbed
all incoming light of our UV-A light source. Theglit flux was determined as 1.37 umol photons/s,

which is comparable to the light flux of 1.63 punp#lotons/s measured when the actinometer was
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exposed to sunlight on a clear day (11:30 am, Ndezn7, 2018). Over 99% of the light in this
spectral range was absorbed by the 1.13 mM suspensf Lp and Gt (Fig. S1).
2.4. Photoproduction of Fe(l1)

The photoproduction of Fe(ll) was measured at pHunder anoxic conditions, by adding 470
UM phenanthroline (phen) to the Lp or Gt susperss{aithout and with 50 uM EDTA or DFOB). We
assume that with the large excess of phen, all gghemically formed Fe(ll) forms dissolved
Fe(Il)(phen)** complexes. This is supported by speciation calicuia which show that Fe(ll) in the
presence of 50 pM EDTA or DFOB and 470 pM pheroimmlexed to over 99.9% as Fe(ll)(phéh)
at pH 6.0-8.0 (Fig. S2). Fe(ll)(phefi)in filtered samples was quantified by measuring-épéctra
and calculation of concentrations from the absarbaat 510 nmegg nm= 11000 Mlcm'l), see Fig.
S3. (The detection limit was 0.0005 absorbanceswatits10 nm (average of 11 data points from 505-

515 nm) corresponding to 0.05 pM"Behen)”).

2.5. Formation of FEEDTA and FeDFOB in suspensionsof Lp and Gt

All experiments were conducted with initially 100 suspensions containing 100 mg/L (1.13
mM) FeOOH (Lp or Gt) and 50 uM EDTA or DFOB. Foetbxperiments at pH 7.0, the background
electrolyte was 3 mM NaHC{before and during illumination, suspensions wenatinuously purged
with a mixture of 2% C@in N, (anoxic) or 2% C@in air (oxic). Experiments at pH 6.0 (9.5 mM
NaCl and 5 mM MES) and at pH 8.5 (9.5 mM NaCl andN PIPES) were sparged with, Kanoxic)
or synthetic air (oxic). Suspensions were irradiaigher continuously or intermittently; the persoof
intermittent illumination were typically 5 min foexperiments with EDTA (unless mentioned
otherwise in the text or figure captions) and 15 rfor experiments with DFOB. Samples were
withdrawn periodically with a syringe and immedlgtdiltered through 0.1uM Nylon filters.
Subsequently, UV-VIS spectra (200-800 nm) were mneasto quantify the formed Fe(IlI)EDTA or
Fe(ll)DFOB complexes in 1 cm path-length quartzettes. Examples of measured spectra and of
data processing are shown in Fig. S4 and S5. Matentith this method, we measure the sum of Fe(ll)
and Fe(lll) complexes, as both Fe(l)EDTA and B&HOB were quickly oxidized in the cuvettes
upon contact with air. We thus refer to dissolvaah ias [Fejss in the figures and in the discussion of

the experiments. In the course of dissolution dudark periods, concentrations of Fe(lll)EDTA or

7
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Fe(llIDFOB dominate over the Fe(ll) species, beealess than 3 uM of Fe(ll) was produced during
intermittent UV-illuminations. In the oxic experimes, all dissolved Fe(lll) was present as

Fe(lIEDTA or Fe(lll)DFOB.

Most experiments at pH 6.0 and pH 7.0 were repeatddast two times, but samples were not
always withdrawn at the same time. Differences betwepeated experiments were less than 10 % for
data points measured at the same times, as shokig.i%6. In the figures in the manuscript, we add
error bars oft 5% for each data point. Since each experimentistsnsf a series of 12-24 connected
data points, the exact error range of each indalidiata point is not critical for the discussiontlo¢

results, as illustrated by the kinetic model fithich fall within the error bars.

2.6. Kinetic Model
To test if the later suggested reaction sequerreestde to explain the experimentally measured, data
we performed kinetic modeling similar to our prexscstudies. We used the kinetic program Acuchem

(Braun et al., 1988) in combination with Matlab (MIBAB, MathWorks, Inc., Natick, Massachusetts,

www.mathworks.com). To model experiments with chaggonditions (successive dark and light
periods) model fits had to be calculated in seveegments, with the end concentrations of each
segment carried over to the next segment as gartincentrations. The input of starting
concentrations and the optimization of unknown catefficients was achieved by using Acuchem

under the control of Matlab.

3. Results
3.1. Photochemical Formation of Fe(I1) in Lp and Gt Suspensions without and with
Dissolution-Promoting Ligands

The photochemical formation of Fe(ll), measuredhwdt large excess of phen (470 pM) in
suspensions of Lp and Gt without and with EDTA &@B is shown in Fig. 1. Stable concentrations
of Fe(ll)(phen)** (changing less than 5% in 5 min) were reachedimit-10 min after each
illumination, as shown for Lp in the presence ofFAB in Fig. S3. As shown in Fig. 1, the

concentration of Fe(ll)(phesf} in suspensions of either Lp and Gt increased fipes a function of
8
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the total duration of illumination. This linear nease confirms that the low concentrations of
Fe(ll)(pheny*” formed in our experiments did not lead to significAght absorption or interactions
with Lp or Gt. Also, phen did not lead to reduatiof lepidocrocite or goethite; as shown for Lp in
Fig. S3; Fe(ll) was only detected after illuminatidATR-FTIR experiments conducted at pH 6.0 (Fig.
S7) confirmed that phen did not measurably adsothé¢ surface of Lp or lead to changes in the IR-
spectra of adsorbed EDTA. The photoreactivity ofTRBOn the presence of phen was not different
than in the absence of phen according to our pusvabservations (Biswakarma et al., 2019). Since
both EDTA and DFOB adsorb strongly to Lp and GpEt6.0 and 7.0, and the speciation of phen
does not change in this pH range, we assume tlesit gdbes also not interfere with the adsorption and
photoreactions of EDTA and DFOB on the surface bf The rates of photochemical Fe(ll) formation
were determined from the slopes of the lineard#tsndicated in Fig. 1 and as listed in Table la.

In the absence of the dissolution-promoting ligaBB§ A or DFOB, 0.1QuM Fe(Il)(phen)** was
measured after Gt was exposed to 15 min of illutiona corresponding to a maximum rate of
photochemical Fe(ll) formation of 0.0086M/min. This value was substantially higher with Lp,
consistent with the intrinsic photochemical acyivif Lp ascribed to light absorption in the bulkdan
formation of mobile charge carriers and Fe(ll) ®id-radicals on the surface, as reported previously
(Borer et al., 2009c).

The presence of EDTA and DFOB increased the rdtphaochemical Fe(ll) formation for both
solids. The most significant enhancement was oksefor Gt in the presence of EDTA; addition of
EDTA increased the rate of photochemical Fe(llyrfation by a factor of ~90 in comparison with the
solid alone, while the increase with DFOB was aalfactor of 1.7. For Lp, the rate of photochemical
Fe(ll) formation increased by a factor of 5.4 byTD but only by a factor of 2.3 by DFOB.

The pronounced effects with EDTA may be due to high photoreactivity of EDTA surface
complexes or to efficient hole scavenging by adsdrizEDTA. In order to produce comparable
concentrations of around 2.5 pM Fe(ll) in subseguem dissolution experiments, we applied

intermittent illumination periods of 5 min for EDTénd of 15 min for DFOB (see Table 1).
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3.2. Effect of UV-A Illumination on L p Dissolution
3.2.1. Inthe presence of EDTA.

Fig. 2 shows the measured concentrations of tagabted Fe ([Feks) in Lp suspensions in the
presence of EDTA as a function of time at pH 6 @ndnder anoxic and oxic conditions. The thin
black lines show the output of the kinetic modedalidbed later in the discussion section. Note #tlat
dissolved Fe is assumed to be complexed by EDTA Nsaterials and Methods). Initially the reaction
was allowed to proceed without any UV illuminatifer 90 min. During this initial period, Lp
dissolution was very slow under all conditions (3edle 1b for rates), in good agreement (+ 20 %
relative difference) with the rates reported in quevious study (Biswakarma et al.,, 2019).
Dissolution rates of our previous studies aredisteSI, Table S2.

Anoxic suspensions were exposed to a single, ithiation period of five minutes (90-95 min). At
both pH 6 and 7, a distinct increase in [izgjvas observed immediately after the illuminationiqu
(no samples were collected during illumination).n@aued rapid increases in [Gg] were observed
after illumination, indicating the continuation a€celerated dissolution of Lp. At pH 6, the reattio
reached completion within 150 min; [Gg] (orange squares in Fig. 2) approaching the total
concentration of EDTA (50 uM). At pH 7, [Rel increased more slowly (orange triangles in Fig. 2)
but accelerated dissolution also persisted aftemihation and the concentration of dissolved Fe
reached 50 pM after 420 min.

Dissolution rates (Table 1b) were computed fronedinregression lines as shown in the figures.
In the presence of EDTA at pH 7, the rate of Lisdligtion was 8 times faster after illumination than
before it. The accelerated dissolution rate at pbersisting after the cessation of illumination end
anoxic conditions was expected with the photochammroduction of 2.15 pM Fe(ll) in Lp
suspensions with 50 pM EDTA as measured in theepeesof a large excess of phen (Fig. 1). At pH
6, the rate of Lp dissolution was 33 times fasfegreb min intermittent illumination than before it
Observations under continuous illumination (purpiangles) can provide insights into important
differences between the effects of intermittent aodtinuous illumination. Under anoxic conditions,
at pH 7.0, [Fejss increased rapidly and nearly linearly at a ratetidfes faster than prior to
illumination, but only to a final concentration 48 pM. Apparently, some of the EDTA was photo-

degraded during continuous illumination under aooxionditions consistent with previous
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observations (Karametaxas et al., 1995), while amipimal degradation occurred during short
intermittent illumination periods.

Under oxic conditions at both pH 6 and 7 (Fig. iBjermittent illuminations resulted in slight
increases in [Fels. at the end of the illumination period, but furtltssolution was not significantly
accelerated compared to that prior to illuminatidhe increase in [Fgls. during illumination is
consistent with our prioin situ observation of accelerated Lp dissolution durihgriination under
oxic conditions (Biswakarma et al., 2019), whiclscalshowed no persistence of the accelerated
dissolution subsequent to illumination. AdsorbedllFeand dissolved complexed Fe(I)EDTA are

known to be oxidized quickly by dissolved oxygera(&metaxas et al., 1995; Kari et al., 1995).

3.2.2. In the presence of DFOB

Fig. 3 shows the results of comparable experiméuaducted at pH 7 and 8.5) with DFOB
instead of EDTA. The thin black lines show the atitpf kinetic modeling. Before illumination,
[Feluiss.increased only slowly and at the same rates (TAbjaunder anoxic (orange) and oxic (blue)
conditions. The dark dissolution rate was 2 tingesdr at pH 8.5 than at pH 7.0. The dissolutioasrat
in the dark are in reasonable agreement with cenvipusly-reported values (Biswakarma et al., 2019)
(see Table S2).

Under anoxic conditions, intermittent UV-illuminati periods led to accelerated Lp dissolution
that persisted in the dark. At pH 7, [kg](orange circles) reached 50 pM in 450 min in respoto
three intermittent 15 min illuminations, correspmgdto a ca. 9-fold increase in the dissolutiorerat
Our measurements with phen indicate that 2.7 uMre(l) were produced during each 15 min
illumination. In our previous study,addition of 1 uM Fe(ll) resulted in an 18-fold irase in Lp
dissolution rate in the presence of DFOB. As thieatfwith added Fe(ll) is larger than in the
photochemical experiments, it is possible that pheberated Fe(ll) is partially oxidized due to
concurrent formation of oxidants such asOk Additionally, Fe(ll) can be oxidized due to the
instability of Fe(I)DFOB complexes, which are refedl to slowly auto-decompose with formation of
Fe(lll) and a DFOB monoamid&im et al., 2009, 2010a). Under continuous illuation at pH 7.0
under anoxic conditions without prior intermitteiftumination (orange open circles), the Lp

dissolution rate was accelerated by a factor of(d€arly twice that observed after intermittent

11
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illumination). At pH 8.5, nearly-linear Lp dissoioih continued after the first 15-min UV illuminatio
at a rate 2-fold the initial dissolution rate (prio UV illumination) (Table 1b).

Under oxic conditions, reliable estimates of aaeéal dissolution rates could be obtained only
under continuous illumination. This was examinedlydor pH 7, where a 5.5-fold increase in the
dissolution rate was observed. This dissolutior ratroughly consistent with the changes in J&e]

observed after intermittent illumination.

3.2.3. EDTA vs DFOB (anoxic)

A comparison of the effects of EDTA and DFOB fangde intermittent UV illuminations of 5 and
15 min at pH 7 is shown in Fig. S8. For both illmation periods, the effect with EDTA was larger
than the effect with DFOB; this is particularly im@able when the illumination period is the sante fo

both ligands.

3.2.4. EDTA vs DFOB (Oxic)

Since dissolution under oxic conditions is mordlgassessed during continuous illumination, we
conducted such experiments with EDTA and DFOB at7pth Fig. 4, results with EDTA are shown
together with the results with DFOB. With EDTA, |k&. reached a maximum value of 15 uM after
240 min and then decreased, suggesting photolysiissolved Fe(ll)EDTA, which is reported to
occur with quantum yields of 0.034-0.018 from 3@54m (Kari et al., 1995), and of EDTA surface
complexes(Biswakarma et al., 2019). In contrast to EDTA,]i&gin the presence of DFOB did not
reach a maximum value and decline afterwards. Thdi&solution rate under continuous illumination
(initially 5.5-fold faster than the rate without Ulfumination) appears to slow down after 480 min
with [Felyiss reaching a plateau at ca. 35 uM DFOB and EDTA appe have similar effects on Lp
dissolution under continuous illumination, initigllthe persistence of the accelerated Fe dissalutio
with DFOB, but not with EDTA is consistent with tifi@ct that DFOB is a more photostable ligand
than EDTA (Borer et al., 2009b; Borer et al., 2002dthough DFOB appears to be able to complex
Fe(lll) over time periods of hours in irradiatedumns, the decrease in dissolution rate and the

eventual plateau in [FgL suggests that Fe(ll) may react with oxidants aedated during the
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illumination (e.g. HO,) (Borer et al., 2009c) and/or that DFOB may undesgme photodegradation
over longer periods or illumination.
As discussed above, the effects of intermittenimihation under oxic conditions are difficult to

assess. Additional experiments with both EDTA af®B (Fig. S9) showed only inconsistent effects.

3.3. Effect of UV-A Illumination on Gt Dissolution

Fig. 5 shows Gt dissolution at pH 7 in the preseatdeDTA and DFOB before and after
intermittent illuminations. Before illumination, Glissolution was very slow (R = 0.01% ‘twith
EDTA, and not detectable with DFOB). Intermittelirmination under anoxic conditions with EDTA
resulted in a increase in [Bg] during illuminations (open orange triangles) anctederated
dissolution persisted after illumination ceasede @bcelerating effect was roughly 36-fold (averaige
three rates) for each of the three intermittenmilihation periods (Table 1b). In contrast, intetemit
illumination of Gt in the presence of DFOB had neasurable effect under anoxic conditions (open
orange circles) or oxic conditions (data not shown)

Under oxic conditions with EDTA, the first intert@nt illumination (5 min) appeared to result in
a small step-increase in [Rg] (open blue triangles), but no persistent acceddralissolution was

observed and even the step-increase was not odsarsabsequent intermittent illuminations.

3.4. Contrasting Photochemical Propertiesof Lp and Gt under Anoxic Conditions

Because the ligand-controlled (i.e., dark) dissoiutate of Gt was so much smaller than that of
Lp, the largest effect of intermittent illuminationas observed with Gt/EDTA (average 36-fold
acceleration). For Lp dissolution, the enhancematit EDTA (under intermittent illumination) was a
factor of 8 (see Fig. S10). This difference cartm®explained by the photoproduction of Fe(ll) since
this was nearly the same for both solids: 2.70 MGt and 2.15 uM for Lp in 5 min of illumination
(Table 1). The lack of any detectable effect mtimittent illumination with DFOB and Gt is

consistent with the negligible Fe(ll) photoprodoati(0.15uM over 15 min).
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3.5. Phase Transfor mations

No transformation of Lp to other Fe(lll) phases;isas Gt or magnetite (Mgt), was detected after
480 min continuous illumination of Lp in the presenof either EDTA or DFOB, by ATR-FTIR
spectroscopy (Fig. S11). As explained in the captibFig. S11, we estimate detection limits for Gt
and Mgt in Lp of < 3% with ATR-FTIR. However, wamnot exclude formation of smaller fractions
of Mgt, particularly at pH 8.5. With our experimahset-up, we could not collect sufficient amounts
of solids for XRD measurements. The photoinducathédion of small fractions of Mgt or other
phases (e.g. green rusts) as a function of pH Bundination time could be the subject of future

studies.

4. Discussion

4.1. Reaction Mechanisms, Rates of Light Absorption, Quantum Yields, and Kinetic
M odel

4.1.1. Catalytic effect of Fe(l1)

Table 2a lists the main reactions for the photodbahfiormation of Fe(ll) and for Fe(ll)-catalyzed
dissolution with DFOB and EDTA. Both ligands arebedviated as L. Note that surface hydroxyl
groups, the modes of coordination of ligands todidace, and the transfer and balance of oxo- and
hydroxyl oxygens are not specified in the listedcteons. Also, for simplicity, we do not specifyeth
protonation and charges of the ligands and themptexes with iron. There are several differently
protonated and charged species of each reactatiating for all species is not possible because th
charges and protonation of surface complexes drlenoovn.

The reactions in Table 2a were used for the kimatideling of the data measured at pH 7.0. Some
of the reactions that apply to EDTA are describedhore detail in Table 2b. Similar reactions as for
EDTA apply for DFOB, with the difference that reiact products are different and that dissolved
Fe(llIDFOB complexes are photochemically inactfi&unkely and Vogler, 2001; Barbeau et al.,

2003) (Borer et al., 2005; Borer et al., 2009a; Borealet2009b). DFOB surface complexes are much
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less photoreactive than surface complexes of ligahdt adsorb to Lp and Gt by coordination of
carboxylate groups, but some photoactivity of aldedrDFOB ascribed to photoinduced LMCT has
been observed at pH 8.0 during illumination witghtiin the 395-435 nm wavelength rar{@erer et
al., 2009d).

In the absence of Fe(ll), ligand-controlled dissiolu is slow (R1la-R1c). When Fe(ll) and
oxidants are photochemically formed on the surf&2a-h), or Fe(ll) is adsorbed from solution (R3),
dissolution becomes fast (R4a), facilitated by tetectransfer (ET) from surface Fe(ll) complexed t
the ligand to a neighboring site on the surfacefastér detachment of Fe(lll)L due to weaker Fe(ll)
O bonds to the lattice compared to Fe(ll1)-O boimdthe absence of Fe(ll). Additional reactions,isuc
as adsorption of Fe(ll)L to surface Fe(lll) sité&4p) and adsorption of Fe(ll) to adsorbed ligands
(R4c), followed by ET and subsequent detachmefe@fl)L, can contribute to rapid Fe(ll) catalyzed
dissolution. However, these reactions lead to thmmes overall dissolution reaction as R4a. The
reactions and the previously determined rate aweffts are described in more detail in our previous
papers (Biswakarma et al., 2019; Kang et al., 2@iSwakarma et al., 2020). Although Fe(ll)-
catalyzed dissolution is facilitated by the pregeatFe(ll), it is a net non-reductive ligand-catied
dissolution, forming dissolved Fe(lll) complexestéRR4c). New Fe(ll) surface sites are continuously
formed from the bulk solid (R2h and R4d). For reawt R1a-c, R4a-d, and for reaction R5 describing
the formation of Fe(ll) complexes in solution, weed the rate coefficients as determined under the
same conditions for DFOB in our previous study Y{&karma et al., 2020), and adapted rate
coefficients from the previous study with EDTA (Rkarma et al., 2019). Reactions 6a and 6b
describe the oxidation of surface Fe(ll) byGd and by dissolved © The reaction rates for these
reactions were adjusted, as described in the foegnaf Table 2. The model as entered in Acuchem,

and the complete list of rate coefficients usedferfits are provided in Tables S3a and S3b.

4.1.2. Photoinduced formation of Fe(l1)

Light absorption in the bulk of Lp or Gt leads mrrhation of electron-hole pairs (R2a) and to
charge migration and trapping of charges on théaser(R2b) (Borer et al., 2009c), summarized in
R2ab. Fast charge recombination in the bulk anthersurface (R2c) leads to low yields of Fe(ll) and

Fe(lV) or OH-radicals (R2d) and 1@, (R2e) in the absence of ligands. Adsorbed ligahdssever,
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can act as efficient hole scavengers on the surfR&f) and increase the production Fe(ll) by
preventing charge recombination between Fe(ll) BaflV) surface sites (R2c). In the presence of
ligands forming photoreactive surface complexegllfean also be produced by absorption of light
by surface complexes (R2g). EDTA and DFOB can tphummote formation of Fe(ll) both by
scavenging Fe(lV) on the surface and thus prevgntinarge recombination, and by acting as
chromophores with production of Fe(ll) in LMCT tstions. In addition, surface hydroxyl groups can
also act as chromophores and produce Fe(lly@irtlon the surface in LMCT transitions (not shown
in the Table 2), but yields are lower due to femtkreactions betwee®H and Fe(ll) formed at the
same site. When EDTA acts a scavenger of surfa@®)Hg9a), reaction products of the ligand can
reduce a second surface Fe(lll) to Fe(ll) (R9b)ad®en R9b or reaction R9c under oxic conditions
can form stable products (e.g. ethylenediaminedtéte (ED3A) (Karametaxas et al., 1995) and
oxidants such a©, (R7c, R9c) and D, (R7d).

To identify the most relevant reaction pathwaysesaf light absorption were calculated with the
emission spectrum of the light source and the &lasae spectra of Lp, Gt, EDTA and DFOB (Fig.
S1) and compared to the rates of Fe(ll) formatiow alissolution (Tables 1a and 1b). With
concentrations of dissolved Fe(lll)-ligand complexelow 5 uM at the first illumination, over 99.7 %
of the light between 320 nm and 450 nm was absothedt and Lp. The maximum rates of
photochemical formation of Fe(ll) with 5 uM dissetl Fe(II)EDTA, calculated with the quantum
yield of 0.031 at 365 nm (Kari et al., 1995), a@steld in Table 1a. Also listed are calculated rates
Fe(ll) production from absorption of light by 10 pEDTA surface complexes, assuming that the
guantum vyields are the same as for the solutionptexas. Corresponding rates for DFOB are not
listed, as the quantum yields for Fe(ll) formativom adsorbed DFOB are much smaller than for
EDTA according to ATR-FTIR measurements (Borerlgt2005; Borer et al., 2009b). As mentioned
above, rates of Fe(ll) formation were measureddmgpdexation of the formed Fe(ll) with phen.

The measured rate of photochemical Fe(ll) formatiath EDTA was by a factor of 4-5 larger than
the estimated combined rate of Fe(ll) productiamfs uM Fe(llI)EDTA solution and 10 uM surface
complexes. This indicates that either the surfamaptexes photochemically produced Fe(ll) (R7a,
R10a) with a much higher quantum yield than theesponding complexes in solution, or that bulk

Lp and Gt are the chromophore (effective absorbdiglt) and surface complexes act as scavengers
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for surface Fe(lV) (R2f, R9a). Scavenging of suefa&e(lV) is the more likely mechanism, as 2-3
times higher rates of photochemical Fe(ll) formatwere also observed with DFOB, which, due its
low photoreactivity, is expected to act predomiha@s a hole scavenger. The finding that light
absorption by solids is more important than lighs@ption by surface complexes agrees with
previous studies (Borer et al., 2005) that fourat #e(ll) is produced predominantly by the intrinsi
photoactivity of Lp. However, the same authors dtamd evidence for photoreactivity of adsorbed
DFOB in a later study of wavelength-dependent diggm of Lp (Borer et al., 2009d). For both
processes, the role of DFOB in photoreductive dlisem was ascribed to DFOB facilitating the
release of photogenerated Fe(ll) from the surfagend illumination (Borer et al., 2005; Borer et,al
2009b; Borer et al., 2009d). In this study, we fduhat photo-generated Fe(ll) also accelerates the
release of Fe(lll), even after illumination stofsethe absence of ligands, charge recombinatianltses

in low yields of Fe(ll),’OH and HO,, as reported previously for Lp (Borer et al., 2009 he about

12 times larger Fe(ll) production by Lp comparedsiain the absence of ligands indicates that charge
recombination is more efficient in Gt than in Lp.the presence of EDTA, the yields of Fe(ll) from
Lp and Gt are similar and larger than in the presesf DFOB, which shows that charge migrates to
the surface and that adsorbed EDTA is a more effidiole scavenger in both Lp and Gt than DFOB.
The relative enhancement of the photoproductioRedfl) in Lp and Gt by DFOB (by factors of 2-3)
are similar, but in Lp the absolute increase oflfFe¢oduction by DFOB is much larger than for Gt.
An explanation for these differing effects is begdhe scope and was not the subject of this study.
However, important in the context of Fe(ll) catagldigand-controlled dissolution is that (1) >99% o
the incident light was adsorbed in the bulk of LpdaGt at the start of the reactions, and (2)
photochemical charge separation in the bulk andatian of charge to surface appears to be the
dominant pathway for the formation of Fe(ll). Inrckinetic model, we accounted for the different
yields of Fe(ll) (R2ab) in the presence of EDTA ab&rOB by entering reaction coefficients
determined from the rates of photochemical fornmatibFe(ll) listed in Table 1a.

The rate coefficients for photochemical Fe(ll) protion calculated from the rates listed in Table 1,
together with the previously determined rate ceddfits for non-catalyzed and catalyzed dissolution
for EDTA (Biswakarma et al., 2019) and for DFOB g®akarma et al., 2020) resulted in acceptable

fits of the data shown in Figures 2 and 3. The caefficients for EDTA were adjusted, as previously
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determined rate coefficients were for pH 6.0 andsfightly different expressions describing thestfir
steps of Fe(ll) catalyzed dissolution. For the $it®wn for DFOB in Figure 3, we adjusted only rate

coefficients for the oxidation of adsorbed Fe(hddor the formation of KD, on the surface.

4.1.3. Catalytic effect induced by illumination

Similar to the catalytic effect (CE) described ur previous studies, we define a photocatalytieaff
(CE) as CE = Ree diss, d Rredisswhere Re qissiS the rate of dissolution in the dark withoutifiination,
and Re giss, piS the rate of dissolution after or during illuration (as listed in Table 1b). Under anoxic
conditions, values for the observed Gfth 2.15 uM photogenerated Fe(ll) on the dissofubf Lp
with EDTA were 33 at pH 6.0 and 8 at pH 7.0. Fordmqul DFOB, CEwas 7-10 for DFOB at pH 7.0.
This compares to a CE of 22 for EDTA at pH 6.0 ar@E of 26 for DFOB at pH 7.0 after addition of
2 uM Fe(ll) in our previous studies (Table S2). W@t and EDTA, the Cfof 28-42 with 2.7 uM
photoproduced Fe(ll) compares well to the CE ofahél 13 with 1.0 uM added HBED measured in
our previous study (assuming effected proportigadfe(ll) concentrations) (Kang et al., 2019). The
seemingly lower effect of Fe(ll) with DFOB at pHO7can be explained by oxidation of a fraction of

the photoproduced Fe(ll) by reactive oxidan@H, "0, and HO,).

4.1.4. Steady-state concentrations of Fe(l1) in oxic systems

Under oxic conditions, a lasting effect of photapwoed Fe(ll) on the dissolution rate after
intermittent illumination was not observed with thee resolution of minutes in our experiments.
However, during continuous illumination, the disg@n of Lp was still accelerated by factors of 4.8
with EDTA and by 5.5 with DFOB at pH 7.0. Steadgtstconcentrations of adsorbed Fe(ll) under
oxic conditions can be estimated with the rateptaftochemical formation of Fe(ll) (R) and rates
of oxidation of adsorbed Fe(ll) with dissolved, @ith the expressiorefFe(ll)]ss = RonolKox.- Reported
values for k, for heterogeneous oxidation of Fe(ll) with varidteflIl)(hydr)oxides at pH 6-7 and 250
1M dissolved @range from 1x18 - 1x10? s*.(Barnes et al., 2009) Kinsela et al. determinedte-
coefficient for oxidation of Fe(ll) adsorbed to lgt pH 7.0 of 88.7 Ms*, corresponding to Jk
=2.2x10? s with 250 pM dissolved O(Kinsela et al., 2016). Similar rates for the @tidn of Fe(ll)

adsorbed to Lp were recently found in our relatethited study on the rates of oxidation of Fe(tl) i
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the presence of various Fe(lll) (hydroxide minerd{ang, 2019). The calculategdHe(I)]ss listed in
Table 1a show thatFe(ll)]ss during continuous illumination under oxic condit®are by factors of
105-20 lower than concentrations of Fe(ll) produ@etn 5-15 min intermittent illuminations under
anoxic conditions.

The smaller catalytic effects under oxic conditi@re thus consistent with the smaller (steady
state) concentrations of Fe(ll), considering thdditonal oxidation of adsorbed Fe(ll) B@H, Oy
and HO, might further reduce concentrations Fe(ll). For &tatalytic effect could only be observed
with EDTA under anoxic conditions. The catalyticfeet on the dissolution of Gt under oxic
conditions was too small to be observed on the sioade of hours, in agreement with previous results

The rate coefficient for the oxidation of adsorlfedon the surface Lp by dissolved oxygen found
in the kinetic model (R6b) falls within the range1010° - 1-10% s, in agreement with the range
found previously (Barnes et al., 2009; KinselalgtZz916). Concentrations of Fe(ll) and®4, formed
during intermittent illuminations of Lp in the pesce of DFOB, as calculated with the kinetic model,
are shown in Figure S12. The modeled concentratbi®(ll) are in reasonable agreement with the
concentrations listed in Table 1a. The modeled eotmations of HO, are in the range of previously
measured kKD, concentrations in illuminated suspension of Lphie absence of DFOB and EDTA

(Borer et al., 2009c).

4.1.5. Photor eductive dissolution and Fe(l1)-catalyzed ligand-controlled dissolution
The combined results of anoxic and oxic experimeuitis intermittent illumination provide novel

insights about the mechanisms of photochemicatlynoted dissolution of Fe(lll)(hydr)oxides. So far
the rate of photochemical Fe(ll) formation has bassumed to be limiting factor for photoinduced
dissolution. Here, we show that photochemicallyrfed Fe(ll) plays an important additional role by
catalyzing non-reductive dissolution as an add#igathway. Under anoxic conditions and with short
illuminations, this pathway was dominant in our esments. Even short illuminations lead to
continued accelerated, net non-reductive dissalutimder oxic conditions, both Fe(ll)-catalyzed and
photoreductive dissolution contribute, but cannasily be distinguished, because adsorbed and
dissolved Fe(I)EDTA and Fe(ll)DFOB complexes ar@dized by both charge transfer to the surface

and by dissolved O
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4.1.6. Photor eactivity of dissolved complexes

With continuous illumination, ligands in dissolvgshotolabile Fe(lll)-complexes, such as
Fe(lINEDTA, are photodegraded (R7a and R12a). @dv&ibsequent reactions can lead to further
degradation of the ligands (R7b-f). In additionaggons of ligands with surface-bound hydroxyl
radical can also contribute (R8b). The initiallyrrhed radicals’L in R7a) are oxidized to stable
products (P in R7c) that are no longer able tontam Fe(lll) in solution at pH 7.0 and above.
Ethylenediamine-N,N'-triacetic acid (ED3A), is thest product resulting from decarboxylation and
subsequent oxidation of EDTA (R12a-b) (Karametaadaal., 1995; Kocot et al., 2006). Subsequent
decarboxylation steps result in ethylenediamine-jbicetic acid (ED2A) and further degradation
products which are not able to prevent formatiod jrecipitation of Fe(lll)(hydr)oxides. In contrast
dissolved Fe(ll)DFOB complexes are much less qudde to photodegradation. Some limited
degradation of adsorbed DFOB from oxidation’®H or Fe(IV) or by light absorption and LMCT
transitions in surface complexes must have occutoedxplain the higher yields of Fe(ll) in the
presence of DFOB compared to its absence. Borar é€2009) reported that in Lp suspensions at pH
8.0, absorption of light from 395-435 nm by surfacenplexes of DFOB contributed to formation of
Fe(ll) by photoinduced LMCT (Borer et al., 2009t).our experiments, less than 30% of the DFOB
was degraded after 7 h of illumination, based opBbdissolved Fe(lll)DFOB (as determined by UV
spectroscopy). The ability of the ligand to formofstable complexes is important to keep Fe in
solution. Barbeau et al. (Barbeau et al., 2003jistlthe photoreactivity of dissolved Fe(lll)-lighn
complexes of marine siderophores in relation tar the(lll)-complexing functional groups and found
that: (a) hydroxamate groups were photochemicalijstant regardless of Fe(lll) complexation, db)
hydroxycarboxylates were photostable when uncongglekut photoreactive when complexed, and
(c) catecholates were photoreactive when uncomgleéxet photostable when complexed. High
photoreactivities of carboxylates andhydroxycarboxylates were also observed with io-gi\R-
FTIR when complexed to the surfaces of various(lmgdr)oxides (Borer et al., 2007; Borowski et al.,
2018). Low or no photoreactivity of DFOB on thefage of Lp was detected with ATR-FTIR (Borer
et al., 2009a; Borer et al., 2009b). However, sah¢he same authors found evidence for some

photoreactivity of DFOB adsorbed to Lp in experitseassessing the wavelength dependency of
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photoinduced dissolution at pH 8.0 (Borer et @dQ@&) Although quantum yields for Fe(ll) formation
and degradation of adsorbed DFOB were not meastireglare lower than for EDTA based on ATR-
FTIR measurements (Borer et al., 2009a; Biswakagmal., 2019). DFOB is thus degraded only
slowly during continuous illumination, in contrdstEDTA, which is degraded quickly in solution and
on the surface of Lp as discussed above. This stiidwys that the photostability of ligands is a @lc
factor in the photochemical mobilization of Fe@hd Fe(lll). Many siderophores (e.g. aerobactin and
pyoverdin) have one or several carboxyl groups@ndd potentially produce Fe(ll) efficiently while
retaining their ability to complex Fe(ll) after geboxylation (Borer et al., 2009¢; Passananti gt al
2016). The kinetic model was able to model the inous illumination experiments (Figure 4) under
oxic conditions with limited degradation of DFOBdathe complete degradation of EDTA reasonably

well.

4.1.7. Limitations of the kinetic model

The kinetic modeling shows that the experimentaseotations can be explained by the list of
reactions listed in Table 2a. However, it is impattto point out that good fits do not prove the t
list of reactions is correct and complete. Altelvetmodels might explain the data equally well. We
did not attempt to find unique rate coefficientsdéach reaction. The reason for this is that mdrlge
rate coefficients are interdependent and it is possible to determine them without additional
experiments and data. Our aim was to explain tkeeweh the previously determined rate coefficients
for Fe(ll)-catalyzed dissolution and a minimal nentof additional reactions and rate coefficients
within expected and physically reasonable ranges {gotnotes of Table 2). Without being able to fit
all data points perfectly well, the model reprodtitiee data sufficiently well to support the suggest
reactions. We did not fit the data at pH 6.0 andgxbibecause the datasets at these pH-valuestare no

as complete as the data sets at pH 7.0.

4.2. Environmental I mplications
Fe(lll)(hydr)oxides are ubiquitous on soil-wateteirfaces and as suspended particles in the water
column of aquatic environments that are exposemintight. Understanding the role of photoreactions

in the dissolution pathways of Fe(lll)(hydr)oxidesedox dynamic environments is an important step
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to better comprehend the cycles of Fe and othaedjrelements in natural environments. The findings
of this study, show that Fe(ll) produced upon 5aiif exposure of Lp- or Gt-suspensions to light can
act as a catalyst for continued accelerated liganmdrolled dissolution, may allow us to predict the

bioavailability of iron and the mobility of assotgd trace elements in different environments.

Under anoxic conditions, periods of 5-15 min illmaiion accelerate the dissolution of
Fe(ll)(hydr)oxides (as shown in this study for tbdtp and Gt) by factors up to 40, even after
illumination stops. Anoxic environments that can feached by sunlight exist in shallow lakes
(Oswald et al., 2015), ponds (Finlay et al., 1996)d reservoirs (Townsend, 1999; Hamre et al.,
2018). Cyanobacterial blooms are often consideoetet an indicator for the quality of the water
(Hrudey et al., 2006; Merel et al., 2013; de Pabdde and Moore, 2018). Light-induced dissolution
of Fe phases could play an important role in dbg@bms, where rapid growth of cyanobacteria can be
limited by bio-accessible iron (Zhang et al., 201S)b-oxic and anoxic micro-environments caused
by microbial reduction were found in overall oxicat®r in cyanobacterial aggregates in surface
blooms (Ploug, 2008) or in settling fecal pelletadaaggregates (Shaked and Lis, 2012).
Concentrations of ligands with reactive hydroxamameieties were positively correlated to
cyanobacterial biomass in lakes with low Fe bioamslity (Sorichetti et al., 2016). Although anoxic
sunlit conditions represent the far end of envirentally-relevant conditions, the presented resarks
relevant for a better understanding of dissolutieactions and of the release of nutrients and
contaminants and their uptake by biota in subomtt @xic environments.

Under oxic conditions, photo-stable ligands areumegl to sustain higher concentrations of
dissolved Fe under sunlit conditions. EDTA and, tmiilely, similar ligands with photoactive
carboxylate groups can accelerate dissolutionakeijphotodegraded rapidly. Ligands such as DFOB
with hydroxamate groups are more photostable ardabte to keep Fe in solution. Many natural
siderophores contain carboxylate and hydroxamatepgrand preserve their ability to complex Fe(lll)
after decarboxylation. In natural environments,genof ligands are present and may have different
functions in the mobilization and bioavailability Be. The acceleration of dissolution processes by
photochemically formed Fe(ll) are highly dependentthe structure of the Fe phase, the functional

groups of the ligand, and the oxygen concentratibhs study shows that parallel and in addition to
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photo reductive dissolution, Fe(ll)-catalyzed dision can be an important pathway for Fe(lll)

mobilization in sunlit waters.

5. Conclusions

lllumination of circumneutral, carbonate bufferagsgensions of Gt and Lp lead to accelerated
dissolution in the presence of EDTA and DFOB. Disson rates were not only accelerated by
photoreduction of surface Fe(lll) and facilitateetathment of Fe(ll) by the ligands (as previously
described), but also by Fe(ll)-catalyzed detachméfe(lll)-ligand complexes that can continue afte
illumination stops. Kinetic modeling confirmed thtiie suggested reactions are able to explain the
experimentally-measured data. Under anoxic conditishort (5-15 min) illuminations lead to up to
40 times accelerated dissolution rates during sjussg dark periods. Under oxic conditions, Fe(H) o
the surface was oxidized within seconds to minigslissolved @ which prevented a continued
catalytic action of Fe(ll) after illumination stogg. Continuous illumination under oxic conditions
lead to steady state concentrations of Fe(ll) skilitaccelerated dissolution rates by factors -&. 3n
addition to the catalytic effect of photogenerakex(ll), this study shows that the photostability of
dissolved Fe(lll)-ligand complexes is crucial fdret mobilization of iron by light under oxic
conditions. While EDTA lead to high initial yielads Fe(ll) due to the high photoreactivity of sudac
and of dissolved Fe(ll)EDTA complexes, EDTA waofidegraded and the products were not able
to hold Fe(lll) in solution during continuous illunation at circumneutral pH. In contrast, DFOB
formed photostable dissolved complexes which wete 8 maintain Fe(lll) in solution over several
hours of illumination. These results show that taalytic effect of Fe(ll) on ligand-controlled
dissolution and the different stabilities of Fe@dmplexes are important factors in the mobilizatio

and bioavailability of iron. The findings likely ply to a wide range of sunlit aqueous environments.
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Tables and Fisures

Table 1a. Photochemical formation of Fe(ll) measured witleplfanoxic), quantum yields for Fe(ll)

formation, and calculated steady state concentrsidd Fe(ll) under oxic conditions: ([FeHxic)

Rate of photon absorption in Lp and Gt suspensions during illumination: 1,038,000 (nM/min)

lum. Time  [Fe(ll)] d[Fell)]/dt d[Fell)]/dt Quantum yield [Fe(ll)].s

(min) (uM) (nM/min) (nM/min) dFe(ll) (oxic)

lp EDTA 5 2.15 430 32/64 6.2x10" 0.48
Lp DFOB 15 2.70 180 - 1.9x10* 0.15
Gt EDTA 5 2.70 540 43/ 86 5.2x10" 0.41
Gt DFOB 15 0.15 10 - - 0.01
Lp  none 15 1.20 79 - 7.7x10” 0.06
Gt  none 15 0.10 6 - - 0.00

* Calculated rate of Fe(ll) formation from 5 uM FejLl / 10 uM=Fe(lll)

Table 1b. Dissolution ratesd(Felqss/dt) of Lp and Gt with 50 uM ligand at pH 7.0 in therkl and

under illumination, and catalytic effect (g)ERates at pH 6.0 and 8.5 are reporteihiic font.

llum. Time  [Fe(ll)] d[Felgis/dt CE, CE, |d[Fe]gss/dt
(min) (M) (nM/min) (% h™)
anoxic oxic anoxic oxic | anoxic  oxic
[Felyiss formation in the dark
lp EDTA - - 31 25 - - 017  0.13
lLp DFOB - - 19 19 - - 0.10  0.10
Gt EDTA - - 1.3 - - 0.01 -
Gt DFOB - - - - - -
[Felgiss formation during continuous UV-A
Lp EDTA 831 121 27 4.8 4.43 0.65
DFOB 312 105 16 5.5 1.66 0.56
[Felqiss formation after intermittent UV-A
Lp EDTA 5 2.15 238 - 8 - 1.27 -
EDTA 5 2.15 - - - - -
EDTA 5 2.15 - - - - -
EDTA 15 6.45 427 - 14 - 2.28 -
Lp DFOB 15 2.70 173 - 9 - 0.92 -
DFOB 15 2.70 198 - 10 - 1.06 -
DFOB 15 2.70 131 - 7 - 0.70 -
Gt EDTA 5 2.70 51 - 39 - 0.27 -
EDTA 5 2.70 55 - 42 - 0.29 -
EDTA 5 2.70 37 - 28 - 0.20 -
pH 6.0, Lp/ EDTA in the dark 26 26 - - 0.14 0.14
Lp/ EDTA after 5 min intermittent UV-A 859 - 33 - 4.58
pH 8.5
Lp  DFOB none (i.e. dark) 39 30 0.21 0.16
Lp DFOB 15 84 2 0.45
DFOB 15 88 2 0.47
DFOB 15 79 2 0.42
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Table 2a. List of reactions used for kinetic moaigli

Reaction korK(s*, M's™, M)

(EDTA / DFOB)
Non-catalyzed dissolution
=Fe" + L 2 | =Fe"L 1.0-10°/ 3.0-.10° @ | (R1a)
=Fe"'L — | =+Fe"L 3.5x10°®/35x10° @ | (R1b)
= + bulk — | =Fe" 1x10% / 1x10° © | (R1c)
Photochemical formation of Fe(ll) and oxidants
Lp -—"vbukimer "_, | Lp-bulk-h* + Lp-bulk-e - (R2a)
Lp-bulk-h* + Lp-bulk-e” — | =Fe" + =re" - (R2b)
bulk v, | =Fe" +=Fe" 6.5:10°/2.7.10° @ | (R2ab)
=Fe" + =Fe" — | bulk - (R2c)
=Fe" (+OH) — | =Fe" +="OH 1.0-10° © | (R2d)
="OH + ="OH — | H20, 1.6-10°/8.7-10° 9| (R2e)
=Fe' + L — [ =Fe"+L - (R2f)
=Fe"L v, | zre+ L - (R2g)
=Fe" + bulk — | =Fe"-0-Fe" 1x10° © | (R2h)
Adsorption and desorption of Fe"
=Fe" + Fe" 2 | =Fe"-O-Fe" 7.2.10° /7.2.1° ©@ | R3
Fe(ll)-catalyzed dissolution
=Fe"-0-Fe" + L — | =Fe"+ Fe"L 95 ® /61 @ (R4a)
=Fe" +Fe'L — | =Fe" +Fe"L 6.0-10° /1.4-10° @ | (R4b)
=Fe"L + Fe" — | =Fe" + Fe"L - /22100 @ | (Rac)
=Fe" + bulk — | =Fe"-0-Fe" 1x10° / 1x10° © | (R4d)
Formation of dissolved complexes
Fe' + L 2 | Fe'L 6.0.10/5.3.10° @ | (R5)
Oxidation of surface Fe(ll) by H,O, and by dissolved O,
=Fe"-0-Fe" + H,0, — | bulk + "OH 43-10° /2.1-10° @ | (R6a)
=Fe"-0-Fe" + (0Oy) — | bulk + 05" 6.4-10°/1.1.10°  © | (RéD)
Photolysis of dissolved Fe(lll)L (only for Fe""EDTA)
Fe'-L v, | Fe 4+ L 1.2x10” / 1x10° @ | (R7a)
Fe' (+ 0y) — | Fe"(OH)s 1-10° ® 1 (R7Db)
L (+ Op) — | P+'Oy 1-10° ® 1 (R7¢)
0, + Oy — | H0; + (02) 1-10° ® 1 (R7d)
L+ ‘OH — | L +O0H 1-10° © | (R7e)
H,0, + Fe' — | "OH + Fe"(OH); 1.10° O (R7f)
Formation and reactions of oxidants
=Fe" + "OH — | > =Fe" + (OH) 1.0-10'/1.0-10 ® | (R8a)
L+ ="OH - | LU 1.0-10'/1.0-10 ®) 1 (R8b)

In this list, L stands for EDTA or DFOB. Reactantgitten in parentheses are present at constant
concentrations (e.g.£at 250 uM under aerated conditions and <10 nM uadexic conditions). They are not
entered explicitly in the model, but are containedthe corresponding pseudo-first order reactiote ra
coefficients. OHand H are also present at constant concentrations andarlisted as reactants and products.
The reactions are thus not balanced for charge, BHand HO. As dissolved and adsorbed ligands are present
in the form of several differently protonated spsci- and the speciation of surface species is ancer
inclusion of all equations with dissolved and a#igol species is not possible. The listed rate adeffis are thus
conditional rate coefficients for pH 7.0 and théwest specific conditions in this system. The initkallk
concentration of Lp and Gt were 1.13 mM; the coteion of surface sites was 8.5 uM (the same as in
(Biswakarma et al., 2020) and close to the 8.3 wMase sites for adsorption of EDTA in (Biswakargtaal.,

2019)).
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849 @ Rate coefficients and equilibria constants fromsgikarma et al., 2020) for DFOB. The rate coeffitse
850

851 HIVI) useu I uis mouel. (vviiere oriy 10o0uiole 1Siadiey, It appnes 101 poul vaiues).

gs2  ® Adjusted rate coefficients.

853 ©  Fast, non-rate-determining rate coefficients.

854 @ Rate coefficients for the photochemical productiéire(ll) were calculated from the rates of forimatof
855 Fe(ll) in Table 1a. With the bulk concentoatiof 1.13 M, the rate coefficients were 480 nMM{60s min'
856 -1.13mM) = 6.35 jrsfor EDTA, and 180 nMmit¥/(60 s min* - 1.13mM)= 2.65 %

857 ©  Adjusted rate coefficient for the oxidation afsarbed Fe(ll).

gss8 @ Rate coefficient for the photolysis of dissolVe{II)EDTA from the rates listed in Table 1a (ewin 6).

859

860  Reactions for which no rate coefficients are stdtedicated by a dash), were not used in the mottet. rate
861  coefficients listed here are for the fits showrFigures 2 and 3. Rate coefficients for all fits hséed in Table
862  S3b.

863

864

865 In Table 2b, we list degradation reactions of EDiAnore detail. Similar reactions can occur with@B, but
866  they are less important because dissolved comptEh}@50B are photostable and far less degradeah dugng

867  continuous illumination. To obtain good fits to alata, the reactions listed in Table 2a were gefiic

868
g8e9  Table2b. List of addional possiblereactions shown in more detail with EDTA

Reaction

Photochemical Fe(ll) formation with EDTA as hole scavenger

=Fe'" + EDTA — | =Fe" + ED3A-CH,COO" (R9a)
=Fe" +ED3A-CH,COO" + OH’ — | =Fe" +CO; + CH,O + ED3A (R9b)
ED3A’-CH,COOQ" + O, (+ OH) — | CO,+ CH,0 + ED3A + "0y (R9c)

Photochemical Fe(ll) formation with adsorbed EDTA as chromophore
=Fe"-EDTA hv— | =Fe" + "OOC-CH.-ED3A’ (R10a)
=Fe" +ED3A’-CH,COO" + OH =Fe" + CH,0 + CO, + ED3A (R10b)

Reactions of EDTA with *OH or =Fe"-0-Fe'”

EDTA + "OH — | ED3A-CH,CO0O’ (R11a)
EDTA + =Fe" — | ED3A-CH,CO0" + =Fe" (R11b)
ED3A'-CH,COO" + O, — [ CO,+CH,0 +ED3A+ 'O, (R1Lc)

Photolysis of dissolved Fe""EDTA complexes

Fe"EDTA hv— | Fe" + ED3A'-CH,COO" R12a
ED3A’-CH,COO" + O, (+ OH) — | ED3A + CO, + CH,0 + 'Oy R12b

870

871  EDTA stands for the fully deprotonated (ethylenedizetetraacetate) and differently protonated spethe do
872  not specify the charges of dissolved and surfaceptexes to keep the list of reactions short and tduthe
873  uncertain structures and charges of surface compleSeveral differently protonated and charged ¢exep
874  contribute to each reaction.

875

876  We used the following abbreviations and notations:

877  EDTA: (CH4N,)(CH,-COO)*

878  ED3A’: (C,H4N,)(CH,-COO)*

879  ED3A: (GH4N,H)(CH,-COO)*

880  In the kinetic model (Table 2a) ED3A’-GHOQC is abbreviated d4., ED3A is abbreviated as P.

881  For DFOB we used the same abbreviations, but tetare of'L and P are not specified. As mentioned above,
882 DFOB is degraded less than EDTA, and an exact igitiser of its degradation was not required for goonddel
883 fits.
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10.0
AGt+EDTA  0.54 pM/min
OLp + EDTA  0.43 pM/min é
8.0 A
OLp +DFOB  0.18 pM/min
= OLp only 0.079 uM/min @
= 6.0 1
= AGt+DFOB 0,010 uM/min .y
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Figure 1. Cummulative Fe(ll) production as a function of taiamination time. Fe(ll) was produced

in three 5 min illumination intervals (30-35 mirQ-65min, 90-95 min) in 1.13 mM lepidocrocite (Lp)
and goethite (Gt) suspensions. Photoproduced Fegd)measured with phenanthroline in the absence
of other ligands, and in the presence of 50 uM E@FADFOB at pH 7.0 (carbonate buffer; anoxic).
Error bars correspond to the range of duplicatesomegnents. Solid lines represent linear fits. The

measurement with Lp and DFOB is shown in more tigt&iig. S3.
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Figure 2. Lp dissolution in the presence of 50 uM EDTA. UM#ermittent illumination intervals of

5 min (shown by purple bars) applied to Lp (1125 )uddispension at pH 6 and 7. A single
illumination (90-95 min) was applied under anoxinditions, and three intermittent illuminations
(90-95, 180-185, 270-275 min) were applied unddc @onditions. Also shown are data (purple
triangles) with continuous illumination at pH 7.t&f 5 min illumination, accelerated Lp dissolution
(anoxic) occurred rapidly until all free ligand wasmplexed with Fe in the dark. In contrast, Lp
dissolution under oxic conditions was not fastéeraflumination than before illumination, at bgk

6 and 7. Slopes were determined from the linettditdhe data points, as shown by solid lines. Time t
black lines are the output of the kinetic model wehéhe model was re-started when conditions

changed as explained in the text using reactiodgparameters listed in Table 2.
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Figure 3. Lp dissolution in the presence of 50 uM DFOB. Ehir@ermittent illuminations with UV-A

of 15 min each, are indicated with purple bars 198; 180-195, 270-285 min). fzewas formed at

accelerated rates after intermittent illuminatiemgler anoxic (orange symbols), but not under oxic

(blue symbols) conditions, both at pH 7.0 and pH. 8\ote that no data was collected during

intermittent illumination. The open circles from480 min show Lp-dissolution in the dark under

anoxic and oxic conditions. Continuous illuminatibom 480-600 min at pH 7 without prior

illumination under anoxic conditions (open orangeles) and after prior intermittent illuminations

under oxic conditions (filled blue circles) led aacelerated dissolution. The acceleration was by a

factor of 2-3 larger under the anoxic conditionldCed solid lines represent the linear fits to stdd

data points for slope determination. The thin bldides are the output of the kinetic model as

explained in caption for Figure 2.

34



926

927

928

929

930

931

932

933

934

935

936

937

938

0
) Continuous UV pght (365 nm)
Lp, pH 7.0 s
40 | ®DFOB
AEDTA
]
@] 8-
30 4 UV-illumination L
— (15 min) y -
= -
=
3 <°
T /@
P {
\\A
a2/ ® E
107 // ™N
i §& ) N
j‘ A —
r—
0 ) { =
0 50 100 150 200 250 300 350 400 450 500 550 600

Time (min)

Figure 4. Lp dissolution (oxic; pH 7.0) in the presence 6fiM DFOB or EDTA. One intermittent
illumination from 90-105 min is indicated by a pl&far. From 180-600 min, continuous illumination
was applied. Lp dissolution with DFOB continuedhe light, indicating that Fe(Il)DFOB complexes
are not or only slowly photolyzed. With EDTA, [Rg] declines rapidly after 280 min, due to
photolysis of Fe(II)EDTA complexes and degradatdrEDTA. Error bars up to 420 min correspond
to the range of duplicate measurements, data piorts450-600 min are from single measurements.

The thin black lines are the output of the kinatiodel as explained in caption for Figure 2.
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Figure 5. Goethite dissolution in the presence of 50 uM EDJADFOB at pH 7.0. Intermittent
illumination intervals with UV-A, indicated with pple bars, were applied from 90-95, 180-185, 270-
275 min. Lines represent the linear fits to theaddhtermittent illumination led to accelerated
dissolution in the dark only in the presence of BDInder anoxic condition. With DFOB, [Rgl
remained too low for the determination of dissantrates even under anoxic condition and was not

measurable under oxic conditions.
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