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Abstract

Dissolution of iron(l1)phases is a key process in soils, surface waters and the ocean. Previous studies
found that traces of Fe(ll) can greatly increase ligand controlled dissolution rates at acidic pH, but the
extent that this also occurs at circumneutral pH and what mechanisms are involved are not known. We
addressed these questions with infrared spectroscopy and %'Fe isotope exchange experiments with
lepidocrocite (Lp) and 50 uM ethylenediaminetetraacetate (EDTA) at pH 6 and 7. Addition of 0.2-10
UM Fe(l1) led to an acceleration of the dissolution rates by factors of 7-31. Similar effects were observed
after irradiation with 365 nm UV light. The catalytic effect persisted under anoxic conditions, but ceased
as soon as air or phenanthroline was introduced. Isotope exchange experiments showed that added >’Fe
remained in solution, or quickly re-appeared in solution when EDTA was added after 3"Fe(ll), suggest-
ing that catalyzed dissolution occurred at or near the site of °’Fe incorporation at the mineral surface.
Infrared spectra indicated no change in the bulk, but changes in the spectra of adsorbed EDTA after
addition of Fe(ll) were observed. A kinetic model shows that the catalytic effect can be explained by
electron transfer to surface Fe(lll) sites and rapid detachment of Fe(I1)EDTA due to the weaker bonds
to reduced sites. We conclude that the catalytic effect of Fe(ll) on dissolution of Fe(lIl)(hydr)oxides is

likely important under circumneutral anoxic conditions and in sunlit environments.

¢ Fe(lll) ¢ Fe(ll) L=ligand (EDTA)
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Introduction
The bioavailability of iron in oxic environments with circumneutral pH is limited due to the low solu-
bility and slow dissolution kinetics of iron (oxyhydr)oxide minerals® (here collectively termed
Fe(l1)(hydr)oxides). A common strategy of plants and micro-organisms for Fe acquisition involves the
release of ligands (L) that promote the dissolution of Fe(lll)(hydr)oxides. Laboratory and field studies
have demonstrated that iron availability and rates of Fe(lll)(hydr)oxide dissolution are increased by
natural ligands (e.g. siderophores such as desferroxamine-B (DFOB) and aerobactin) 2 and by synthetic
ligands (e.g. ethylenediaminetetraacetate (EDTA).? It has been further found that dissolution rates can
be accelerated by synergistic effects between different ligands, for example between oxalate and DFOB
45 and other low molecular weight organic acids and siderophores. ® 7 Similar synergistic effects were
observed in the dissolution of Fe(l11)(hydr)oxides associated with release of trace elements. 8 °

While the synergistic effects between ligands were reported to accelerate dissolution rates by
factors of 2-10, * a group of earlier studies found that a trace of Fe(ll) in presence of EDTA accelerated
the rate of ligand-controlled dissolution by factors of 10-100 at low pH under anoxic conditions.10-6
There were no follow-up studies on the catalytic effect of Fe(lIl) to our knowledge until recently, and it
is not known if and under what conditions the strong catalytic effect is also efficient at circumneutral
pH. In a recent study, Wang et al. observed a synergistic effect between DFOB or N,N'-di(2-hy-
droxybenzyl)-ethylenediamine-N,N’-diacetic acid (HBED) and the reducing ligand ascorbate in the dis-
solution of goethite at pH 6. 1" Similar synergistic effects were observed between ascorbate and DFOB,
2'-deoxymugineic acid, citrate and esculetin. 1 The Fe(l1) concentrations resulting from ascorbate addi-
tion were not determined, but a careful analysis of the results showed that Fe(ll) acted as a catalyst for
accelerated dissolution. In a subsequent study using density function theory, Kubicki et al. *° found that
adsorption of Fe(ll) near an Fe(lll) corner site with adsorbed oxalate lead to a weakening of bonds
between the corner site and the lattice, explaining a faster rate of detachment of this site from the lattice.
A synergistic effect between oxalate and ascorbate was also recently reported in the extraction of arsenic

from contaminated soils. 2
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The catalytic effect of Fe(ll) in the earlier dissolution studies conducted at low pH has been
explained as follows: Fe(ll), either added or generated through reduction of surface Fe(lll) by a reduct-
ant, can form ternary surface complexes, e.g. =Fe(l11)-L-Fe(Il) (bonds to the lattice are symbolized by
=). Electron transfer (ET) then leads to formation of =Fe(I1)-L-Fe(l11) and rapid detachment of Fe(l11)L
into solution due to the relatively weaker Fe(ll)-L bonds compared to Fe(ll1)-L bonds. Detachment of
Fe(I1) then leads to formation of new ternary surface complexes and to accelerated dissolution in a cat-
alytic cycle.

Several more recent studies found that Fe(Il) adsorption on Fe(l11)(hydr)oxides, in the absence
of ligands, can lead to isotopic exchange and recrystallization of the mineral 222 and suggested a mech-
anism for the recrystallization that might also provide alternative explanations for Fe(ll) catalyzed dis-
solution. The recrystallization was explained by a model in which electrons transferred from adsorbed
Fe(l) to the surface are mobile within the Fe(ll1)(hydr)oxide bulk solid. This leads to formation of
Fe(l11) and growth at the site of initial Fe(ll) adsorption and to formation and detachment of Fe(ll) and
thus dissolution at a remote surface site. ! Based on the studies on Fe(I1)-catalyzed recrystallization and
on the observations and suggestions by Wang et al. and Schenkeveld et al. "8, delocalization of charge
in the mineral structure could play an important role in the accelerated Fe(ll)-catalyzed dissolution of
Fe(l11)(hydr)oxides.

In a new approach to study dissolution of Fe(lll)(hydr)oxides, we applied Attenuated Total Re-
flectance Fourier-transformed Infrared (ATR-FTIR) spectroscopy to examine the dissolution of lepido-
crocite (Lp) and to observe structural changes in the bulk and on the surface before and during the
dissolution process continuously with high time resolution (no filtration is required). We used ATR-
FTIR previously to study the structure and the photoreactions of surface complexes of citrate,”® DFOB
and aerobactin * and of dicarboxylates, ! but not to follow changes in Lp structure and its dissolution.
In studies by Borer et al.,®3% we investigated light induced photo-reductive dissolution of Lp in the
absence and presence of DFOB and aerobactin, considering Fe(ll) as a reaction product but not its po-
tential autocatalytic role. 3235, In the current study, we address the catalytic effect of Fe(ll) in the non-

reductive ligand-controlled dissolution in the dark, with added and photo-generated Fe(ll). Isotope ex-
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periments with ’Fe(11) were used to probe the fate of added Fe(11) and the importance of charge migra-
tion and isotopic exchange. Further, we applied kinetic modeling to test if proposed mechanisms are
able to describe experimental results. Lp was chosen due its relevance in the environment and EDTA
as a model ligand for non-reducing siderophores with predominantly carboxylate groups and due to its
applications in fertilizers to increase the solubility of iron in soils. Fe(ll) catalyzed dissolution might be
an important pathway in the dissolution of iron(l11) phases in sub- and anoxic environments, e.g. in soils
and sediments, and in the oxic-anoxic interface in shallow lakes, wetlands and irrigated fields. Photo-
produced Fe(Il) might accelerate dissolution of iron(111) phases in sunlit oxic environments, e.g. in the
ocean and in the atmosphere. Studies addressing these questions at circumneutral pH (which have not
been conducted so far) are of particular interest because the solubility of Fe(lll) phases is minimal in
this pH-range. In a parallel study, the effect of added Fe(ll) is investigated with Lp, goethite, hematite

and 2-line ferrihydrite and the ligands HBED and DFOB over a larger pH range.

Materials and Methods

Chemicals and Solutions

All chemicals used were of analytical grade and are listed in Table S1. Aqueous solutions were prepared
using high-purity doubly-deinonized (DDI) water (Barnstead Nanopure). To perform studies on isotope
exchange and Lp dissolution, a 20 mM 5’Fe(l1) stock solution was prepared by dissolving 5.7 mg %Fe
(Sigma-Aldrich, 95% pure) in 100 pl 2.5 M HCI and dilution to 5.00 ml with DDI H,0. The >’Fe powder
was 99% pure in Fe, with an isotopic composition of 95.06 % %Fe, 3.04% 5°Fe and 1.86% ®Fe (Certif-
icate of Analysis of the supplier).

Lp (y-FeOOH) synthesis and characterization

The synthesis of Lp was modified from Schwertmann *” and is decribed in more detail in the Supporting
Information (SI). Briefly, 60 mM FeCl, was purged with a stream of air and titrated with 1M NaOH to
within a pH range of 6.65 - 6.76 in a strongly stirred solution, until NaOH consumption ceased. After 2
h, the bright orange suspended particles were collected by centrifugation and repeatedly washed by re-

suspension and centrifugation with DDI water. Finally, the solid was collected and dried with stream of
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N. The purity and the properties of the synthesized Lp were determined by X-ray diffraction (XRD),
ATR-FTIR, and scanning electron microcopy (SEM), see Sl, Figures S1-S3. The specific surface area
of Lp was measured as 63 m?g by a multipoint N, Brunauer-Emmett-Teller (BET) adsorption method
(Quantachrome Nova 3200).

ATR-FTIR measurements

ATR-FTIR spectroscopy was employed to investigate the adsorption of EDTA onto Lp and to follow
the dissolution of Lp at pH 6 and 7. Measurements were performed on a Biorad FTS 575C instrument
equipped with a liquid N2-cooled mercury cadmium telluride (MCT) detector and a nine reflection dia-
mond ATR unit (SensIR Technologies, Danbury, CT), as described in detail in the Sl. Briefly, a thin
layer of 40-60 pg Lp was deposited on the ATR crystal (diamond, ¢ 4 mm). IR absorbance spectra of
the layer were recorded after drying with a gentle stream of N,. Subsequently, the layer was covered
with 40 ml 9.5 mM NaCl (38 ml 10 mM NacCl) and 5 mM MES/MOPS (2 ml 100 mM MES/MOPS
stock solution). Continuous purging of the aqueous solution with high purity N> gas led to removal of
dissolved O and desorption of adsorbed CO; and served to stir the solution during measurements. Re-
sidual O, concentrations after 3 h were < 10 nM (measured with a photo-luminescent probe directly in
the reaction cell, see Sl). At this point, a single-beam background spectrum with the Lp-layer in contact
with the anoxic background electrolyte was recorded. Subsequently, difference absorbance (AA) spectra
were measured continuously, every 43 s or 71 s.

EDTA and Fe(ll) addition. 50 uM EDTA (400 ul 5 mM EDTA deoxygenated stock solution) was
added 180-200 s after the background spectrum was measured. Fe(ll) (0.2-10 pM) was added 1800 s
after EDTA addition. Toward the end of the measurement after 6300 s, synthetic air or 1mM phenan-
throline was added to examine the effect of O, or phenanthroline on dissolution. The same experiments
were performed with addition of Fe(ll) 1800 s before addition of EDTA. Experiments at each of the
seven different Fe(ll) concentrations were performed in duplicate. All procedures except the illumina-
tion with UV-light were performed under weak yellow light (>550 nm), to avoid photochemical reac-
tions with solid and dissolved Fe(l11) species.

Photochemically produced Fe(ll). A UV (365 nm, bandwidth 10 nm) light-emitting diode (Dr. Groe-
bel UVElektronik GmbH) was used to produce Fe(ll) at the Lp surface under both anoxic (N2) and oxic

6
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conditions (synthetic, CO,-free air). The Lp-layer immersed in the aqueous solution, was illuminated at
a distance of 7.25 cm from the lamp through a UV-transparent glass plate covering the solution. IHlumi-
nation was done twice for 900 s: (a) 2700-3600 s and (b) 6200-7100 s. The light intensity of the irradi-
ation at the Lp-layer was 150 W/m? (approximately double the irradiance of natural sunlight in the range
of 300-450 nm) as measured by ferrioxalate actinometry (see Sl).

"Fe(11) isotope exchange and Lp dissolution with ICP-MS analysis.

S"Fe(I1) was used to investigate the fate of the added Fe(Il) during the dissolution process. Batch disso-
lution experiments were conducted under anoxic conditions at pH 6 at room temperature. Lp suspensions
(1125 uM = 0.100 g L) were prepared by dispersing 10.0 mg Lp in 100 ml aqueous solution (9.5 mM
NaCl and 5mM MES). Suspensions were purged with N for at least 4 h before addition of EDTA or
STFe(I1). Fe(I1) was either applied after or before EDTA: (a) 1.2 uM 5"Fe(l1) was injected 30 min after
50 uM EDTA addition, and (b) 1.0 or1.2 uM °’Fe(ll) was added 30 min before EDTA addition. The
time between Fe?* and EDTA addition made it possible to a) examine Lp dissolution in the presence of
EDTA and b) to investigate isotope exchange in the absence of EDTA. Aliquots of 1.5 ml were with-
drawn periodically, filtered through a 0.1 pm nylon filters (Whatman® Puradisc 13 syringe filters) and
diluted in 1% HNOs (Merck, suprapure) for inductively coupled plasma-mass spectrometry (ICP-MS,
Agilent 7500ce) analysis. The dissolution of Lp was followed at mass 56, with counts calibrated to
represent the total concentration of all iron isotopes from Lp. Dissolution rates were determined as the
slope of the linear fit of the dissolved Fe concentration as a function of time over the time-interval 600-

2400s after Fe(Il) addition. We use the following definitions:

[*®Fe]*iss Concentration of dissolved *Fe multiplied with 1.092 to represent the total dissolved
iron (sum of all iron isotopes) released from Lp. (5.85% **Fe, 91.57% %Fe, 2.12% 5'Fe,
0.28% *®Fe). This is the concentration of Fe as usually measured with ICP-MS at mass
56, with counts calibrated with certified standard solutions. *Fe comes from dissolution
of Lp or from exchange of added °’Fe with %°Fe from Lp. We corrected for the 3% *°Fe
impurity in 1-1.2 uM added 5’Fe. This correction is small (<0.04 uM) compared to the
concentrations of >®Fe released from Lp by isotope exchange and dissolution.

7



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

[®"Fe]iss Concentration of dissolved 5’Fe. Measured with ICP-MS at mass 57 and calibrated with
normal certified Fe standards, considering that they contain 2.12% >Fe.

[3"F€] tracer, aiss  TO follow the concentration of 5’Fe added as a tracer, we subtracted the >’Fe coming
from dissolution or isotope exchange with Lp: [*Fe€luacer, diss = [*F€]aiss -
0.0212[%Fe]" iss.

(The subtracted concentration of 5’Fe from dissolution of Lp is 1.06 uM, when 50 uM

Fe(lll) is dissolved in the presence of 50 UM EDTA).

Results and Discussion

Lp dissolution monitored with ATR-FTIR

Fig 1A shows the ATR-FTIR absorbance spectrum of a Lp layer and a SEM image of the Lp in the inset.
The Lp consists of plate-like (50-100 nm width and 200-500 nm length) aggregates of 200-500 nm long
rods of 10 nm width and less than 10 nm thickness. The IR spectrum shows the characteristic vibrations
of Lp at 1160 cm™, 1021 cm™. The full spectrum shown in Figure S1 also shows the characteristic band
of rod-shaped Lp at 752 cm™ (in contrast to plate-shaped Lp where this band is located at 742cm™).%®
Figure 1B shows ATR-FTIR difference absorbance (AA) spectra recorded during EDTA adsorption
over 1800 seconds at pH 6 under anoxic condition. Addition of 50 pM EDTA at t=180-220 s lead to
characteristic IR absorbance bands in the range of 1700-1200 cm™that increased in the first few minutes
and then reached a stable level. There are two distinct peaks of adsorbed EDTA at 1570 cm™ and 1408
cmt, which were assigned to the asymmetric and symmetric vibrations of carboxylate groups, respec-
tively. 3 There was an increase, but no significant change in the shape of the spectra during EDTA
adsorption. This shows that at pH 6.0 one single surface complex, or several complexes in constant
proportions, were formed on the Lp layer. Complexes with different spectral characteristics are formed
at lower pH (SI, Figure S4). The adsorption of EDTA led to a small decrease to the left of and a small
increase to the right of the absorbance peak of Lp. These small changes in absorbance must be due to
local changes in the coordination environment of the Lp lattice at the surface related to adsorption of

EDTA, but are not interpreted further. Importantly, there was only a minimal decrease at 1021 cm™ for
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the entire duration of the first 1800 s, indicating that there was only minor dissolution of Lp in the
presence of EDTA alone.

The group of spectra in (C) show a decrease in absorbance at 1021 cm™ indicating a strong
acceleration in dissolution of Lp after addition of 1 uM Fe(Il). Minor spectral changes (which will be
discussed later) were recorded in the spectra of adsorbed EDTA upon addition of 1 uM Fe(ll). Introduc-
tion of synthetic air or 1 mM phenanthroline at 6300 s stopped the accelerated dissolution of Lp. The
effect of air indicates a rapid oxidation of Fe(ll) at the surface, which ends the catalytic effect of Fe(ll)
on dissolution. Phenanthroline addition caused rapid formation of Fe(ll)-phenanthroline complexes in
the solution and apparently also fast desorption of Fe(Il) from the surface or complexation of Fe(ll) at
the surface, which ended the catalytic action of Fe(Il). These results show the importance of the presence
of Fe(Il) or Fe(I)EDTA for the catalytic effect on the dissolution processes. Similar observations were
made when 10 uM Fe(Il) was added 3000 s after 50 uM EDTA at pH 7 (see Sl, Fig S6).

Fig. 2 shows the kinetics of EDTA adsorption and Lp dissolution at pH 6 under anoxic condition
(data points every 43 s). EDTA adsorption was examined at 1408 cm™ and Lp dissolution at 1021 cm™.
EDTA adsorbed rapidly and reached equilibrium within 600 s after EDTA addition. There is virtually
no decrease of the absorbance at 1021cm™, indicating a low rate of dissolution in the presence of only
EDTA. Increasing concentrations of Fe(ll) (0.2-10 uM) were added 1800 s after 50 uM EDTA addition.
A clear catalytic effect was observed already for sub-micro molar concentrations of added Fe(Il) with a
strongly accelerated decrease of absorbance at 1021 cm™. The same effect at sub-micromolar concen-
trations were observed in a parallel study with two different ligands (HBED and DFOB) and several
Fe(111)(hydr)oxides %. The plots in Fig. 2 show that the dissolution rates started to increase quickly after
addition of Fe(ll) and that the decrease in absorbance after Fe(ll) addition was linear over time from
3000-6000 s. At the same time, the absorbance of EDTA at 1408 cm showed no visible change for 0.1-
1.0 uM added Fe(ll). With 6-10 uM added Fe(ll), the absorbance decreased quickly and then remained
at astable level. This indicates that a steady-state dissolution rate was reached within 30-120 s, which
remained constant throughout our ATR-FTIR experiments. The fast decrease in absorbance at 1408 cm
! and the changes in the spectra of adsorbed EDTA for 6 uM and 10 uM Fe(lI1) will be discussed in the
last section. The order in which EDTA and Fe(ll) were added did not alter the main observations. When

9
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1 uM Fe(11) was added 1800 s before 50 uM EDTA, no changes were recorded for Lp at 1021 cm™ (see
Sl, Fig. S4). After EDTA was added, approximately the same rate of decline in absorbance (-0.033 units
after 6000 s) was reached as when EDTA was added first (-0.032 units after 6000s) . 1 mM phenanthro-
line addition after ~ 8800 s again stopped the accelerated Lp dissolution.

To determine dissolution rates, slopes were calculated from the linear ranges of the decreasing
absorbances at 1021 cm™ in Figure 2. (The ranges were 900-1200 s for EDTA only and 3000-5000 s in
the presence of Fe(ll)). The rates of Lp dissolution expressed in % of Lp dissolved per time were cal-
culated from the slopes divided by the initial absorbance of Lp at 1021 cm* for each experiment. The
initial absorbances of the Lp layers in the different experiments varied in the range of 0.7-0.9 and are
listed in SI, Table S2. Figure 3 presents the rate of Lp dissolution as a function of added Fe(Il) concen-
trations. In the range of 0.2-2 uM,Fe(ll), the rate of Lp dissolution increased close to linearly with in-
creasing concentrations of added Fe(ll), after which the increase leveled off. The solid line corresponds

to a fit with a kinetic model which is described in a later section.

Photochemically produced Fe(ll). The kinetics of EDTA adsorption and Lp dissolution, during ex-
periments in which Fe(ll) was photo-chemically generated at pH 6.0, are shown in Fig. 4.. EDTA (50
1M) was added after 180-220 s and EDTA adsorption reached an equilibrium within 600 s under both
anoxic and oxic conditions. Again, there was only very minimal Lp dissolution in the presence of EDTA
alone. Under UV-illumination (for 900 s) absorbances at 1408 and 1021 cm™ immediately started to
change. The absorbance at 1408 cm™ (adsorbed EDTA) decreased and stabilized at a lower level during
illumination, while the absorbance at 1021 cm™ (Lp) decreased linearly under both anoxic and oxic
conditions. We attribute this mainly to photolysis of Fe(l11)-EDTA surface complexes and formation of
Fe(ll) directly on the Lp surface, due to the high photoreactivity of the adsorbed EDTA, ¢ but intrinsic
photo-processes of Lp with formation of Fe(ll) and OH-radicals could also have contributed to EDTA
degradation.® From the decrease in the absorbance of Lp, we estimate that 0.14-0.25 uM Fe(ll) were
formed during each illumination (see Sl). After the illumination stopped, photolyzed EDTA was re-
placed by EDTA from solution which can be seen by the recovery of the absorbance at 1408 cm™. Also,
Lp dissolution under oxic condition almost instantly came to a halt after illumination. In contrast, under

10
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anoxic conditions, Lp dissolution continued in the dark, yet at a slower rate. During a second UV-illu-
mination (from 6200-7100 s) under anoxic conditions, more Lp was dissolved than during the first illu-
mination and the subsequent dissolution rate in the dark continued at a faster rate. Apparently, Fe(ll)
produced during the second illumination was added to Fe(Il) formed in the first illumination and thus
increased the concentration of photogenerated Fe(ll) and the catalytic effect of Fe(ll) during and after
the illumination. The catalytic effect was not observed under oxic conditions, where the second illumi-
nation lead to the same rate and amount of dissolution as the first illumination and to essentially no
dissolution in the absence of light. We ascribe this to fast oxidation of the formed adsorbed Fe(ll) by
dissolved O,. Similar observations were made in experiments at pH 7 (see Sl, Fig S7). These results
demonstrate a continuing catalytic effect of photochemically produced Fe(ll) on non-reductive ligand-
controlled dissolution at pH 6 and 7 after illumination stops under anoxic conditions. Qualitatively, the
dissolution rates after illumination are similar to those with 0.2-0.5 uM added Fe(Il) immediately after
the illumination stops, and about half of these rates a few minutes later. Since Fe(ll) is formed directly
at the surface and equilibration with the solution might take a few minutes, the observed Fe(ll) catalyzed
dissolution rates agree well with the effect of the estimated 0.14-0.25 uM Fe(ll) in the solution volume
of 40 ml.

S"Fe(I1) isotope exchange and Lp (lepidocrocite) dissolution. To determine the fate of Fe added as
Fe(I1) before and during Lp dissolution, we performed dissolution experiments in which we added Fe(ll)
as °"Fe(Il).

Figure 5A shows Lp dissolution as a function of time before and after addition of 1.2 uM *"Fe(lI)
to a Lp suspension (1125 uM) containing 50 UM EDTA at pH 6.0 under anoxic conditions. The dis-
solved concentrations of iron coming from dissolution of Lp, [*°Fe]"qis, are plotted as purple triangles
on the right y-axis. In agreement with the FTIR results, the dissolution of Lp was very slow in the
absence of Fe(ll). After addition of 'Fe(ll), the dissolution was strongly accelerated and [*°Fe]"qiss
reached 42 pM after 1600s, approaching the expected limit of Fe(111) solubility with 50 uM EDTA. The
dissolved concentrations of added %'Fe are plotted as orange squares on the left y-axis ([>’Fe]uacer, diss)-
Importantly, added 5’Fe remained in the solution in the presence of EDTA. This shows that the added
5"Fe (added as °"Fe(l1)) was not incorporated into the surface or bulk during dissolution. A decrease in
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[37F€]racer, diss would have been observed if adsorption of >’Fe(ll) and incorporation as ’Fe(l11) by elec-
tron transfer would have led to preferential dissolution of surface sits or surfaces which are different
from the sites of adsorption and incorporation.

In the presence of EDTA, rapid electron transfer at the Lp-surface could have resulted in oxidation
of added "Fe(l1) to >’Fe(lIl). We cannot comment on the oxidation state of " Feyacer.diss in the presence
of EDTA, addition of phenanthroline (phen) to filtered solutions resulted in only very low and incon-
sistent UV absorbance, which did not allow quantification of Fe(ll)(phen)s. Even so, it is clear that °’Fe
added in the presence of EDTA was not incorporated into the solid.

Figure 5B shows °’Fe isotope exchange and Lp dissolution with reversed addition of 5'Fe(ll)
and EDTA. In the following, we first discuss the observations before addition of EDTA, when the oxi-
dation state of measurable dissolved Fe can only be Fe(ll), followed by the observations after EDTA
addition, where the oxidation state of dissolved Fe is mixed, but predominantly Fe(llI).

In contrast to addition of 3’Fe(ll) in the presence of EDTA, we observed an immediate decrease
in the concentration of the added 1.0-1.2 uM >’Fe(ll) (orange squares, left y-axis) in the absence of
EDTA, presumably by adsorption. This was followed by a slower decrease in [>’Fe(l1)], coupled with
an increase of [*Fe(l1)]*qiss (red triangles, left y-axis), indicating isotope exchange between Fe(ll) in
solution and Fe from Lp over the 1800 s before EDTA was added. The sum of these concentrations
(green circles on the left y-axis) was 1.0-1.1 pM, meaning that 0.1-0.2 uM of the added Fe(ll) remain
adsorbed. Since [*°Fe]"qiss increased from 0 to 0.70 uM, up to 0.7 uM 3’Fe(Il) must have been incorpo-
rated into the surface as 5’Fe(l11). Thus, before EDTA addition, both adsorption and isotope exchange,
but no dissolution was observed. This is in agreement with studies showing isotope exchange between
dissolved Fe(Il) and FeOOH that leads to recrystallization on longer time scales 228,

After addition of EDTA, a rapid increase of [*®Fe] iss (purple triangles, right axis ) due to cata-
lyzed Lp dissolution was observed. At the same time, the added (tracer) °’Fe that was previously ad-
sorbed and/or exchanged was released back into solution. Over 80% of the adsorbed/exchanged %Fe
was in solution after dissolution of 10 uM Lp within the first 1000 s after addition of EDTA.

This observation shows that added 5’Fe was not preferentially incorporated into surface sites or surfaces

that were less prone to dissolution upon addition of EDTA. Although this observation does not exclude
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ET to other sites and other surfaces, such ET (if it occurs) does not result in the preferential dissolution

of those other sites or surfaces.

We can, in the main, exclude preferential dissolution distant from the site at which added ’Fe was
adsorbed, since addition of EDTA resulted in release of >80% of the added tracer °’Fe back into solu-
tion. The initially adsorbed °’Fe (i.e., 1 uM of the added 1.2 pM °’Fe) corresponds to only 5.7 % of the
total active surface site concentration of 17.5 uM (calculated for 100 mg Lp/L with a surface area of
6.3-10® nm?/L assuming 1.67 active site per nm2.% If ET had resulted in preferential dissolution at
different surface sites and surfaces (with only the natural abundance of %'Fe) then no increase in
[37F€]racer, giss Should have been observed (recall that the reported [>'Fe]iacer, diss Was corrected for the
natural abundance of >’Fe in Lp) . Even if dissolution had occurred randomly at all surface sites (enriched
to 5.7 % 5’Fe), dissolution of 10 uM Lp would have resulted in a maximum tracer concentration
["Fe]tracer, giss Of 0.57 UM. Incorporation of a minor faction of 'Fe (added before EDTA) into more
stable sites and surfaces is, however, consistent with the association of 10-20% of the added *’Fe with

the solid even after dissolution of 50 uM Lp (i.e., measured as [**Fe]"giss).

Our observations do not exclude charge injection and charge migration in the Lp surface and bulk
lattice that lead to recrystallization on a longer time scale. In the presence of a ligand that promotes
dissolution, mobile charge can be transferred back to previously adsorbed or incorporated 5’Fe and ac-
celerate its dissolution. An alternative explanation for the fast dissolution of the added °’Fe is the for-
mation of a less crystalline or amorphous 5’Fe(I11) phases that are dissolved more quickly than Lp after
addition of EDTA. However, a surface precipitate with addition of only 1-1.2 uM Fe(ll) to a Lp suspen-
sion with estimated 17.5 uM surface sites seems less likely than adsorption and isotope exchange by
incorporation of 5’Fe into the surface.

Possible phase changes. We observed no evidence for transformation of Lp to goethite or magnetite
with 0.2-10 pM added Fe(ll) (to which FTIR is very sensitive, see Figure S3) in our experiments. Pre-
vious studies found exchange of %°Fe between Lp and dissolved Fe(ll) (0.2-1.0 mM) Fe(ll) at pH 6.5, -
42 but only minor formation of magnetite even with 1mM dissolved Fe(ll) after 2 days ** and no for-

mation of goethite over 7 days. 2
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Kinetic model for the catalytic effect of Fe(ll). In our experiments, ligand controlled dissolution was
slow compared to Fe(ll)-catalyzed dissolution. We define the measured catalytic effect (CE) as
Ruiss,Lreqny / Rudiss,, Where Ruiss L reary and  Ruaiss,. are the dissolution rates in the presence and absence of
Fe(Il), respectively. As defined, CE was 1 without added Fe(ll) and ranged from 7-31 with 0.2-10 uM
added Fe(ll), as listed in Table S3.

To explore reaction mechanisms that can explain the catalytic effect of Fe(ll), a kinetic model
was developed that allowed us to fit the model outputs to measured data by optimizing rate coefficients
and concentrations of active surface sites in the model. Tentative reaction mechanisms for Fe(ll) cata-
lyzed dissolution have been presented before for dissolution at low pH, 4344 but it has not been shown
that they can quantitatively explain experimental results. The model with reaction equations is presented
in Table 1 and is described in more detail in the SI.

We assumed that all equilibrium reactions are fast and not rate determining for dissolution on the inves-
tigated time scale. As consequence of the fast equilibration in reactions R1-R5, the order of the addition
of EDTA and Fe(ll) should not change the observation of the catalytic effect, as was experimentally
observed (Figure S4). The competitive adsorption of formed Fe(II1)EDTA (R6) can explain the non-
linear dissolution in the batch-experiments, with dissolution rates that decrease more strongly from
1800-5000 s (Figure 5) than expected from the decreasing concentration of uncomplexed EDTA. In the
dissolution measured with FTIR (Figure 2) this effect was not observed and dissolution proceeded line-
arly, which can be explained by the much lower Lp concentrations in the AFR-FTIR experiments. With
maximally 8% dissolution of 60 pg Lp in 40 ml, dissolved Fe(II1)EDTA concentration remained below
1.4 uM. When 20 puMFe(l11) was added (Figure S8) the dissolution rate also decreased. Similar non-
linear dissolution kinetics were observed previously in the photo-reductive dissolution of Lp with aero-
bactin, 3 where decreasing rates in the presence of added and formed Fe(lll) were also ascribed to
competing adsorption of formed Fe(l11)-ligand complexes with the free ligand. By variation of rate co-
efficients (see Sl), we found that either the electron transfer (ET) in R7 or the detachment of Fe(lll)L
can be defined as the rate determining step in this model. Since Fe(Il)EDTA is strongly reducing, we

assumed that ET is the faster step and adjusted the rate coefficient for detachment of Fe(lI1)L (Kks) in
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reaction R8 as the rate determining step. The listed fitted rate coefficients lead to good fits of the cur-
rently available data, but they are tentative because the rate coefficients for reactions R4 and R5 corre-
spond to reactions (i.e., adsorption of EDTA on adsorbed Fe(ll) or adsorption of Fe(1)EDTA) that yield
the same surface complex in our model. Since more than 99.8% of Fe(ll) is complexed by EDTA, the

rate coefficients for these reactions are not independent, as explained in more detail in the SI.

Important parameters in the model are the concentrations of active sites for the dissolution re-
actions (p:1 to p4). The site concentrations for the adsorption of Fe(ll), EDTA and Fe(IINEDTA were
obtained from adsorption data as shown in Figure S11. They agree with ranges for iron(hydr)oxides
reported in the literature. 4> ¢ A lower concentration of sites that are active for dissolution has been used
in models describing the dissolution of hematite ' and agrees with the understanding that dissolution
proceeds on kink and step sites “¢ whose concentrations are smaller than the sum of adsorption sites
measured in adsorption experiments.

Structure of surface complexes. In the kinetic model, we formulate the surface complexes that involve
both Fe(ll) and EDTA as =Fe"-Fe"-L, but they could alternatively be formulated as =Fe"-L-Fe" or as
complexes with Fe(Il) adsorbed next to a site were EDTA is adsorbed. Ideally, the infrared spectra could
provide information about the structure of the complex involving both Fe(Il) and EDTA. Addition of
Fe(Il) caused shifts in the spectra of adsorbed EDTA to higher energy and induced spectral changes
around several peak positions (see Sl, Fig. S9, SI Table S4). This clearly indicates that the interaction
of Fe(Il) with adsorbed EDTA led to formation of additional complexes at the surface, or that additional
complexes were formed by adsorption of Fe(I)EDTA from solution. However, the shifts could not be
interpreted in terms of structures. In a recently published study on the formation of oxalate complexes
on Lp, we found that several surface complexes with different structures were formed. For oxalate,
detailed DFT calculations allowed us to draw conclusions about the structures of these different surface
complexes.*® DFT calculations with the larger ligand EDTA in the presence of Fe(ll) are computation-
ally more demanding and were not attempted in this study.

Reaction mechanisms and possible implications. Fe(ll) accelerates the dissolution of Lp by EDTA
when added before or after addition of EDTA. At pH 6, most of the added Fe(ll) (>80%) remains in

solution even in the absence of EDTA. In the presence of 50 uM EDTA, over >99.8% of dissolved
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Fe(Il) and >99.9% of Fe(lll) are complexed with EDTA (Table S5). Most likely, the Fe(ll) catalyzed
dissolution is driven by adsorption of Fe(I1)EDTA and formation of mixed Fe(ll)-Fe(lll) ternary surface
complexes (reaction R5 in Table 1), followed by electron transfer and detachment of Fe(II1)EDTA (R7-
R8). We can currently not determine the fraction of adsorbed Fe(I1)EDTA and whether the newly formed
Fe(Il) (R9) is complexed with EDTA directly at the surface (reaction R4) or leaves the surface (back
reaction of R3) and reabsorbs as Fe(II)EDTA (R5) to continue the catalytic cycle. The model constitutes
a useful list of possible reactions that can explain our observation, but more work is required to quanti-
tatively determine the contribution of each of these reactions and to determine the corresponding rate

coefficients.

Environmental significance

We observed that added and photo-produced Fe(ll) can accelerate the dissolution of Lp with EDTA by
a factor of 7-30 at pH 6 and at pH 7 under anoxic conditions. Fe(ll) catalyzed dissolution could be an
efficient strategy for accelerated mobilization and uptake of iron in environments with changing redox
conditions and in sunlit environments where Fe(ll) is produced photochemically. Examples are soils
where reducing conditions are not sufficient for reductive dissolution of Fe-bearing phases, but where
traces of Fe(ll) could lead to strongly accelerated Fe(ll)-catalyzed dissolution in the presence of syn-
thetic or natural ligands (e.g. siderophores), 18 as also shown in our parallel study for a range of minerals
with HBED and DFOB. % Other environments where Fe(ll)-catalyzed dissolution could be important
are oxic-anoxic transition zones in lakes, wetlands, and irrigated agricultural fields. Added Fe(ll) and
photoproduced Fe(l1) did not appear lead to formation of mobile charge or Fe(ll) that is protected from
oxidation by oxygen, e.g. by charge residing in the bulk of the solid, at least not with Lp. Nevertheless,
steady state concentrations of photo-produced Fe(ll) at the surface of iron oxide particles under sunlit
conditions could make Fe(ll)-catalyzed dissolution an important pathway in their photoreductive disso-
lution. It is also possible that negative charge from added or produced Fe(lIl) can persist longer in the

bulk of more conductive iron(hydr)oxide minerals and that this results in a longer lasting catalytic effect
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of Fe(ll) under oxic conditions. The time resolved ATR-FTIR measurements and °’Fe isotope experi-
ments presented here have proven useful and will be used to investigate the effect of Fe(ll) on the dis-

solution of other Fe(l11)(hydr)oxide phases in different environments.
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Supporting Information. List of chemicals; lepdicrocite synthesis and characterization (XRD
and FTIR spectra); details on ATR-FTIR measurements, list of duplicate experiments; FTIR
spectra of adsorbed EDTA with pH and concentration dependence, spectral changes with added
Fe(11)); input file for kinetic model, model fits for dissolution kinetics and adsorption isotherms.
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Tables and Figures

Table. 1. Kinetic model with list of reactions and fitted equilibrium constants, rate coefficients and
surface site concentrations for pH 6.0 and 9.5 mM NaCl @

Nr. | Reaction Nr. of | Description Fixed or fitted
Kork log(K) or log(k)
R1 | Fe'+L 2 | Fe'L K1 Complexation of Fe'' in solu- | 10.3 ®
tion
R2 | =Fe'+L 2 | =Fe'-L Kz Adsorption of ligand (L) 5.0 ©
R3 | =Fe"+Fe' |2 |=Fe"-Fe' Ks Adsorption of Fe' 5.5 @
R4 | =Fe'-Fe'+L |2 | =Fe"-Fe'-L | Ka Adsorption of L on adsorbed | 4.7
Fell
R5 | =Fe"+Fe'L | & | =Fe"-Fe'"-L | Ks Adsorption of Fe'L 5.4
R6 | =Fe"'+Fe'L | 2 | =Fe"-Fe"-L | Ke Competing adsorption of 57@
FelllL
R7 | =Fe"-Fe'-L | — | =Fe'-Fe"-L | kzer) | Electron transfer 1
R8 | =Fe'"-Fe"-L | —» | =Fe"+Fe"L | ks Fe(ll)-catalyzed detachment | -0.64
of Fe'-L
RO | =Fe'+ — | =Fe" -Fe" ko Formation of new surface 6
Lpbulk site
R10 | =Fe"-L - | = +Fe'L k1o Detachment of Fe'-L -2.5
R11 | =+ Lpbuk — | =Fe" K11 Formation of new surface 6
site
Fitted active surface site conc. (last column, [=Fe"]/ [Lp] (M/M) and =Fe"//nm?) for dissolution, and
surface site conc. for adsorption of EDTA, Fe(ll) and Fe(lll)EDTA in batch experiments
=Fe' p1 Dissolution in batch and FTIR | 6.3e-5 (@
experiments 6.7e-3 =Fe""' /nm?
=Fe' P2 Adsorption of EDTA with 7.4e-3 0
FTIR (10 uM Lp) 0.79 =Fe' /nm?
=Fe'" P3 Ads. of Fe(ll) in batch exper- | 1.0e-3 @
iments 0.11 =Fe"' /nm?
=Fe'" Pa Ads. of Fe(lll)EDTA 1.3e-3
0.14 =Fe" /nm?

@ Surface sites =Fe"-OH are abbreviated as =Fe'" and surface complexes =Fe"-O-Fe' as =Fe''-Fe'.

Surface complexes that involve both ligand and Fe(ll) in close proximity are formulated as =Fe"-Fe'-L.

This could mean a ternary surface complexes or adsorbed EDTA next to a reduced site.

®) Conditional complex formation constant for Fe(I)EDTA at pH 6 (see Sl). (Over 99.8% of Fe(ll) is

present as Fe'EDTA? with 50 uM EDTA).

© Best fits to adsorption isotherm for EDTA determined with FTIR, see Sl Figures S10 and S11.

@ Best fits to adsorption isotherms of Fe(ll) and Fe(III)EDTA, see Sl Table S5 and Figure S11.

©) The rate coefficients of R4 are interdependent with the rate of Fe'" detachment (back reaction R3),
formation of Fe''L (R1) and adsorption of Fe'L (R5), see SI.

# Arbitrary, fast and non-rate determining rate coefficients.

®) Best fits to Lp-dissolution in batch (1.13 mM Lp) and FTIR (10 pM Lp = 35.6 pg/40ml)

experiments, see SI.
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Fig.1. (A) ATR-FTIR absorbance spectrum of lepidocrocite (Lp) and SEM image of Lp (inset).

(B) Difference absorbance spectra recorded during EDTA adsorption (offset by 20 units), upon addition
of 50 UM EDTA to a layer of 40-60 pg Lp in contact with 40 ml aqueous solution (10 mM NaCl and
5 mM MES, pH 6.0). (C) Dissolution of Lp after addition of 1 uM Fe(ll) in presence of 50 uM EDTA.
Spectra were recorded continuously every 43 s. Averages of every 10 continuous spectra are shown for
clarity. All measurements were conducted at pH 6 under anoxic condition by purging the solution with
high purity N2. The group of spectra in (B) shows adsorption of EDTA by the increase of peaks at
1570 cm™ and 1408 cm™. The spectra in (C) show the strongly accelerated dissolution of Lp by the
decrease of the absorbance of Lp at 1021 cm™ after addition of 1 uM Fe(11) (treqi) addition=1843 S).
Introduction of synthetic air or 1 mM phenanthroline (Phen) (at t = 6300 s) stopped the dissolution.
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Fig.2. Kinetics of EDTA adsorption and Lp dissolution (pH 6.0, anoxic conditions) monitored with
ATR-FTIR. Adsorption of EDTA was monitored at 1408 cm™ and dissolution of Lp at 1021 cm™.

50 uM EDTA was added (at t=180-200 s) after purging the aqueous solution covering the Lp layer with
N for at least 3-4 h, followed by addition of Fe(ll) (0.2-10 pM) after 1800 s. EDTA adsorbed rapidly
and reached equilibrium in < 600 s. Fe(ll) additions lead to accelerated dissolution of Lp. Slopes

(at 1021 cm™) were determined from 3000-5000 s.
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670  Fig.3. Rates of Lp dissolution as a function of added (total) Fe(ll) concentrations. Rates expressed as
671 % h* (left Y-axis) were calculated from the slopes of the lines in Fig. 2 divided by the initial absorbance
672  of Lp (at 1021 cm™) for each experiment. Rates expressed as pmol h™ m (right Y-axis) were calculated
673  using the molecular weight (88.85 g mol™) and surface area (63 m? g) of Lp. The solid line corresponds
674  to a kinetic model (Table 1) as described in the text.
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Fig.4. Kinetics of EDTA adsorption (monitored at 1408 cm™) and dissolution of Lp (monitored at

1021 cm?) at pH 6 (1=0.01 M) during photochemical experiments. Dashed lines represent experiments
performed under oxic conditions and solid lines under anoxic conditions. EDTA (50 uM) was added at
180-220 s. During UV-illumination (for 900 s) with a 365 nm UV-LED lamp, adsorbed EDTA is

photolyzed at the surface. After irradiation, photo-transformed EDTA is replaced by EDTA from solu-
tion. Lp dissolution was strongly accelerated by UV-illumination under both oxic and anoxic conditions.
After irradiation stopped, there was no or very minimal continuing Lp dissolution under oxic condition.

In contrast, under anoxic condition, dissolution of Lp continued.
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Figure 5. Dissolution of (1125 uM) Lp at pH 6.0 under anoxic conditions catalyzed by addition of
1.2 uM Fe(Il) as 5"Fe(l1) either (a) 1800 s after the addition of 50 uM EDTA or (b) before EDTA addi-
tion. Adsorption and isotopic exchange of added ’Fe(Il) were observed when (b) 60 uM EDTA was
added 1800 s after Fe(ll). Symbols: (purple triangles, right axis) concentration of Fe released into solu-
tion by Lp dissolution (reported values of [*°Fe]"qiss correspond to the sum of all Fe-isotopes from Lp as
described in Materials and Methods); (orange squares, left axis) concentration of the 'Fe tracer remain-
ing in or released back into solution where [*"Fe]iacer.diss Was corrected for >'Fe released from Lp;

(red triangles, left axis) concentration of *®Fe in solution resulting from isotopic exchange of added *’Fe
with *®Fe in Lp (t < 1800 s); (green circles, left axis) sum of dissolved Fe measured as [*’F€]iacer, diss and
[*®Fe] aiss. Results of duplicate experiments are shown in open and closed symbols (note that results
shown in Fig. 5b with filled symbols were scaled to compensate for the addition of a lower concentration
(1.0 uM) of ®"Fe(l1) in this experiment). Error bars correspond to the standard deviations of ICP-MS
measurements obtained from repeated calibrations. Solid black lines show kinetic model fits (Table 1).
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