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ABSTRACT: In freshwater wetlands, organic flocs are often
found enriched in trace metal(loid)s associated with poorly
crystalline Fe(III)-(oxyhydr)oxides. Under reducing condi-
tions, flocs may become exposed to aqueous Fe(II), triggering
Fe(II)-catalyzed mineral transformations and trace metal(loid)
release. In this study, pure ferrihydrite, a synthetic ferrihydrite-
polygalacturonic acid coprecipitate (16.7 wt % C), and As-
(1280 and 1230 mg/kg) and organic matter (OM)-rich (18.1
and 21.8 wt % C) freshwater flocs dominated by ferrihydrite
and nanocrystalline lepidocrocite were reacted with an
isotopically enriched *’Fe(II) solution (0.1 or 1.0 mM Fe(1I))
at pH 5.5 and 7. Using a combination of wet chemistry, Fe
isotope analysis, X-ray absorption spectroscopy (XAS), *’Fe Mdssbauer spectroscopy and X-ray diffraction, we followed the Fe
atom exchange kinetics and secondary mineral formation over 1 week. When reacted with Fe(II) at pH 7, pure ferrihydrite
exhibited rapid Fe atom exchange at both Fe(II) concentrations, reaching 76 and 89% atom exchange in experiments with 0.1
and 1 mM Fe(Il), respectively. XAS data revealed that it transformed into goethite (21%) at the lower Fe(II) concentration and
into lepidocrocite (73%) and goethite (27%) at the higher Fe(II) concentration. Despite smaller Fe mineral particles in the
coprecipitate and flocs as compared to pure ferrihydrite (inferred from Mdssbauer-derived blocking temperatures), these samples
showed reduced Fe atom exchange (9—30% at pH 7) and inhibited secondary mineral formation. No release of As was recorded
for Fe(II)-reacted flocs. Our findings indicate that carbohydrate-rich OM in flocs stabilizes poorly crystalline Fe minerals against
Fe(1I)-catalyzed transformation by surface-site blockage and/or organic Fe(II) complexation. This hinders the extent of Fe atom
exchange at mineral surfaces and secondary mineral formation, which may consequently impair Fe(II)-activated trace metal(loid)
release. Thus, under short-term Fe(IIl)-reducing conditions facilitating the fast attainment of solid-solution equilibria (e.g., in
stagnant waters), Fe-rich freshwater flocs are expected to remain an effective sink for trace elements.
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B INTRODUCTION

Iron-rich organic flocs are often observed in freshwater

the consortial coexistence of Fe(Ill)-reducing (IRB) and
Fe(Il)-oxidizing (IOB) bacteria,”'”'*'* enabling aggregate

wetlands and tend to show high affinities for trace metal(loid)-
s.'7 Iron mineral phases existing within flocs play a dominant
role in trace metal(loid) sorption, with the highest trace
metal(loid) concentrations associated with poorly crystalline
Fe(III)-(oxyhydr)oxides,' > and lower trace metal(loid)
concentrations linked to more crystalline minerals and
organic/sulfide-associated Fe(II).*® Precipitation of Fe miner-
als in freshwater wetlands may occur through the (a)biotic
oxidation of Fe(II), and can be influenced by the geochemical
conditions such as pH, temperature, and the presence of
(in)organic compounds in the surrounding water."™® Pelagic
freshwater flocs have been shown to create unique geochemical
microenvironments which are independent of the surrounding
surface water’s geochemical conditions.””'* These micro-
environments show steep pH and O, gradients facilitated by
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microbial communities to thrive in surface water geochemical
conditions previously considered inhospitable.”' For example,
Elliot et al.'’ recently identified collaborative IRB and IOB
existing in freshwater flocs in Canadian lakes with O,
concentrations ranging from micro-oxic to O,-saturated. As a
result of these microenvironments, Fe cycling within freshwater
flocs is likely controlled by microbially produced Fe(Il);
influencing floc-Fe mineral precipitation and recrystallization
processes.
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Adsorption of Fe(II) to Fe(III)-(oxyhydr)oxides has been
shown to lead to the oxidation of surface-adsorbed Fe(II), the
transfer of electrons to structural Fe(IIl), the release of
structural Fe(III) as Fe(II) (“atom exchange”), and thus the
recrystallization of the Fe(III)-(oxyhydr)oxide phase."*™"* For
crystalline Fe(IIl)-(oxyhydr)oxides like goethite (a-FeOOH)
and hematite (a-Fe,0;), Fe atom exchange can occur without
secondary mineral formation."”'®'” In contrast to these
crystalline Fe(III)-(oxyhydr)oxides, ferrihydrite (e.g.,
~FesHOg4H,0) and nano-lepidocrocite (y-FeOOH) con-
tained in freshwater flocs™* are comparably unstable, and their
Fe(II)-catalyzed recrystallization into more stable Fe(III)
mineral phases is well documented.'””°”** Depending on
Fe(II) concentrations, pH, and background ligand, resulting
secondary minerals can include lepidocrocite, goethite, and
magnetite (Fe;0,).'”?°7** Using >’Fe-labeled Fe(III)-
(oxyhydr)oxides, Pedersen et al*' found that the Fe(II)-
catalyzed mineral transformations of ferrihydrite and lepidoc-
rocite (S nm-sized) proceeded equally fast (<3 days), whereas
those of 20 nm-sized lepidocrocite and goethite required longer
(>7 days); attributing this to an effect of particle size. In
addition, mineral transformations may be hindered by the
presence of surface-associated or structurally incorporated
elements. While low concentrations of coprecipitated or
adsorbed As (As:Fe mol ratio = <0.035) are not expected to
impact ferrihydrite recrystallization and transformation
rates,”””" high concentrations of As (As:Fe molar ratio
>0.035) have been shown to inhibit ferrihydrite transformation
into lepidocrocite,””** and similar effects have been recorded
for AL*® Mo,* and Si.” Similarly, Jones et al.”’ found that 25
or 150 mg/L of dissolved OM (Suwannee River fulvic acid)
effectively hindered the Fe(II)-catalyzed transformation of
ferrihydrite and lepidocrocite. Chen et al*® showed that
ferrihydrite coprecipitated with different amounts of a
carboxylic-rich OM extracted from fresh litter samples from
the O horizon of an Ultisol (C:Fe molar ratio = 0—1.6)
displayed a linear decrease in mineral transformation rates with
increasing C concentrations.

Recrystallization or mineral transformation of Fe(III)-
(oxyhydr)oxides may affect the solid-solution distribution of
trace metal(loid)s. While dissimilatory Fe(III) reduction
triggers the release of associated As,””?" the effect of Fe(II)-
catalyzed mineral changes is not as clear. For example, in
reacting arsenate-adsorbed ferrihydrite (As:Fe molar ratio
0.224, 10 g/L) with 0.5 and 10.0 mM Fe(II) at circumneutral
pH, Gomez et al.” recorded As releases of up to 0.42 mM,
accounting for <1% of As,,,. In similar experiments, Pedersen
et al.”® followed the Fe(II)-catalyzed reduction of arsenate-
loaded ferrihydrite and lepidocrocite (As:Fe molar ratio = 0—
0.005; 0.5 mM Fe(III)/L) in the presence of up to 1.0 mM
Fe(Il) at pH 6.5, reporting a decrease in surface-associated
arsenate and an absence of aqueous As, which they interpreted
as evidence for the structural incorporation of arsenate into
secondary Fe(IIl) minerals. The Fe(II)-catalyzed structural
incorporation of surface-adsorbed Cu, Ni, U, and/or Zn has
also been evidenced for ferrihydrite and goethite,”' ~** whereas
the Fe(II)-catalyzed release of preincorporated Co, Cu, Mn, Nj,
and Zn has been reported for goethite.”*> This potential
cycling of trace metal(loid)s through Fe(IIl)-(oxyhydr)oxides
in the presence of Fe(Il) may be of particular importance in
dynamic environments like freshwater wetlands which
frequently experience seasonal changes in redox potential.
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In a previous study, we used *’Fe Mossbauer spectroscopy
and synchrotron X-ray techniques to characterize naturally
occurring Fe-rich organic flocs from freshwater streambeds of
the As-enriched peatland Gola di Lago (Switzerland), finding a
carbohydrate-rich OM fraction (18—35 wt % C) and 34—2620
mg/kg As (arsenate and arsenite) bound in monodentate-
binuclear (“bridging”) surface complexes to ferrihydrite and
disordered lepidocrocite.” Gola di Lago flocs tend to settle
under low-flow stream conditions® and through either burial or
seasonally induced shifts in the dominant microbial groups™'’
may eventually be exposed to Fe(IIl)- or sulfate-reducing
conditions. Recently, we showed that reaction of floc
terrihydrite and lepidocrocite with dissolved sulfide triggered
the rapid (<0.3 days) precipitation of mackinawite (FeS) and
the release of up to 73% of mineral-associated As.” The fast rate
of mineral-phase transformation was attributed to the small
particle sizes of floc-Fe minerals,”* likely resulting from the
presence of OM during Fe(II) oxidation.® For this same
reason, it seems likely that the rapid Fe(II)-catalyzed
(re)crystallization of floc Fe minerals would similarly elicit
the release of As.””*”’® Alternatively, the carbohydrate-
dominated OM fraction in freshwater flocs may stabilize Fe
minerals against Fe(II)-catalyzed (re)crystallization,27’28’37
thereby hindering the release of floc-associated trace metal-
(loid)s, including As. To date, extensive research has been
conducted on the Fe(II)-catalyzed transformation of synthetic
Fe(IlI) minerals and coprecipitates.'””°~***"***” However,
neither the kinetics of Fe atom exchange nor the net effect of
Fe(II) on freshwater floc mineralogy and their associated trace
metal(loid)s is known; information which is critical to
understanding the role of freshwater flocs in trace metal(loid)
cycling under Fe(Ill)-reducing conditions. Therefore, we
studied Fe(II)-catalyzed mineral transformations in natural
As-enriched freshwater flocs and their effect on As release, and
hypothesized that carbohydrate-rich OM in flocs stabilizes
Fe(III)- (oxyhydr)oxides, slowing the Fe atom exchange kinetics
and inhibiting secondary mineral formation. To better clarify
the role of floc OM in Fe(Il)-induced mineralogical changes
this study additionally included a synthetic ferrihydrite and
ferrihydrite-OM coprecipitate. We employed *'Fe(Il) as a
stable isotope tracer in combination with X-ray absorption
spectroscopy (XAS), "Fe Mossbauer spectroscopy, and X-ray
diffraction to track Fe atom exchange, Fe(II)-catalyzed mineral-
phase changes, and in case of As-rich freshwater flocs, their
effect on trace metalloid release.

B MATERIALS AND METHODS

Floc Sampling, Preparation, and Characterization.
Floc material was collected from streambeds of the Gola di
Lago peatland (Supporting Information (SI) Figure S1) in
October 2013. Flocs were collected in open beakers, allowed to
settle overnight, and were then decanted, transported to the
laboratory, and stored at 4 °C in darkness until further
processing. The flocs were wet-sieved into <40 ym and 40—250
um size fractions, hereafter referred to as “SS” and “SL” (small
and large flocs from site S, respectively), as described in ref 4.
Standard geochemical parameters (pH, E,, T, dissolved O,, and
electrical conductivity) of the surrounding surface waters were
determined at the time of floc collection and can be found in ref
4.

Ferrihydrite and Coprecipitate Synthesis. In this study,
natural flocs were compared against a synthetic ferrihydrite and
a ferrihydrite-polygalacturonic acid coprecipitate (Fh-PGA).
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PGA was used as a proxy for the acid carbohydrate-rich OM
fraction found in Gola di Lago freshwater flocs.” The synthesis
of the ferrihydrite and Fh-PGA coprecipitate is described
briefly: All solutions used were prepared from doubly deionized
(DDI) water (Milli-Q, > 18.2 MQ:-cm). Ferrihydrite was
prepared by adding 1 M NaOH (Titrisol) to 500 mL of a
solution containing 100 mmol of Fe(Il) as Fe(NO,);-9H,0
(Merck) under vigorous stirring (1200/min) until a pH of 7.0
+ 0.1 was obtained.”® The Fh-PGA coprecipitate was
synthesized following Mikutta et al:*® 1 g of PGA
(C¢HgOg) = 90% (enzym.), Sigma-Aldrich) was equilibrated
overnight in 1 L DDI water adjusted to pH 7.0 with 1 M
NaOH in darkness and under vigorous stirring (1200/min).
The PGA solution was then acidified to pH 4.0 with 1 M
HNO,; (Titrisol) and purged with N,(g) for 1S min. 50 mL of a
solution containing 10 mmol of Fe(IlI) as Fe(NO;);-9H,0
(Merck) were then added, followed by the addition of 1 M
NaOH as described in the synthesis of ferrihydrite. The final
C:Fe molar ratio of the coprecipitate was 2.5 + 0.3 (n = 2),
similar to C:Fe molar ratios we previously reported for flocs.”*
The ferrihydrite and Fh-PGA coprecipitate were then
repeatedly centrifuged at 3500g for 15 min and resuspended
in 700 mL DDI water until the electric conductivity of the
supernatants was <100 uS/cm. Afterward, the suspensions
were shock-frozen by dropwise injection into liquid NZ‘S’9
freeze-dried, manually homogenized with a mortar and pestle,
and stored in brown glass bottles in a desiccator until use.

57Fe(ll) Isotope Tracer Experiment. SFe(II) was used as
a stable isotope tracer to explore Fe(Il)-catalyzed mineral
transformations and Fe atom exchange kinetics in freshwater
flocs and synthetic (co)precipitates. The entire experiment was
conducted in triplicates in a glovebox (N, atmosphere, < 10
ppm (v/v) O,). Dried sample material (500 mg) was placed in
serum bottles and equilibrated for 16 h in 250 mL of anoxic 50
mM 3-(N-morpholino)propanesulfonic acid (MOPS) or 2-(N-
morpholino)ethanesulfonic acid (MES) buffer adjusted to pH 7
(MOPS) or pH 5.5 (MES). Solid-phase Fe concentrations
ranged from 628 to 1104 mg/L (SI Table S1). A *"Fe-enriched
stock solution of 100 mM Fe(Il) was prepared by dissolving
"Fe metal powder (95.06% *"Fe, Isoflex, San Francisco, CA) in
2 M HCI at 70 °C overnight, which was then purged with
N,(g), sealed, and transferred into the glovebox. The Fe
concentration of the S’Fe(Il) solution was determined in 0.22
um filtrates with inductively coupled plasma-optical emission
spectrometry (ICP-OES, Agilent 5100). Reactions were started
when 0.22 um filtered aliquots of the *"Fe(II) stock solution
were added to the serum bottles (0.1 or 1.0 mM Fe(II), SI
Table S1), which were then capped with butyl rubber stoppers.
All treatments remained under the mmol Fe(II)/g ferrihydrite
ratio of unity at which magnetite precipitation is expected.
The serum bottles were wrapped in Al foil and horizontally
shaken (150 rpm) at 25 + 1 °C for 1 week. Following initial pH
adjustments in the first 15 min, the pH remained at 7.0 & 0.1 or
5.5 + 0.1 throughout the experiment. Iron(II)-free controls
were included for each treatment to quantify aqueous As and
Fe releases originating from solid-phase dissolution.

Total Aqueous Concentrations and Element Con-
tents. Aliquots for aqueous-phase analysis (10 mL) were taken
at 0, 3, 6, 12, 24, 72, 120, and 168 h. Total aqueous element
concentrations, including As, were determined in 0.22-um
nylon filtrates with inductively coupled plasma-mass spectrom-
etry (ICP-MS, Agilent 8800 Triple Quad) or ICP-OES.
Additional aqueous samples were taken at selected time points
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(0, 24, and 168 h) and filtered through 0.025-um cellulose
filters to test for contributions of particulate Fe (>0.025 ym) in
the 0.22 pm filtrates using ICP-OES.

Material for solid-phase analysis was collected on 0.45-um
cellulose filters and thoroughly rinsed with anoxic DDI water.
The filter residues were covered and dried in the glovebox
atmosphere. Triplicate samples were combined, homogenized
with a mortar and pestle, and stored in darkness until further
analyses. (Un)reacted flocs and the Fh-PGA coprecipitate were
dissolved using microwave-assisted acid digestion (MLS
turboWAVE) while (un)reacted ferrihydrite was dissolved in
67% HNO, at 60 °C (n = 2). Total element contents in the
digests were determined using ICP-OES, and total C contents
of (un)reacted flocs and the Fh-PGA coprecipitate were
analyzed with an elemental analyzer (CHNS-932, LECO; n =
2).

Estimation of Iron Atom Exchange. Aqueous and solid-
phase Fe isotope compositions were determined with ICP-MS.
Samples for isotope analysis were diluted to ~30 pg/L Fe and
measured in reaction cell mode with a H, gas flow rate of 7
mL/min to remove argide polyatomic interferences. The
accuracy of this method was tested with the Fe isotopic
reference material IRMM-014."" Further details regarding
method validation can be found in the SI. Interferences from
Ni were accounted for through monitoring “Ni counts,
though were found to be negligible. Iron isotope mole fractions
(f) were calculated by dividing the counts per second (cps) of
the Fe isotope n by the sum of the total Fe isotope’s cps:

"cps
54cps + 56cps + 57cps +

—— X 100 = f"Fe(%)

cps (1)

The use of stable Fe isotopes enables the investigation of atom
exchange between Fe(III) minerals and aqueous Fe (Fe,,). In
this study, a highly enriched *’Fe(II) solution (f**Fe: 0.04%,
fOFe: 3.04%, f'Fe: 95.06%, fFe: 1.86%) was reacted with
materials containing Fe(III)-(oxyhydr)oxides of near natural Fe
isotope abundance (f*Fe: ~4.88%, f°Fe: ~92.73%, f’Fe:
~2.09%, fFe: ~0.31%, SI Tables S5—7). Because adsorption
or desorption reactions alone would not significantly alter the
isotopic composition of the aqueous-phase Fe, deviations from
the initial isotopic composition of Fe,; would therefore indicate
Fe atom exchange between the aqueous and solid phase. In
order to maintain environmentally relevant Fe(II) concen-
trations,””*"** the Fe(II) concentrations used in this study
were comparatively low. Therefore, the Fe(Il)y:Fepq ratio
used here was small (0.005—0.072 mol/mol, SI Table SI).
Because of this, the Fe isotope composition of the solid-phase is
expected to change more slowly than that of Fe,; because Fe
atoms must cycle through multiple times before complete Fe
atom exchange occurs in the solid-phase.'® Theoretically, an
identical isotopic composition in both aqueous and solid-phase
Fe would indicate the system reached isotopic equilibrium. In
this experiment, the solid-phase Fe isotope composition was
determined at days 0 and 7 for comparison.

A standard approach to interpret isotope data, which
accounts for differences in pool sizes in aqueous and solid-
phase Fe, is the calculation of the percent of Fe atoms
exchanged:'*"”
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where Ng.q is the number of moles of Fe(II) added to
solution and N4 the moles of Fe in the initial solid-phase.
f"Fe(I1); and f"solid; are the initial fractions of Fe isotope n in
the Fe,, and solid-phase Fe, respectively, and f"Fe(II), is the
fraction of Fe isotope n in the Fe, at time f. Because of the
poorly crystalline nature of the samples” Fe minerals and their
propensity to dissolve (Figure 1),3’4’43 sequential extractions to
distinguish between “adsorbed” and “incorporated” Fe(II) were

not possible. Therefore, we used changes in the Fe,, isotope
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Figure 1. Trends in dissolved Fe (A and B) and As (C) determined in
0.22 pm filtrates. Error bars representing the standard deviation from
triplicate experiments are either shown or are smaller than the symbol
size. Fe(Il)-free controls were included for each sample shown. In all
controls, Fe,, concentrations remained <0.01 mM, and As,; ranged
between 0.06 and 0.10 yM for the duration of the experiment.
Dissolved Fe concentrations are shown normalized to the initial
concentration of the Fe(II) spike.
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composition to calculate the extent of Fe atom exchange.
Though this could lead to an overestimation of atom exchange
by excluding potentially adsorbed Fe(II), recent studies suggest
that electron transfer between adsorbed Fe(II) and the solid-
phase occurs quickly and that surface-associated Fe(III) may be
rapidly incorporated into the solid-phase during the initial
Fe(II) adsorption.'”** No correction for mass-dependent
isotope fractionation was included as fractionation between
Fe(II) and ferrihydrite results in changes of only a few per mil
(%*/5*Fe equilibrium fractionation factor ~ —3.2%0);** insignif-
icant compared to the effect induced by the *’Fe(II) enriched
solution used in this study (65/°Fe = +1,352,300%o0).

X-ray Diffraction. Qualitative mineral-phase analyses were
performed by powder X-ray diffraction (XRD, D8 Advance,
Bruker), for which homogenized samples were loaded into 1
mm o.d. borosilicate glass capillaries and analyzed in Bragg—
Brentano geometry using Cu Ka radiation (4 = 1.5418 A, 40 kV
and 40 mA) and a high-resolution energy-dispersive 1-D
detector (LYNXEYE). Fe(Il)-reacted samples were prepared
for XRD measurements under anoxic conditions. Diffracto-
grams were recorded from 10 to 80°20 with a step size of
0.02°26 and 10 s acquisition time per step. Experimental data
were corrected by subtracting the diffractogram of an empty
capillary. Further background subtraction was conducted in
DIFFRAC.EVA (Bruker).

Iron X-ray Absorption Spectroscopy. To determine
speciation changes of solid-phase Fe after *'Fe(II)-catalyzed
mineral-phase transformation, (un)reacted samples were
analyzed by Fe K-edge (7112 eV) XAS at beamline 13 ID-E
of the Advanced Photon Source (APS, Chicago, IL). For these
analyses, samples were pressed into 1.3 cm pellets and sealed
with Kapton tape. Fe(II)-reacted samples were prepared under
anoxic conditions and kept anoxic until the end of the XAS
measurements. Iron K-edge X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra were recorded in transmission
mode at ~40 K using a He(l) cryostat. The Si(111)
monochromator was calibrated to the first-derivative maximum
of the K-edge absorption spectrum of a metallic Fe foil (7112
eV). The foil was continuously monitored to account for small
energy shifts (<1 eV) during the sample measurements. Higher
harmonics in the beam were eliminated by detuning the
monochromator by 40% of its maximal intensity. Three to
seven scans per sample were collected and averaged. All spectra
were energy calibrated, pre-edge subtracted, and postedge
normalized in Athena*® with the edge energy, E, defined as the
zero-crossing in the second XANES derivative. Linear
combination fit (LCF) analyses of k*-weighted EXAFS spectra
were performed in Athena® over a k-range of 2—10 A™! with
the E of all spectra and reference compounds set to 7128 eV.
No constraints were imposed on the fits, and initial fit fractions
(100 + 12%) were recalculated to a component sum of 100%.
Initial inclusion of organically complexed Fe(II/III) reference
compounds proved nonviable; therefore, final fits were
conducted with ferrihydrite, goethite, and lepidocrocite as fit
references.

*’Iron Méssbauer Spectroscopy. Massbauer spectra of
selected samples were obtained with a *’Co/Rh y-radiation
source with an activity of ~35 mCi vibrated in constant
acceleration mode in a standard setup (WissEl, Wissenschaft-
liche Elektronik GmbH). Anoxic sample material (30—60 mg)
was loaded into Plexiglas sample holders (~1 cm?) in a
glovebox (100% N,; MBraun) under anoxic conditions, while
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Figure 2. (A, B) Changes in R, normalized to Ryystem Here, Rygyion and Rypeery refer to the FCFe:f"Fe ratio of the solution and the system,
respectively. (C, D) Percent of Fe atoms exchanged as calculated from eq 2. Error bars representing the standard deviation from triplicate
experiments are either shown or are smaller than the symbol size. Standard deviations of Rjton/Ryystem Were derived using error propagation.

oxic samples were prepared in air. All samples were mounted in
transmission geometry. Sample temperatures were varied with a
closed-cycle cryostat (SHI-850-], Janis Research Co.), whereas
the ¥’Co/Rh source remained at room temperature. Spectra
were collected between 77 and S K, and were analyzed using
the Recoil software (University of Ottawa, Canada) by applying
an extended Voigt-based fitting routine.”” The spectra were
calibrated against 7 ym thick a-""Fe’ at 295 K and center shifts
(CS) are quoted relative to this. For all samples the half width
at half-maximum was fixed to 0.13 mm/s; the value of the inner
line broadening of the calibration foil at 295 K. Because all
samples initially contained natural-abundance Fe (fFe ~
2.12%), the *’Fe spikes resulted in *Fe(II) " Fe,ypye ratios
of 0.23—3.28 (SI Table S1), thus Médssbauer spectra of reacted
samples also contains information from native Fe atoms.

B RESULTS AND DISCUSSION

Dissolved Fe and As. Figure 1 shows the temporal
evolution in dissolved Fe (C/C,) and As over the duration of
the experiment. Absolute Fe,, concentrations are shown in SI
Figure S2. The immediate decrease in Fe,y can be attributed to
the initial adsorption of Fe(II) onto Fe(III)-(oxyhydr)-
oxides,'”*"** which proceeded similarly among samples in
comparable treatments. Differences in initial Fe adsorption are
largely ascribed to pH, with pH 7 treatments showing larger
decreases in Fe,, (48—84%, X = 74%) within the first 3 h
compared to decreases of only 34 and 50% for pure ferrihydrite
and floc sample SS at pH S.5 (Figure 1). This is consistent with
decreased Fe(III)-(oxyhydr)oxide reactivity toward Fe(II)
adsorption at lower pH.'® Following this initial net mass
transfer, Fe,, remained mostly stable in treatments through the
first 24 h (Figure 1). Thereafter, Fe,q in the ferrihydrite series
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remained relatively unchanged for the duration of the
experiment, whereas flocs and the Fh-PGA coprecipitate
showed increases in Fe,, starting after 24 h. This may be
caused by mineral transformations into more crystalline Fe
minerals which results in the desorption of Fe(II),” through
Fe(Il)-induced particle dispersion or ligand-promoted Fe
mineral dissolution.”’ Because the MOPS and MES buffers
would mask slight changes in dissolved organic C concen-
trations, it was not possible to determine whether the increases
in Fe,, could be attributed to Fe-OM colloids,”® though the
stable C content in samples before and after reaction indicates
no significant loss of solid-phase OM (SI Table S2). Dissolved
Fe concentrations in Fe(Il)-free controls were small (<0.01
mM), suggesting floc and Fh-PGA dissolution resulted
primarily from spiked Fe(II) and that microbial Fe(III)
reduction and electron transfer from the carbohydrate-rich
OM to structural Fe(III) was negligible.

Changes in aqueous As concentrations in floc treatments
were minimal (Figure 1) and did not exceed As concentrations
measured in the Fe(Il)-free controls (<0.1 uM). However,
trends in As release after 24 h closely resembled those of Fe,,
indicating that As release from flocs occurred primarily as a
result of Fe(IIl)-(oxyhydr)oxide dissolution. This is further
supported by similar Fe and As recoveries obtained in floc
treatments (80—90% (x = 84%) and 80—89% (X = 85%),
respectively). Though the majority of As remained solid-phase
associated (Figure 1 and SI Table S2), rapid de- and
re(ad)sorption cannot be excluded. The lack of significant As
release is in agreement with similar studies on the Fe(II)-
catalyzed reduction of ferrihydrite or goethite with surface-
adsorbed Cu, Ni, U, and/or Zn,>'~** and may indicate the
structural incorporation of As into secondary Fe(III)
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minerals.”® Alternatively, it may imply only minor Fe(II)-
induced mineral transformations in the flocs.

Iron Atom Exchange. Figures 2A and B illustrate that all
treatments showed changes in Fe,, isotopic composition over
the duration of the experiment. This data is further summarized
in SI Figure S3 and Tables S4—6. An isotope mass balance is
presented in SI Table S7. The initial net mass transfer of Fe
through *"Fe(II) adsorption (Figure 1) alone does not alter the
Fe,, isotopic composition. Because initially S6Fe is almost
exclusively present in the solid-phase, increases in f*Fe of Fe,q
(SI Figure S3) indicate that solid-phase Fe atoms were
simultaneously released; direct evidence of Fe atom exchange.
All treatments showed significant changes in the Rgjuion/Ryystem
ratio during the first 24 h (+0.32 + 0.16, X + o, Figures 2A and
B). Here, Rgjuion and Ry er, refer to the FCFe:f"Fe ratio of the
solution and system, respectively. Thereafter, a distinction
could be made between reactions involving the pure
terrihydrite, where the isotopic composition of Fe,, continued
steadily toward system equilibrium (+0.35 + 0.08 after 24 h),
and reactions involving the Fh-PGA and floc samples, where
further changes in the Rjgon/Ryystem ratios were minimal
(+0.15 + 0.10). Accordingly, after 7 days, the isotopic
composition of Fe,, in pure ferrihydrite treatments reacted at
pH 7 nearly reached system equilibrium, whereas Fh-PGA and
floc samples hovered at or below 50% of the expected
equilibrium composition (Figures 2A and B).

The percent of Fe atom exchange, calculated from eq 2, is
presented in Figures 2C and D. The highest values were
obtained for pure ferrihydrite reacted at pH 7 (75.7 and 89.0%
for 0.1 and 1.0 mM Fe(I), respectively; Figure 2C, SI Tables
S4 and S6). Reacting ferrihydrite at pH S.5 resulted in
significantly less Fe atom exchange (10.0%, Figure 2C, SI Table
SS). In contrast to ferrihydrite, the Fh-PGA coprecipitate
reacted at pH 7 resulted in the lowest Fe atom exchange
recorded (9.2%, Figure 2C, SI Table S4), despite a similar
initial Fe(II) adsorption (Figure 1) and a larger *"Fe-
(II)Splke "Fe auive ratio (0.40 versus 0.23, ST Table S1). Likewise,
floc samples, with *"Fe(Il)ye:” Fepye ratios of 0.33—3.28,
showed a similarly reduced Fe atom exchange when reacted at
pH 7 (21.9-29.7%, x = 25.4%, Figure 2D). Similar to the
terrihydrite, floc sample SS reacted at pH 5.5 achieved only
13.9% Fe atom exchange (Figure 2D, SI Table SS). The
consistently lower extent of Fe atom exchange at lower pH
agrees with the current consensus that adsorption of Fe(II)
precedes Fe atom exchange,>™"” with less Fe(II) adsorption at
lower pH (Figure 1).'**

Solid-Phase Mineral Transformations. X-ray diffraction
patterns of (un)reacted samples are displayed in SI Figure S4.
Ferrihydrite initially featured two broad peaks at 2.54 and 1.49
A. When reacted with Fe(II) at pH 7, defined peaks attributed
to crystalline goethite and lepidocrocite became apparent, with
the prevalence of lepidocrocite at the higher initial Fe(II)
concentration. In contrast, the diffractogram of ferrihydrite
reacted at pH 5.5 did not indicate mineralogical changes;

consistent with lower Fe(II) adsorption at lower pH (Figure 1).
The XRD pattern of the initial Fh-PGA coprecipitate also
displayed features of 2-line fernhydrlte,”( 38 however, unlike
pure ferrihydrite, showed no crystalline-phase formation when
reacted at pH 7. Initial XRD patterns for flocs showed diffuse
scatter peaks w1th maxima corresponding to ferrihydrite and
traces of quartz.”* The broad peak at ~3.2 A may indicate a
contribution from lepidocrocite, however, the absence of the
dominant 020 lepidocrocite reflection at ~6.26 A implies an
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extremely small mean crystallite dimension perpendicular to
0k0. After reaction with ’Fe(II) at circumneutral pH, neither
of the floc samples showed visible changes in their XRD
patterns except for slight variations in peak intensities (SI
Figure S4).

In addition to XRD we used XAS and Mossbauer
spectroscopy to identify and quantify Fe species present in
the solid-phase before and after reacting the solids with Fe(II).
Normalized Fe K-edge XANES spectra of all samples displayed
a first-derivative maximum at ~7128 eV, consistent with Fe(III)
reference spectra (SI Figure SS). As expected from the low
Fe(I1) ige: Feygpg ratios (SI Table S1), no change was visible in
the XANES spectra of reacted samples. Linear combination fits
of k*-weighted Fe K-edge EXAFS spectra are illustrated in SI
Figure S6, and their results are summarized in Table 1. At

Table 1. Linear Combination Fit Results for Fe K-edge
EXAFS Spectra of Samples Prior to (“Initial”) and After
Reaction with Fe(II) (Figure S6)“

red.
sample treatment Fe Fh Gt Lp NSSR® p*
(g/kg) (%) -
SS initial 386 48 52 1.7 0.12
0.1 mM Fe(II) 308 48 2 28 022
pH 5.5
0.1 mM Fe(II) 317 50 0 29 024
pH7
1.0 mM Fe(II) 334 34 10 56 5.6 0.47
pH 7
SL initial 318 57 43 13 0.11
0.1 mM Fe(II) 285 46 4 12 0.11
pH 7
Fh initial 552 100 1.6 0.08
0.1 mM Fe(II) 581 100 33 0.16
PH 5.5
0.1 mM Fe(1I) 581 79 21 1.6 0.10
pH 74
1.0 mM Fe(II) 520 27 73 12.7 2.09
pH 7
Fh- initial 318 100 2.1 0.13
PGA
0.1 mM Fe(II) 339 100 S.3 0.28
pH 7
“Abbreviations: Fh = ferrlhydrlte, Gt = goethite, Lp = lepidocrocite,

PGA = polygalacturonic acid. “NSSR: Normalized sum of squared
re51duals (100 x Y;(data-fit;)*/ Y data®). “Fit accuracy (reduced y* =

dp/ pts)z ((data fit; )/8) ( idp™ var) ! Nldp’ Npts and Nvar are,
respectively, the number of independent points in the model fit (18),
the total number of data points (161), and the number of fit variables
(1-3). ¢ is the uncertainty of the i data point.** “This sample may
contain up to 10% lepidocrocite-Fe; however inclusion of the Lp

reference resulted in a higher NSSR and red. y*.

neutral pH, pure ferrihydrite reacted with 1.0 mM Fe(II)
transformed completely into lepidocrocite (73%) and goethite
(27%). The presence of lepidocrocite was also noticeable in
Fourier-transformed EXAFS spectra by the large second peak at
~3.06 A (R + AR) originating mainly from edge-sharing Fe
octahedra in the structure of lepidocrocite (SI Figure S6). For
pure ferrihydrite reacted with 0.1 mM Fe(Il) at pH 7, only
goethite (21%) was detected with XAS as mineral trans-
formation product, despite XRD evidence for lepidocrocite (SI
Figure S4). This result may imply that the lepidocrocite fraction
in this sample was smaller than the XAS detection limit of
approximately 5—10 atom %. The complete transformation of
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Figure 3. Mdssbauer spectra of selected samples recorded at S K prior to (“initial”) and after reaction with 0.1 mM Fe(I) at pH 7. In all graphs,
black lines denote experimental data and circles represent the model fit. Additional spectra are presented in SI Figure S7, and the corresponding fit
parameters are summarized in Table 2. Abbreviations: Fe(I) = adsorbed Fe(II), Fh = ferrihydrite, Gt = goethite, Lp = lepidocrocite.

Table 2. Mossbauer Parameters of Samples Measured at 5 K Prior to (“Initial”) and After Reaction With Fe(II)

sample treatment species CS” (mm/s)
S8 initial Fe(I11)-S2 043
Fe(I11)-S1 0.50
0.1 mM Fe(II) pH 5.5 Fe(I11)-S2 0.4
Fe(III)-S1 0.49
Fe(11)-D 1.20
0.1 mM Fe(II) pH 7 Fe(I11)-S2 0.40
Fe(I11)-S1 0.54
Fe(I)-D 135
1.0 mM Fe(II) pH 7 Fe(III)-S2 0.39
Fe(111)-S1 0.55
Fe(11)-D 125
SL initial Fe(III)-S2 0.46
Fe(IID)-S1 0.49
0.1 mM Fe(Il) pH 7 Fe(II1)-S2 044
Fe(I11)-S1 048
Fe(II)-D 1.15
Fh initial Fh 0.46
0.1 mM Fe(II) pH 5.5 Fh 045
0.1 mM Fe(Il) pH 7 Gt 048
Fh 045
1.0 mM Fe(1I) pH 7 Lp 0.51
Gt 047
Fh-PGA initial Fh 0.46
0.1 mM Fe(Il) pH 7 Fh 047
Fe(II)-D 1.36

AEQI’ (mm/s) € (mm/s) <HI>? (T) population® (%)
0.14 44.7 33.0 £29
—-0.10 42.5 67.0 + 2.9
0.13 45.2 380+ 14
—-0.12 42.0 615 + 14
2.60 0.5 +02
0.09 45.0 45.0 £ 1.0
—0.08 44.7 532 + 1.0
2.38 1.8 £ 0.1
0.07 46.1 39.3 + 0.6
—-0.08 41.1 59.1 + 0.6
2.58 1.5+02
0.12 44.5 44.1 £ 23
—0.14 422 559 +£23
0.14 45.2 375 £ 2.5
—0.12 42.7 61.1 + 2.5
2.37 1.3 +£05
—-0.03 48.4 100.0
—-0.02 48.3 100.0
-0.14 50.3 351+ 0.5
0.00 48.2 64.9 + 0.5
0.01 46.3 713 + 0.2
-0.15 50.5 287 £ 0.2
—0.03 46.8 100.0
0.00 47.1 98.4 + 0.2
2.70 1.6 + 0.2

“Center shift with respect to a-*"Fe’. *Quadrupole splitting. “Quadrupole shift (¢ = AEy/2). “Mean hyperfine field. “Spectral contribution and
corresponding fit error. Abbreviations: Fh = ferrihydrite, Gt = goethite, Lp = lepidocrocite, PGA = polygalacturonic acid. Species assignments (S =
sextet, D = doublet): Fe(III)-S1 = Fh, Fe(II)-S2 = Lp, Fe(I[)-D = adsorbed Fe(II).

ferrihydrite seen at the higher Fe(II) concentration at pH 7
agrees with the high percentage of Fe atom exchange, and
suggests that ferrihydrite largely recrystallized at the lower
Fe(II) concentration (SI Figures S4 and S6; Table 1). At pH
5.5 ferrihydrite did not transform into crystalline Fe(IIl)-
oxyhydroxides, consistent with the low percentage of Fe atom
exchange observed. The same result was obtained for the Fh-
PGA coprecipitate reacted with 0.1 mM Fe(II) at pH 7.
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Unreacted floc samples 5S and SL initially contained
ferrihydrite (48 and S57%, respectively) and lepidocrocite;
results which are in agreement with previous floc studies.”*
After reaction with Fe(II) at pH 7, the ferrihydrite fraction in
flocs decreased by up to 14% (% = 7.6%), while concomitant
increases were recorded for lepidocrocite (up to 11%, x = 4.3%)
and goethite (10% with 1.0 mM Fe(II)). These small changes
in floc mineralogy evidenced by XAS are consistent with the
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nearly unaltered X-ray diffractograms of these samples (SI
Figure S4). For both the Fh-PGA coprecipitate and floc
samples, the minimal or lacking changes in solid-phase Fe
speciation observed at pH 7 and 5.5 agree with the low extent
of Fe atom exchange (Figure 2, SI Figures S4 and S6; Table 1).
No changes in Fe mineral phases were observed for flocs
reacted at pH S.5.

Mbssbauer spectra of samples collected at S K are displayed
in Figure 3 and SI Figure S7, and fit parameters are reported in
Table 2. The fits of the unreacted ferrihydrite and Fh-PGA
coprecipitate spectra required only one sextet with parameters
typical of ferrihydrite. However, the narrower mean hyperfine
field (<IHI>) of the Fh-PGA coprecipitate (46.8 versus 48.4 T)
likely indicates the influence of OM, which interferes with
crystal growth, leading to smaller ferrihydrite crystals and more
distorted Fe octahedra®®"*> (Table 2). In near perfect
agreement with EXAFS LCF results (Table 1), the Mdssbauer
spectra revealed that ferrihydrite reacted with 1 mM Fe(II) at
pH 7 transformed into lepidocrocite (71%) and goethite
(29%), while at the lower Fe(II) concentration only goethite
(35%) was determined as a mineral-transformation product
(Table 2). Consistent with EXAFS results neither ferrihydrite
reacted at pH 5.5 nor the Fh-PGA coprecipitate reacted at pH 7
showed evidence of secondary mineral formation.

Mossbauer spectra of floc samples 5S and 5L also confirmed
our EXAFS results (Tables 1 and 2); unreacted floc samples
showed Fe mineral compositions similar to those of previously
studied flocs,” requiring two sextets (labeled Fe(IIT)-S1 and
Fe(1I1)-S2) with < [HI> and quadrupole shifts (¢) indicative of
disordered ferrihydrite**"*> (Fe(IIl)-S1, <IHI> = 42.4 + 0.2
T, € = —0.12 + 0.03 mm/s) and lepidocrocite”** (Fe(III)-S2,
<HI> = 446 + 0.1 T, € = 0.13 = 0.01 mm/s). Following
reaction with Fe(Il) at both pH 7 and $.5, minor decreases in
the ferrihydrite fraction (—9 + 4%, ¥ + o) were offset by
increases in the lepidocrocite fraction (+8 + 4%, X + o, Table
2). However, all Fe(Il)-reacted floc and Fh-PGA samples
required an additional Fe(II) doublet which contributed <2%
to the total solid-phase Fe (Table 2). The center shift (CS) and
€ determined for this Fe(II) species do not match typical values
for Fe(II) adsorbed to mineral surfaces,* nor do its parameters
match those of commonly measured Fe(II) minerals like
siderite (FeCO3)54 or green rust ([Fe(II)(l_n)Fe—
(111),,(OH),]**(C0,,CL,SO,)"").”> Moreover, because the Fe-
(II) doublet was absent in all ferrihydrite samples, it is plausible
that this spectral feature represents organically complexed
Fe(11).

Ferrihydrite, a well-crystallized lepidocrocite,” the Fh-PGA
coprecipitate, and (un)reacted flocs samples were also
measured through a range of temperatures (S to 77 K) in
order to determine the blocking temperature; a parameter
positively correlated to particle size (SI Figures S8 and S9).
Blocking temperature is defined as the temperature at which
the summed areas of the doublets and sextets in Mdossbauer
spectra are equal. In agreement with the literature,””®
terrihydrite and lepidocrocite possessed blocking temperatures
between 50 and 77 K (Figure S9). In contrast, the Fh-PGA
coprecipitate displayed weak magnetic ordering below 25 K (SI
Figure S8) and a blocking temperature of ~37 K (SI Figure
$9); indicating coprecipitation with OM caused a significant
decrease in ferrihydrite particle size.”® Similarly, the unreacted
5S flocs showed weak magnetic ordering below 25 K (SI Figure
S$8) and exhibited a blocking temperature of ~32 K (SI Figure
S9). Because of the spectral similarities between unreacted SS
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and SL flocs (SI Figure S8) it is assumed floc sample SL also
possessed a similar blocking temperature. Thus, floc Fe
particles are of comparative size to the Fh-PGA coprecipitate,
and are significantly smaller than the pure Fe(III)-(oxyhydr)-
oxides.

Of the Fe(II)-spiked samples, only 5SS flocs reacted with 1.0
mM *"Fe(II) at pH 7 was measured at varying temperatures (SI
Figure S8) and revealed an increase in the blocking temperature
from ~32 to ~39 K (SI Figure S9). These changes may reflect a
shift in the mineralogical composition (Tables 1 and 2) and/or
indicate a larger average mineral particle size after reaction with
Fe(1I).

Influence of OM on Fe(ll)-Catalyzed Fe Atom
Exchange and Mineral Transformations. In freshwater
wetlands, precipitation of Fe(IIl)-(oxyhydr)oxides rarely results
in pure mineral phases. Rather, naturally occurring Fe minerals
are often associated with OM; impeding crystal growth and
mineral-transformation reactions. Although this may imply
inherently larger mineral surface areas available for Fe(II)
adsorption, both the flocs and the Fh-PGA coprecipitate
showed reduced Fe atom exchange and mineral transformation
as compared to pure ferrihydrite, which, at pH 7, underwent
near complete Fe atom exchange and transformed into
crystalline Fe(III)-oxyhydroxides within 7 days even at a low
Fe(II)pi:Feggiq ratio. These results document that carbohy-
drate-rich OM in flocs effectively impairs the Fe(II)-catalyzed
transformation of ferrihydrite, which is consistent with previous
studies.””*%*

Reduced Fe atom exchange and Fe(II)-catalyzed mineral
transformations caused by floc OM and PGA can have several
reasons. First, the adsorption or coprecipitation of OM with
Fe(1I1)-(oxyhydr)oxides could have reduced available sorption
sites for Fe(I).””*” Chen et al.”” argued that at C:Fe molar
ratios >2.8, mineral surface sites and pores of Fh-OM
coprecipitates would be completely blocked, thus preventing
the initial Fe(II) adsorption step preceding Fe atom exchange
and mineral transformations.'*~"” Although Gola di Lago flocs
have similarly high C:Fe molar ratios (2.2—32.7),>* our recent
study on secondary mineralization reactions in the presence of
sulfide suggests that complete surface-site blockage may not
apply to freshwater flocs: Sulfidization of Fe(III)-(oxyhydr)-
oxides proceeds through electron transfer between surface-
complexed sulfide and the Fe(IlI) mineral phase.’® In our
study, sulfidization of floc Fe minerals (S(—Il)spike:Fe(HI) =
0.75—1.62 mol/mol) at pH 7 was rapid (<0.3 days),” indicating
that surface sites of the poorly crystalline floc Fe(II)-
(oxyhydr)oxides were readily accessible to sulfide (and
potentially for Fe(II) as well). Second, Fe(II) could have
been preferentially complexed by carboxyl or carboxy-phenolic
moieties OM,>” reducing the extent of Fe(II) adsorption on
mineral surfaces and hence inhibiting Fe atom exchange and
mineral transformations. This scenario is supported by the
appearance of Fe(Il) doublets in Mdssbauer spectra of Fe(II)-
reacted floc and Fh-PGA samples (Table 2). In fact, the Fe(II)
doublets accounted for 29—190% (x = 140%) of total Fe(II)
added. Discrepancies in the Fe(II) mass balance may be
attributed to large errors in the small Fe(II) abundances
calculated from MGdssbauer spectra fits. Finally, adsorption of
Fe(II) onto Fe(Ill)-(oxyhydr)oxide surfaces could have
resulted in a labile Fe surface layer'”***° which may include
ferrous and ferric Fe.** Iron in this *’Fe-enriched reactive layer
could have desorbed as SFe(I1)** or, in the presence of organic
ligands, as *"Fe(II/II1)-OM complexes,61 thus reducing the net
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Fe atom exchange. The existence of a labile Fe surface layer
vulnerable to ligand-promoted dissolution would also explain
increases in Fe, detected for the OM-containing samples
(Figure 1 and SI Figure S2). This notion is supported by the
lack of Fe,, increases in the controls, where no reactive surface
layer could have formed in the absence of Fe(II).

Environmental Implications. The results of this study
imply that, in environmental systems where solid-solution
equilibria are rapidly attained, carbohydrate-rich OM stabilizes
poorly crystalline Fe(IIl)-(oxyhydr)oxide minerals against
Fe(Il)-catalyzed reductive transformation at circumneutral
pH, which potentially lowers the extent of trace metal(loid)
release. Our findings indicate that the results of similar abiotic
experiments using pure Fe(III)-(oxyhydr)oxides showing a
pronounced effect of Fe(II)-activated trace metal(loid) release
and redistribution®"*>®* may not be transferable to organic-rich
freshwater floc environments, where Fe atom exchange and
mineral transformations are impaired due to partial surface-site
blockage by sorbed OM and/or organic Fe(II) complexation.
The latter implies that the capacity of floc OM to bind aqueous
Fe(1I) exerts an additional important abiotic control on the
Fe(II)-activated trace element release from freshwater flocs.

Freshwater wetlands often undergo frequent and rapid
changes in the redox potential resulting from fluctuating
water tables and shifts in microbial activity.”> For freshwater
flocs existing in such redox-dynamic environments, the results
of this study indicate that short-term (<7 days) exposure of
flocs to Fe(II) pulses does not affect their ability to retain trace
metal(loid)s. Under these conditions, freshwater flocs may still
be considered important sinks for trace elements.
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