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ABSTRACT: In redox-affected soil environments, electron trans-
fer between aqueous Fe(II) and solid-phase Fe(IIl) catalyzes Fe2+
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mineral transformation and recrystallization processes. While these e
processes have been studied extensively as independent systems, /SIS (51
the coexistence of iron minerals is common in nature. Yet it Fe(ll)- 2. Template-
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remains unclear how coexisting goethite influences ferrihydrite
transformation. Here, we reacted ferrihydrite and goethite mixtures
with Fe(Il) for 24 h. Our results demonstrate that with more
goethite initially present in the mixture more ferrihydrite turned
into goethite. We further used stable Fe isotopes to label different
Fe pools and probed ferrihydrite transformation in the presence of
goethite using *’Fe Mdssbauer spectroscopy and changes in the
isotopic composition of solid and aqueous phases. When
ferrihydrite alone underwent Fe(II)-catalyzed transformation, Fe atoms initially in the aqueous phase mostly formed lepidocrocite,
while those from ferrihydrite mostly formed goethite. When goethite was initially present, more goethite was formed from atoms
initially in the aqueous phase, and nanogoethite formed from atoms initially in ferrihydrite. Our results suggest that coexisting
goethite promotes formation of more goethite via Fe(II)—goethite electron transfer and template-directed nucleation and growth.
We further hypothesize that electron transfer onto goethite followed by electron hopping onto ferrihydrite is another possible
pathway to goethite formation. Our findings demonstrate that mineral transformation is strongly influenced by the composition of
soil solid phases.

KEYWORDS: Fe(II)—Fe(I1I) electron transfer, recrystallization, template-directed nucleation, labile Fe(III), electron hopping
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H INTRODUCTION tion/reprecipitation, internal rearrangement within particle
aggregates, and particle-based recrystallization.'® Recent
studies highlight the possible role of a labile Fe(III) species.
According to this hypothesis, the Fe(II) that sorbs onto
ferrihydrite undergoes electron transfer”'” and forms a labile
Fe(IlI) species which is more soluble than the original
ferrihydrite.”' The buildup of labile Fe(III) is thought to be
responsible for accelerated nucleation and growth of
lepidocrocite and goethite via Fe(IIl) dissolution/reprecipita-
tion.”' ~** While the solubility of Fe(III) at circumneutral pH is
very low, in situ transmission electron microscopy studies have
recorded the dissolution of individual ferrihydrite aggregates in
the presence of Fe(II).”"*

For goethite, a thermodynamically more stable mineral than
ferrihydrite, Fe(II)—goethite electron transfer leads to mineral

Ferrihydrite is a short-range ordered iron (Fe) oxyhydroxide
typically formed via Fe(III) hydrolysis and is therefore widely
distributed in soils and sediments." Due to its high specific
surface area, ferrihydrite plays an essential role in biogeochem-
ical cycles, serving as a bioavailable form of Fe(Ill) and a
sorbent phase for nutrients and contaminants.”® Goethite is a
prevalent product of the transformation of ferrihydrite, and due
to its high thermodynamic stability, is one of the most
common iron oxides in soils, being found in both aerobic and
anaerobic soils and sediments."*

Under anoxic conditions, ferrihydrite and goethite can react
with microbially derived aqueous Fe(II), and the reactions of
the Fe(II)—Fe(III) redox couple will catalyze changes in the
minerals. Upon reaction with Fe(Il), ferrihydrite undergoes
Fe(II)—Fe(III) electron transfer’ and exchanges Fe atoms in

the aqueous and solid phase.®” This reaction leads to Fe(II)- Received: May 31, 2022
catalyzed transformations into lepidocrocite, goethite, and Revised:  August 8, 2022
magnetite, depending on Fe(I) concentrations,” pH,'® and Accepted:  August 9, 2022

Published: August 23, 2022

the presence of ligands”®'" or trace elements."””"” Several
mechanisms have been proposed to explain the Fe(Il)-
catalyzed transformation of ferrihydrite, including dissolu-
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recrystallization, with the exchange of Fe atoms between solids
and solution, despite no formation of new mineral
phases.”'¥*%*” Previous works have found that mineral surface
defects can be a driving force for Fe(II)—goethite electron
transfer,”® " and that the accumulation of Fe(II) sorbed onto
the mineral surface might slow the process over time.*** In
addition, Fe(IT)—goethite electron transfer is affected by pH,*
anions,”* and the presence of trace metals.”* While a I})revious
study reported no changes in goethite morphology,'” others
have indicated changes in length to width ratio and
morphology of the recrystallized mineral.>>*® Note that most
studies on the transformation and recrystallization of Fe
minerals at circumneutral pH values have employed MOPS
buffer,'"'**7*®* HEPES buffer,”****' or PIPES buffer.”"**
However, MOPS buffer and HEPES buffer have impacts on
the surface chemistry and, therefore, redox reactions,”” while
PIPES buffer impacts the amount of Fe(Il) released from the
ferrihydrite.21 Nonetheless, Fe mineral transformation and
electron transfer between aqueous Fe(Il) and Fe(IIl) minerals
have been demonstrated in buffered and unbuffered
systems.”"*® Therefore, while the phenomena investigated in
this work can be affected by the choice of buffers, they are not
an artifact of the use of buffers.

While abundant literature describes how ferrihydrite and
goethite react with Fe(II) separately, these minerals are
commonly found together in natural systems,' from Fe-rich
flocs in the wetlands of Iceland,” to agricultural soils in the
Netherlands,”" to forest soils in Russia.** However, little is
known about how coexisting minerals will affect their
transformation in anoxic environments. We hypothesize that
coexisting goethite will affect the Fe(II)-catalyzed trans-
formation of ferrihydrite by providing a template for nucleation
and growth of more goethite. Therefore, we investigated how
and to what extent the coexistence of goethite affects Fe(II)-
catalyzed ferrihydrite transformation and the fate of Fe atoms
in solution and solid phases. We used stable Fe isotopes (**Fe,
S6Fe, ’Fe) to label the Fe atoms from different initial pools
(ferrihydrite, goethite, and Fe(1I)) and probed the reaction
using *’Fe Mossbauer spectroscopy and the isotope
composition of the solid and aqueous phases.

B MATERIAL AND METHODS

Iron Mineral Synthesis. Ferrihydrite and nanometer-sized
goethite were prepared from natural isotope-abundance iron
metal powder ("Fe(0)) or **Fe(0) metal powder (Isoflex,
99.5% isotope purity). The synthesis started from zerovalent
iron (Fe(0)) as opposed to commonly used Fe salts to allow
for the use of commercially available isotope-labeled Fe(0). A
similar a})proach has been used to synthesize ferrihydrite,’
goethite,”” magnetite,"* and hematite.”> For the synthesis of
ferrihydrite, 300 mg of Fe(0) was dissolved in 30 mL of 2 M
HCl (Normatom) to obtain an Fe(II) stock solution. This
solution was then oxidized with excess H,0, (35%, Merck)
and subsequently filtered (0.22 pm, nylon, BGB). Then the pH
of the Fe(Ill) solution was raised to pH 7—8 by dropwise
adding 1 M KOH (MQS00, Merck) under constant stirring.
Goethite was synthesized using a protocol adapted from
Cwiertny and collaborators.”” Briefly, an Fe(II) solution was
prepared by dissolving 250 mg of Fe(0) in 50 mL of 0.2 M
HCl. This solution was oxidized with excess H,O, and
subsequently filtered (0.22 ym, nylon, BGB). The pH of the
Fe(I1I) solution was then adjusted to 1.9 by dropwise adding 1
M KOH under constant stirring. Then, using a peristaltic

pump at a flow of 5 mL min~', 89 mL of a 60 mM sodium
bicarbonate solution (Merck) was added to the Fe(III)
suspension to achieve a final pH of 2.7. The resulting
suspension was placed in closed Nalgene bottles, boiled
using a microwave (800 W, ~S min), and immediately cooled
to room temperature using an ice—water bath. The suspension
was purified via dialysis (Spectrum Spectra, 3500 Da MWCO)
for 3 days against ultrapure water (UPW, Milli-Q, Millipore,
182 MQ-cm), which was replaced 3 times per day. The
solution was then added to a Nalgene bottle, and the pH was
raised to 13 by dropwise adding 5 M KOH under constant
stirring. Finally, the bottle was closed and placed in an oven at
90 °C for 24 h.

After the synthesis of ferrihydrite and goethite, the resulting
precipitates were centrifuged at 3500¢ for 25 min and washed
with UPW multiple times until the conductivity was <100 uS
cm™". Then the washed solids were resuspended in SO mL of
UPW. The suspensions were shock-frozen by dropwise
injection into liquid N,, freeze-dried, gently homogenized
with a mortar and pestle, and stored in brown glass bottles in a
desiccator until use. We synthesized ferrihydrite and goethite
from NAFe(0) and *°Fe(0) (here referred to as NAFh, °Fh,
NAGt, and *Gt), and X-ray diffraction (XRD) patterns
confirmed that ferrihydrite or goethite were the only mineral
phases formed (Figure S1). The specific surface area of the
products was determined by multipoint N,-BET analysis
(Quantachrome) after 15 h of outgassing at 120 °C and was
found to be 263 m*> ¢! for “Fe and 62 m* g~' for M Gt. The
mineral isotopic compositions were determined as described
below and are listed in Table S1.

Experimental Setup. All experiments were carried out in a
glovebox under anoxic conditions (N, atmosphere, <5 ppm of
0,), and all solutions were purged for at least 2 h with N,
(99.99% purity) prior to transfer into the glovebox. To prepare
the Fe(1I) spike solution, Fe(II) stock solutions were prepared
by dissolving 89 mg of “Fe(0) in 4.5 mL of 1 M HCI
overnight. The resulting solution was filtered (0.22 ym, nylon,
BGB) to remove residual Fe(0) and diluted to 15 mL with
UPW.

In this study, we considered it crucial to avoid pH drifts to
allow us to isolate the effect of the coexistence of goethite.
Therefore, we chose to work with a MOPS buffer, which allows
a direct comparison with similar studies."”'**”*® While our
results might be slightly affected by the use of MOPS, the fact
that all reactions were conducted using the same buffer allows
us to evaluate the effect of the coexistence of goethite in the
transformation of ferrihydrite. Batch reactors were prepared in
50 mL crimp septum vials containing 45 mL of 50 mM MOPS
(3-(N-morpholino)propanesulfonic acid) buffer adjusted to
pH 7.0 = 0.0S spiked with aliquots the Fe(II) stock solution to
reach an initial concentration of 1 mM Fe(II). The initial
concentration was confirmed using the 1,10-phenanthroline
method*® and is reported in Table S2.

The reaction was started by adding the desired Fe
mineral(s) to reach a concentration of 10 mM of Fe(IIl) in
the reactors and obtain an Fe(Il):Fe(Ill) ratio of 1:10. The
minerals in the reactors were natural isotope-abundance
ferrihydrite (N*Fh), goethite (Y*Gt), or a mixture of both.
The mixtures were prepared so that the percentages of Fe(III)
coming from goethite were §, 10, 15, 30, 40, 50, 60, or 70%.
Reactors were crimp-sealed and placed on an orbital shaker at
~23 °C in the absence of light. After 24 h, the bottles were
manually shaken and opened, and all contents were filtered

https://doi.org/10.1021/acs.est.2c03925
Environ. Sci. Technol. 2022, 56, 12723—12733


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03925/suppl_file/es2c03925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03925/suppl_file/es2c03925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03925/suppl_file/es2c03925_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c03925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

using a syringe filter (0.22 pm, MCE membrane, MF-
Millipore) and acidified to a concentration of 0.1 M HCI
using 1 M HCI for subsequent Fe(II) and total Fe analysis
using the phenanthroline method.

The solids collected on the filter were rinsed with 20 mL of
degassed UPW and then dried in the glovebox until analysis
with XRD. Duplicates were analyzed separately.

In our mineral mixture experiments, the ratio of ferrihydrite
to goethite changed. Since ferrihydrite has a specific surface
area considerably larger than goethite, there was a significant
reduction of the overall specific surface area and possible
higher sorption density of Fe(II) in experiments with smaller
fractions of ferrihydrite. To investigate whether our results
were influenced by a higher sorption density of Fe(II) onto
ferrihydrite, we additionally prepared duplicate reactors
comprising only ferrihydrite in which S mM of Fe(III) coming
from ferrihydrite was reacted with 1 mM Fe(II), resulting in a
higher Fe(II):Fe(IlI) ratio (1:5) than in the experiments
described above (1:10 Fe(II):Fe(IIl) ratio). Other than the
Fe(11):Fe(IIl) ratio, all other experimental conditions were
kept constant.

Isotope Tracer Experiments. For a deeper understanding
of ferrihydrite transformation in the presence of goethite, we
employed an isotope tracer experiment in which ferrihydrite,
goethite, and the aqueous Fe(II) were each labeled with
different stable Fe isotopes (i.e., **Fe, °Fe, and “’Fe). The
isotopes were chosen so that exclusively one phase contained
’Fe atoms in each reaction. We then used *’Fe Mdssbauer
spectroscopy to analyze the solid phase, providing a unique
snapshot of the fate of the *’Fe atoms that originated as either
ferrihydrite, goethite, or aqueous Fe(1I). That, combined with
the analyses of the isotopic composition of the aqueous phase
and dissolved solids described below and XRD of the bulk
solids, enabled us to gather information on how each of the Fe
pools contributed to the overall reaction.

For the isotope tracer experiments, Fe(Il) stock solutions for
spiking were synthesized with the procedure described above,
but with the >*Fe isotope (Isoflex, 99.7% isotope purity) or
’Fe isotope (Isoflex, 95.5% isotope purity). Reactions of
Fe(Il) with ferrihydrite or a 1:1 mixture of ferrihydrite and
goethite (Fe(II)/Fe(III) ratio of 1:10) were repeated using a
combination of isotope-labeled Fe(Il) and minerals (details in
Table S2). When we were following the *’Fe from goethite or
ferrihydrite, we used “Fh or MGt (~2.3% *’Fe, Table S1).
However, since naturally abundant Fe also contains high
concentrations of **Fe (~92% 56Fe), we used >*Fe(II) to trace
Fe atoms originating in the aqueous phase. The use of **Fe(II)
ensured that, in addition to tracing the *’Fe in the solid phases
using Mossbauer spectroscopy, we could also trace iron atoms
initially in the aqueous Fe(II) and evaluate whether the system
was moving toward complete isotope mixing between the solid
and solution phases. All other experimental conditions
described above were maintained. Experiments were run in
duplicate. Fe(II) concentrations in the aqueous phase samples
were analyzed using the 1,10-phenanthroline method,*® and
their Fe isotopic composition was determined via inductively
coupled plasma-mass spectrometry (ICP-MS, Agilent 8800
Triple Quad) in reaction cell mode with an H,(y) flow rate of 7
mL min~' to remove argide polyatomic interferences after
diluting the samples to 50 ppb Fe, using previously established
methods."® Fe isotopic composition results are reported as f
*Fe, being the counts of the isotope X divided by the sum of

the counts of isotopes >*Fe, S6Fe, S"Fe, and >®Fe. The solid
phases of the duplicates were combined for "Fe Mdssbauer
spectroscopy by collecting ~30 mg of solids from each
duplicate on a filter membrane (0.22 pm, MCE membrane,
MEF-Millipore). The remaining solids from each duplicate were
collected, rinsed with UPW, dried, and then combined for
XRD analysis and determination of Fe isotopic composition
after the solids were dissolved in 6 M HCL

Electron Microscopy. The morphology of unreacted and
reacted ferrihydrite, goethite, and a 1:1 mixture of both
minerals were imaged with scanning transmission electron
microscopy (STEM, HD2700Cs, Hitachi). For these analyses,
~2 mg of the washed solid phase was taken outside the
glovebox, resuspended in 10 yL of UPW, drop-deposited onto
a 200 mesh Cu grid coated with a holey C-coated support film
(SPI supplies), and analyzed within 2 days. The microscope
was operated at an acceleration voltage of 200 kV, and the
signal of the secondary electron detector was used for image
formation.

X-ray Diffraction and Quantitative Phase Analysis.
Quantitative mineral phase analysis was performed by powder
X-ray diffraction (XRD, D8 Advance, Bruker) using the
Rietveld method. Samples were prepared in the glovebox by
resuspending ~4 mg dried sample material in ethanol (~40
uL, Merck) and pipetting it onto a zero-background polished
silicon wafer (Sil'tronix Silicon Technologies, France). The
samples were measured in ambient air 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). Diffractograms were recorded from 10 to 70° 26
with a step size of 0.02° 26 and 10 s acquisition time per step.
Rietveld quantitative phase analysis (QPA) was used to
determine the relative contributions of mineral phases in
diffraction patterns using TOPAS software (Version S, Bruker
AXS). Crystallite size was reported as the LVol-IB calculated in
the TOPAS software. We included 2-line ferrihydrite as a
mass-calibrated PONKCS (Partial Or No Known Crystal
Structure) phase, as in some previous works.”'! In order to
check that both ferrihydrite and goethite were quantifiable in
mixtures based on the XRD patterns, we produced a series of
goethite/ferrihydrite mixtures and quantified the individual
mineral fractions based on XRD spectra using our fitting
procedure (PONKCS method).*” The absolute error between
expected and fitted mineral fractions in these samples was
~12% (Figures S2 and S3). Therefore, differences smaller than
that may be caused by uncertainties related to the fitting
procedure rather than differences in the mineral fractions. We
are aware that our goethite/ferrihydrite mixtures lack the
complexity of the experimental samples to some extent,
possibly resulting in higher uncertainties of the calculated
minerals fractions of the experimental samples compared to
our synthetic mixtures. Therefore, in addition to the mineral
fractions obtained from fitting the XRD data using the
PONKCS method, we also use trends observed over several
samples to interpret our data.

>’Fe Méssbauer Spectroscopy. Solid samples were
analyzed with Mossbauer spectroscopy at 77 and 42 K
Samples were prepared inside the glovebox by collecting solids
on a filter membrane (0.22 ym, MCE membrane, MF-
Millipore, @ = 13 mm) and sealing it between two pieces of
Kapton tape. We collected spectra in transmission mode using
a constant acceleration drive system and a %’Co source in a
standard setup (WissEl, Wissenschaftliche Elektronik GmbH)
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equipped with a closed-cycle cryostat (SHI-850, Janis Research
Co.). The spectra were quantitatively interpreted using the
software Recoil (University of Ottawa, Canada) by applying an
extended Voigt-based fitting routine.”* The velocity scale was
calibrated using a 7 pm thick a-Fe(0) at room temperature.
The half-width at half-maximum was fixed to 0.135 mm s},
the value of the inner line broadening of the calibration foil.

B RESULTS AND DISCUSSION

Transformation of Ferrihydrite in the Absence or
Presence of Goethite. To evaluate the influence of goethite
on the transformation of ferrihydrite, we reacted ferrihydrite,
goethite, or a 1:1 mixture of ferrihydrite and goethite with
aqueous Fe(II). Quantitative XRD analysis showed that, after
24 h reaction with Fe(II), ferrihydrite was transformed to a
mixture of ~59% ferrihydrite, ~22% goethite, and ~19%
lepidocrocite (Figure 1a). In contrast, no mineral trans-
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Figure 1. Rietveld quantitative phase analyses (QPA) for samples of
(a) ferrihydrite, (b) goethite, or (c) a 1:1 mixture of ferrihydrite and
goethite reacted with 1 mM Fe(II) for 24 h. Black lines show the
measured XRD pattern, green lines show the Rietveld fit, lower gray
line indicates model misfits, and dashed black lines show the
background. Duplicates shown in Figure S4, data in Table S3.
Abbreviations: Fh = ferrihydrite, Gt = goethite, and Lp =
lepidocrocite.

formation or changes in the crystallite size were observed when
goethite was reacted with Fe(1I) (Figure 1b, Table S3). Based
on these results, and assuming that the presence of goethite
does not influence the transformation of ferrihydrite, one
would expect that a 1:1 mixture of ferrihydrite and goethite
would transform into ~30% ferrihydrite, ~61% goethite, and
~9% lepidocrocite. However, our experiment showed that this
mixture transformed into ~2% ferrihydrite, ~ 91% goethite,
and ~8% lepidocrocite (Figure lc), suggesting that the
presence of goethite promoted the transformation of
ferrihydrite to goethite. Interestingly, the goethite formed via
transformation of ferrihydrite in the pure ferrihydrite system
had a larger estimated crystallite size (LVol-IB) than those of

pure goethite that underwent recrystallization (Table S3). For
the mixture of ferrihydrite and goethite, the interpretation of
the crystallite size of reacted minerals is challenging because
the initial goethite added to the systems accounts for a
substantial mass of the final goethite and likely masks any
changes.

To further investigate the influence of goethite on the
transformation of ferrihydrite, we additionally reacted Fe(II)
with mixtures of ferrihydrite and goethite in which the
percentage of Fe(IlI) coming from goethite represented S,
10, 15, 30, 40, 60, and 70%. The final mineral composition of
the 24 h Fe(1I)-reacted mineral mixtures is shown in Figure 2
(additional data in Figure S4 and Table S3), along with a “no-
effect line” that illustrates expected contributions of trans-
formation products assuming that the presence of goethite
does not influence the transformation of ferrihydrite.
Comparison between the observed data and the no-effect
line revealed that for lepidocrocite measured data matched
with the no-effect line. However, the transformation of
ferrihydrite to goethite was promoted by the presence of
goethite initially in the mixtures. This effect was clearly evident
when the initial fraction of goethite was greater than 10%,
suggesting that even small amounts of coexisting goethite can
influence ferrihydrite transformation. While the quantification
of low crystallinity phases using XRD is challenging, the
differences between the “no-effect line” and the fitted values
are much greater than the ~12% absolute error between
expected and fitted values calculated in the quality control of
the fits in this work (Figure S2) and similar work."
Calculations of the percentage of ferrihydrite in the initial
mixtures that was transformed into goethite within 24 h
(Figure 2d) showed that the more goethite that was initially
present, the more ferrihydrite was transformed into goethite.

To test if the promoted formation of goethite resulted from
a higher Fe(II) sorption density on the surface of ferrihydrite
in mixtures with goethite (Figure S5), we additionally reacted
pure ferrihydrite with aqueous Fe(II) at an Fe(1I):Fe(III) ratio
of 1:5 (compared to 1:10 in previous experiments). Despite
the higher Fe(II) availability for sorption to ferrihydrite, similar
net Fe(I) sorption density was observed (Table S2), and the
24 h reacted mineral phase comprised ~53% ferrihydrite,
~21% goethite, and ~26% lepidocrocite (Figure S6). These
results are similar to those observed with pure ferrihydrite at a
ratio of 1:10 (Figure la), with slightly more lepidocrocite
formation in the reaction with 1:5 ratio. However, the higher
Fe(II):Fe(III) ratio did not lead to the formation of more
goethite. Therefore, the promoted formation of goethite in the
mixtures was likely not caused by differences in the Fe(II)
sorption density of ferrihydrite.

Morphology of the Transformation Products. Selected
secondary electron (SE) images of the mineral phases before
and after 24 h reaction with Fe(II) are shown in Figure 3.
Additional images are provided in Figure S7. Unreacted
ferrihydrite consisted of dense aggregates of ~0.4 um (Figure
3a). Unreacted goethite (Figure 3c) formed microrods with
~0.5—1 pum length, similar to those synthesized by Cwiertny et
al."* In the unreacted mixture of the minerals, ferrihydrite
aggregates and goethite rods can be clearly distinguished, and
both phases appeared in close contact with each other (Figure
3e).

Ferrihydrite reacted with Fe(II) was dominated by
lepidocrocite platelets, star-like clusters of microrods forming
radial twins representing goethite,” and small aggregates of
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Figure 2. Mineral phase contributions for solids after 24 h reaction of Fe(II) with mixtures of ferrihydrite and goethite at different proportions.
Panels a—c represent the effect in ferrihydrite, goethite, and lepidocrocite, respectively. Each marker corresponds to a different duplicate, and
dashed lines represent the expected calculated values (no-effect lines). Panel d displays the percentage of ferrihydrite transformed into goethite
when mixtures of ferrihydrite and goethite at different proportions reacted with 1 mM Fe(II) for 24 h. Note that the percentage of goethite in the x-
axis is expressed in mass, according to values of Table S2. Abbreviations: Fh = ferrihydrite, Gt = goethite, and Lp = lepidocrocite.

ferrihydrite (Figures 3b and S7a), confirming the XRD findings
of goethite and lepidocrocite as transformation products. In
agreement with literature,'” Fe(II)-reacted goethite did not
display any substantial changes in morphology (Figures 3d and
S7b). For the 1:1 mixture of ferrihydrite and goethite, the
morphological changes upon reaction with Fe(II) are similar to
the ones observed for ferrihydrite, with lepidocrocite platelets ,
star-like clusters of microrods forming radial twins representing
goethite, and small aggregates of ferrihydrite (Figures 3f and
S7¢). In addition, SE images of the reacted mixture also
revealed the abundance of goethite microrods (Figure S7c¢),
including some large goethite rods near lepidocrocite and
ferrihydrite (Figure 3f). However, through SE images alone, we
cannot distinguish the goethite initially added to the reactor
from the goethite newly formed by transformation of
terrihydrite. Moreover, we did not image or measure enough
minerals to be able to make any statistically relevant claims
regarding changes in the size of the particles.

In summary, the SE images of the mineral phases after 24 h
reaction confirm the formation of goethite and lepidocrocite.
They also indicate remaining ferrihydrite in samples of
ferrihydrite and the 1:1 mixture of ferrihydrite and goethite
reacted with Fe(II). Additionally, the results from STEM
analyses demonstrated that the morphology of the phases
formed upon reaction of ferrihydrite with Fe(II) are also
formed in the 1:1 mixture of ferrihydrite and goethite reacted
with Fe(II).

Understanding Transformation Pathways by Tracing
Fe Pool Dynamics. For a deeper understanding of the
mechanism of Fe(II)-catalyzed transformation of ferrihydrite

12727

in the presence of goethite, we repeated selected experiments
and labeled the different Fe pools with different Fe isotopes. In
each reaction, one phase (aqueous Fe(Il), ferrihydrite, or
goethite) was highly enriched in ’Fe atoms (>95%).
Therefore, mostly atoms originally in that phase are visible
in the Mo0ssbauer spectra of the reacted solids. The 42 K
Mossbauer spectra of solids resulting from the reaction of
ferrihydrite with Fe(II) are presented in Figure 4a,b, and the
ones from the reaction of 1:1 mixture of ferrihydrite and
goethite with Fe(Il) are presented in Figure 4c—e.

For the reaction of aqueous Fe(II) with ferrihydrite alone,
when the “"Fe Mdssbauer-active atoms were initially in the
aqueous Fe(II), more than 95% of the signal registered in the
Mossbauer spectrum came from atoms originally in the
aqueous phase that were then incorporated into or adsorbed
onto the solid phase (Figure 4a). The spectrum of the reacted
solids collected at 4.2 K revealed two prominent sextets with
parameters compatible with goethite (CS = 0.49 mm s, QS =
—0.08 mm s}, and H = 50.6 T)*>** and lepidocrocite (CS =
0.43 mm s}, QS = 0.01 mm s, and H = 44.7 T).*** Most
features of the spectra could be reasonably fit with only those
two phases (Fit 2, Figure S8 and Table S4), but since XRD
patterns and EM images suggested the presence of ferrihydrite,
we added a third sextet corresponding to ferrihydrite (Fit 1,
Table S4). However, it is possible that the ferrihydrite seen
using XRD and EM is not from the pool labeled with *’Fe;
therefore, we presented both fits. Since ferrihydrite and
nanogoethite are challenging to differentiate using Mdssbauer
spectroscopy at 42 K, we fixed the parameters of the
ferrihydrite sextet to match our initial synthesized ferrihydrite
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Figure 3. Secondary electron (SE) images of ferrihydrite, goethite,
and mixture of ferrihydrite and goethite before (a, c, e, respectively)
and after (b, d, f, respectively) reaction with 1 mM Fe(Il) for 24 h.
Arrows indicate goethite microrods (1), lepidocrocite platelets (2),
aggregates of residual ferrihydrite (3), and large goethite rods (4).

(CS=0.5mms™, QS =—0.01 mm s, and H = 48.5 T) and
only fitted the spectral area. To summarize the results, when
Fe(II) reacts with ferrihydrite, the iron atoms originally at the
aqueous phase formed 6% ferrihydrite, 14% goethite, and 80%
lepidocrocite (Figure 4a). In contrast, when the *’Fe atoms
originated from ferrihydrite (>99% of the signal), 13%
remained as ferrihydrite, 68% formed goethite, and 19%
formed lepidocrocite (Figure 4b). The Mossbauer spectra
collected at 77 K are presented in Figures S9 and, for the
sample where the ’Fe came from aqueous Fe(II) or
ferrihydrite, presented a goethite sextet, a paramagnetic Fe(III)
doublet, likely to be a mixture of ferrihydrite and lepidocrocite,
in addition to a small collapsed feature, likely to be
lepidocrocite undergoing magnetic ordering,"***>

For the reaction of *’Fe(II) with a mixture of ferrihydrite
and goethite, more than 95% of the signal of the 42 K
Mossbauer spectra came from atoms originally in the aqueous
phase that are now incorporated into or adsorbed onto the
solid phase (Figure 4c). The atoms originally in the aqueous
phase sorb to the solid phases and undergo electron transfer,
forming in the solid phase 11% ferrihydrite, 31% goethite, and
57% lepidocrocite, in addition to 1% adsorbed Fe(II) (fitting
parameters are detailed in Table S4). When the *’Fe atoms

were initially in ferrihydrite (>99% of the signal), the
Mossbauer spectrum revealed the presence of the same Fe
phases, with 9% of *’Fe atoms remaining as ferrihydrite, 64%
transformed into goethite, and 27% into lepidocrocite (Figure
4d). When the *"Fe atoms were initially in goethite (>99% of
the signal), most *’Fe atoms remained as goethite, with the
formation of 2% lepidocrocite (Figure 4e). The 77 K spectra of
the samples containing *’Fe initially in the aqueous phase or in
ferrihydrite revealed a goethite sextet and a paramagnetic
Fe(IlI) doublet, likely to be a mixture of ferrihydrite and
lepidocrocite. Additionally, they contained a prominent
collapsed sextet that possibly contains not only lepidocrocite
but also a feature that orders into goethite parameters, likely to
be nanogoethite or goethite with low crystallinity. For the
sample containing *’Fe initially in goethite, the 77 K spectrum
was dominated by a goethite sextet with a small paramagnetic
Fe(1II) doublet of lepidocrocite.

To confirm that our results from the isotope tracer
experiments were not affected by the use of minerals from
different batches (which may have differed slightly in
crystallinity, Figure S1), we also analyzed the solid phases
with XRD (Figure S10). For ferrihydrite reacted with Fe(II)
(average of two experiments), the transformation products
comprised 54% ferrihydrite (standard deviation (SD) = 11),
13% (SD = 6) goethite, and 33% (SD = 17) lepidocrocite
(compared to 59%, 22%, and 19%, respectively, for unlabeled
experiments). The transformation products for the reactions of
1:1 mixture of ferrihydrite and goethite with Fe(II) (average of
3 experiments) comprised of 7% (SD = 9) ferrihydrite, 75%
(SD = 12) goethite, and 18% (SD = 6) lepidocrocite
(compared to 2%, 91%, and 8%, respectively, for unlabeled
experiments). Despite the notable batch-to-batch differences,
the overall conclusions remain the same as in our unlabeled
experiment: when goethite is coexisting, more ferrihydrite
turns into goethite.

To learn more about the fate of the Fe atoms in the aqueous
and solid phases, we analyzed the Fe isotopic composition of
the aqueous and solid phases before and after the reaction.
Independent of the isotopes used, all systems moved toward
isotopic mixing in 24 h reactions (Table S6 and Figure S11).
While our data is limited to initial isotopic composition and
one time point at 24 h, a closer look into the isotope data
suggests that the main isotope used to trace the aqueous phase
(either **Fe or *"Fe) seems to have been incorporated into the
solid phases to a greater extent in the mixture of ferrihydrite
and goethite than in ferrihydrite by itself. Such an idea seems
counterintuitive since goethite has a slower rate of Fe(II)—
Fe(IlI) electron transfer than ferrihydrite.%”***** Tt is
possible that in the presence of goethite, more atoms form
goethite, a mineral that likely has a slower turnover of its atoms
through following rounds of Fe(II)—Fe(III) electron transfer.

Mechanism of Ferrihydrite Transformation. Character-
ization of Fe(II)-reacted ferrihydrite suggests that the mineral
undergoes Fe(II)-catalyzed transformation and partially trans-
forms into goethite and lepidocrocite in a 24 h reaction (Figure
1) as previously observed.””'"'**"*3 Previous works have
investigated Fe(II)-catalyzed ferrihydrite transformation with-
out the use of Fe isotopes as tracers or have used Mossbauer
spectroscopy to observe either the aqueous phase’ or the solid
phase.””" However, our approach of alternating the Fe pool
containing the Mossbauer-active *’Fe allowed us to further
demonstrate that the atoms initially in the Fe(II) solution
mostly form lepidocrocite (Figure 4a), while the atoms initially
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Figure 4. Mossbauer spectra of ferrihydrite (a and b) or a mixture of ferrihydrite and goethite (c—e) reacted with Fe(II). The phase highlighted in
red is the phase that originally contained the *’Fe atoms. The spectra were collected at 4.2 K. Abbreviations: Fh = ferrihydrite, Gt = goethite, and
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in ferrihydrite mainly transform into goethite in 24 h (Figure
4b). We propose that the aqueous Fe(II) atoms that first sorb
to ferrihydrite undergo Fe(II)—Fe(III) electron transfer,
possibly inducing the growth of labile Fe(III),*'™>* which,
under our experimental conditions, leads to the nucleation and
growth of lepidocrocite. This mechanism is in alignment with
frequent reports of lepidocrocite being the first mineral
product observed during ferrihydrite transformation and with
the recent microscopic evidence of a quasi-2D nanosheet of
lepidocrocite that contours ferrihydrite during Fe(II)-catalyzed
transformation.”

As for the Fe atoms from ferrihydrite preferentially forming
goethite, previous works””® and our EM images suggest that
goethite precipitates were dominantly observed radiating
outward from ferrihydrite aggregates (Figure 3b). We
hypothesize that the constant reduction of Fe atoms from
ferrihydrite caused by Fe(II)—Fe(III) electron transfer leads to
a reorganization of Fe(IIl) in ferrihydrite at the atomic level
that favors the formation of goethite nucleation sites.
Alternatively, goethite formation may occur mostly in later
stages of the experiment, when most of the Fe(II) initially in
solution has already been oxidized to Fe(III) and incorporated
into lepidocrocite, and Fe(II) in solution is then dominated by
Fe atoms initially in ferrihydrite. Evidence of enrichment of the
aqueous phase with Fe atoms initially in the solid phase has
been previously reported.” Our isotope data is limited to a
single time point at 24 h, when substantial isotope mixing has
happened. Nonetheless, our results strongly suggest that the
nature of the nucleation and growth of lepidocrocite and
goethite lie in different mechanisms. The observation that Fe
atoms from different Fe pools can preferentially form specific
transformation products is a new finding that was only allowed

due to our approach of alternating the Fe pool containing the
Mossbauer-active *"Fe.

Mechanism of Goethite Influence on Ferrihydrite
Transformation. When pure goethite reacted with Fe(II) for
24 h, we observed no signs of mineral transformation (Figure
la). These results were expected since crystalline minerals
undergo Fe(Il)-catalyzed recrystallization, with evidence of
mixing between the atoms in the aqueous and solid phase but
no mineral transformation.”®*'~>* For the 1:1 mixture of
ferrihydrite and goethite reacted with Fe(II), we again
observed the overall trend in which atoms from the aqueous
phase mostly formed lepidocrocite while atoms from
ferrihydrite formed goethite. However, a closer look at the
data reveals that having goethite as a coexisting mineral adds or
facilitates some mechanisms for mineral transformation.

The first mechanism is the formation of more goethite from
the atoms initially in the aqueous phase. Our Mossbauer data
shows that, in the absence of goethite, 14% of the iron atoms
originating from the aqueous phase formed goethite, compared
to 31% in the presence of goethite in the 1:1 mineral mixture
(Figure 4). The enhanced formation of goethite from atoms in
the aqueous phase in part results from the Fe(II)-goethite
electron transfer of the atoms that sorbed onto goethite rather
than ferrihydrite surfaces. In addition to the M0ssbauer data,
the isotopic composition of our isotope tracer experiment
confirmed that Fe isotopes initially in goethite were found in
the aqueous phase after 24 h, confirming that goethite
recrystallization happened in the presence of ferrihy-
drite."”**** This is in agreement with several previous studies
that have reported the formation of goethite from Fe(II) atoms
that sorb onto goethite,”*>**"3*

The second and more intricate mechanism of goethite
influence was observed with the atoms originally in
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ferrihydrite. While the Mossbauer spectra collected at 4.2 K
revealed that atoms initially in ferrihydrite transformed into
similar amounts of goethite and lepidocrocite for the reactions
in the presence or the absence of goethite (Figure 4d,b,
respectively), the 77 K spectrum of the mineral mixture
presented a large collapsed feature that was not a major
component of the fits of the samples of ferrihydrite or goethite
alone (Figure S9d,e). Such a collapsed sextet at 77 K that
orders into %oethite parameters at 4.2 K is likely to be
nanogoethite.‘7 Therefore, in the presence of goethite, atoms
originally from ferrihydrite formed low-crystallinity goethite.

A current hypothesis to explain Fe(Il)-catalyzed reduction of
Fh is based on the formation of a labile Fe(III) that is more
soluble than Fe(III) in ferrihydrite.u’m’zs’58 Building on this
hypothesis, a possible explanation for the enhanced formation
of goethite with low crystallinity in the presence of goethite
reported in this study is that some of the labile Fe(III) was in
close contact with the coexisting goethite, which serves as a
readily available template for nanogoethite via template-
directed nucleation. A similar mechanism was recently
proposed to explain the formation of different end products
from Fe(Il)-catalyzed transformation of lepidocrocite in the
presence of goethite.”® In the Fe(II)-catalyzed transformation
of ferrihydrite, the formation of a goethite nucleation site is an
important step to drive the growth of transformation
products,”*>>® but in the presence of coexisting goethite, the
nucleation site is readily available and thus may accelerate the
transformation of ferrihydrite into goethite. The formation of
nanogoethite in the presence of coexisting goethite suggests
this transformation pathway has thermodynamic advantages
compared to the formation of goethite seen in systems of pure
ferrihydrite, possibly due to size-driven thermodynamic
differences among iron oxide phases.>”

A third possible mechanism is that the oxidation of Fe(1I) at
the goethite surface might lead to electron transfer and
hopping from goethite to closely associated ferrihydrite,
leading to the accelerated dissolution of the ferrihydrite.
While we have no direct evidence to prove this mechanism,
electron hopping within ferrihydrite nanoparticles has been
demonstrated,”’ and the proximity between ferrihydrite and
goethite in our EM images supports such a hypothesis. This
mechanism could explain why ferrihydrite exhibits accelerated
dissolution to form more goethite in the presence of coexisting
goethite. This would also explain the growth of goethite once
goethite nucleation has occurred in systems of pure ferrihydrite
reacted with Fe(II).

Environmental Implications. Our experiments demon-
strated that the coexistence of goethite during Fe(II)-catalyzed
transformation of ferrihydrite led to more transformation of
ferrihydrite into goethite within a 24 h reaction time, likely
through multiple mechanisms. The first mechanism is through
the oxidation of Fe(II) at the surface of goethite instead of
ferrihydrite, where the pre-existing goethite serves as a
template for crystal growth. The second mechanism is
template-directed nucleation and growth, in which labile
Fe(IlI) formed via Fe(II)—Fe(III) electron transfer on
ferrihydrite used the coexisting goethite as a readily available
template for goethite nucleation and growth. We further
hypothesize a third mechanism in which electrons transferred
to goethite via oxidation of Fe(II) could undergo electron
hopping to ferrihydrite, leading to the reductive dissolution of
the latter phase. The produced aqueous Fe(II), which was
initially in ferrihydrite, could then be oxidized again by

goethite, thus feeding the growth of goethite crystals.
Independent of the mechanism, soils and sediments likely
contain multiple phases that influence each other’s trans-
formation pathways, especially in redox dynamic systems.

Quantifying how much the coexistence of goethite affects or
accelerates the transformation of ferrihydrite is a challenging
task. XRD suggests that, in a 24 h reaction with Fe(Il), a 1:1
mixture of ferrihydrite and goethite have almost no ferrihydrite
left, while for ferrihydrite itself, around 60% ferrihydrite would
still be untransformed. While quantifying low crystallinity
phases such as ferrihydrite and nanogoethite is challenging
using XRD, such differences in ferrihydrite percentage are well
beyond the associated errors. With Mossbauer spectroscopy,
we learned that in the presence of goethite nanogoethite is
formed, which is likely a more reactive and better sorbent
phase than crystalline goethite formed via the transformation
of ferrihydrite alone. By isolating each one of the Fe pools, our
isotope tracer experiments demonstrated that upon reaction
with Fe(II), the atoms originally in ferrihydrite mostly form
goethite. In contrast, the atoms initially in the aqueous phase
mostly form lepidocrocite. These results suggest that the
mechanisms for goethite or lepidocrocite formation are likely
different and depend not only on the supersaturation of the
labile Fe(IIl) phase.”> Additionally, the fate of the Fe atoms
differs depending on the origin of the Fe atom (e.g., aqueous
versus ferrihydrite versus goethite). Combined with the
influence that coexisting Fe minerals have on overall
transformation products, these factors will have critical
importance for our understanding of the mechanisms that
govern Fe(II)-catalyzed transformation of ferrihydrite and may
further enhance our understanding of the release or
sequestration of trace metals from Fe(IIl) minerals upon
exposure to Fe(II).

The notion that coexisting minerals can drive mineral
transformations into forming more of the same minerals might
help explain the prevalence of goethite in soils and sediments,
including records of goethite in younger redox dynamic
soils.”"® From another perspective, ferrihydrite also changes
the recrystallization of goethite, leading to the formation of
nanogoethite, which is likely more reactive than goethite that
underwent recrystallization by itself. Independent of the
mechanism or nucleation pathway, the results of this study
show that mineral transformations in natural soils and
sediments, which contain multiple phases, are likely to be
influenced by one another, especially in redox dynamic
environments. Follow-up research should investigate if
coexisting Fe minerals will affect the transformation of
ferrihydrite in a soil matrix when an assemblage of particles
is present.

Our findings might also be significant for the use of
ferrihydrite in environmental applications. Ferrihydrite has
been used in sand filters for the removals of arsenic from
groundwater,so’51 and it is also a common byproduct of
permeable reactive barriers of zerovalent Fe.”> When those
filters and permeable reactive barriers are exposed to redox
changes, the presence of goethite in the surrounding soils and
materials might accelerate the transformation of ferrihydrite
into goethite, possibly leading to a decrease in sorption
capacity and reactivity. Future research should focus on the
interface of ferrihydrite and soils to assess whether coexisting
minerals affect ferrihydrite stability.
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