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The reaction of aqueous Fe(ll) with Fe(lll) oxides is a complex
process, comprising sorption, electron transfer, and in

some cases, reductive dissolution and transformation to
secondary minerals. To better understand the dynamics of
these reactions, we measured the extent and rate of Fe isotope
exchange between aqueous Fe(ll) and goethite using a ¥Fe
isotope tracer approach. We observed near-complete exchange
of Fe atoms between the aqueous phase and goethite
nanorods over a 30-day time period. Despite direct isotopic
evidence for extensive mixing between the aqueous and goethite
Fe, no phase transformation was observed, nor did the size

or shape of the goethite rods change appreciably. High-resolution
transmission electron microscopy images, however, appear

to indicate that some recrystallization of the goethite particles
may have occurred. Near-complete exchange of Fe between
aqueous Fe(ll) and goethite, coupled with negligible change in
the goethite mineralogy and morphology, suggests a
mechanism of coupled growth (via sorption and electron
transfer) and dissolution at separate crystallographic goethite
sites. We propose that sorption and dissolution sites are
linked via conduction through the bulk crystal, as was recently
demonstrated for hematite. Extensive mixing between aqueous
Fe(ll) and goethite, a relatively stable iron oxide, has significant
implications for heavy metal sequestration and release (e.g.,
arsenic and uranium), as well as reduction of soil and groundwater
contaminants.

Introduction

The redox reactions of iron (Fe) influence a variety of global
elemental cycles such as carbon and nitrogen through Fe-
limited primary production (I). Redox transitions between
soluble Fe(IT) and solid Fe(III) phases are also suspected to
play an important role in mobilization and transformation
of a variety of trace heavy metals such as arsenic and lead
(2, 3). A better understanding of these Fe redox processes is
critical to our ability to predict and influence biogeochemical
cycling of elements on global and local levels.
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Microbial respiration of Fe(III) oxides results in significant
quantities of reduced, soluble Fe(Il) in subsurface environ-
ments (4). Reaction between aqueous Fe(II) and Fe(III) oxides
hasbeen studied extensively, and these studies have revealed
that the reaction is more complex than sorption alone.
Experiments investigating reactions of Fe(II) with Fe oxides
have often relied on solution phase measurements of Fe(Il)
after exposure to Fe oxides, attributing the loss of Fe(II) from
solution to sorption. In some cases, Fe(II) lost from solution
hasnotbeen completely recovered after lowering the solution
pH (e.g., ref 5), which has been interpreted as possible
incorporation of Fe(II) within the Fe oxide surface structure
or oxidation to Fe(III) (6, 7). We, as well as others, have used
5’Fe Mossbauer spectroscopy to show that after sorption,
electron transfer occurs between sorbed Fe(II) and the Fe(III)
oxide, forming an oxidized Fe surface layer (8—11). Pedersen
et al. used Fe-labeled synthetic Fe oxides to show that
aqueous Fe(II) can also catalyze reductive dissolution of Fe
atoms originally bound within an Fe oxide (12). For the more
unstable Fe(III) oxides, such as ferrihydrite and lepidocrocite,
secondary mineralization to more stable Fe oxides such as
goethite or magnetite has been observed (12— 15). Although
sorption of Fe(Il) to goethite and hematite occurs over a
wide range of pH values (5, 16), and interfacial electron
transfer has been demonstrated on these oxides (10, 17), no
phase transformations have been observed, and little to no
reductive dissolution of Fe(Il) occurs after reaction of Fe(II)
with goethite or hematite, respectively (12). This leaves us
with an unclear picture of the nature and extent of the reaction
of Fe(Il) with goethite, one of the most prevalent environ-
mental Fe oxide phases.

A promising method for investigating the redox cycling
of Fe involves selective use of Fe isotopes. There are four
stable isotopes of Fe that differ widely in their natural
abundance: >Fe (5.8%), *Fe (91.8%), 5'Fe (2.1%), and %¢Fe
(0.3%) (18). Recent advancements in mass spectrometry
(multicollector inductively coupled plasma mass spectrom-
etry or MC-ICP—MS) allow us to distinguish between isotopes
ofheavy elements such as Fe with great precision (19). Stable
isotope studies have been recently used to assess which
biogeochemical processes might cause the variations in Fe
isotope composition observed in nature (20—23). For ex-
ample, there have been several Fe isotope studies of Fe isotope
fractionation caused by the interaction of aqueous Fe(II) with
iron oxides. Icopini et al. (24) and Teutsch et al. (25) inferred
that sorption of Fe(Il) onto the iron oxide is an important
process in controlling the Fe isotope composition of aqueous
Fe, although these studies did not directly measure the sorbed
Fe(Il). Recent studies by Crosby and co-workers have shown
that although sorption of Fe(II) onto iron oxides produces
a measurable Fe isotope fractionation, the most significant
control on the Fe isotope composition of aqueous Fe(Il) is
electron and isotope exchange with a reactive Fe(IIl) layer
on the iron oxide substrate (20, 26).

In this study, we used a >’Fe-enriched tracer to investigate
atom exchange between aqueous Fe(II) and goethite. Im-
portantly, the Fe isotope variations associated with this tracer
approach are over 100 times greater than the mass-dependent
Fe isotope fractionations that have been previously identified,
allowing unambiguous identification of Fe isotope exchange.
The approach used in this study is similar to that followed
by Skulan et al. (27), Poulson et al. (28), Welch et al. (29), and
Shahar et al. (30) to identify isotope exchange between
aqueous Fe(IIl) and hematite, aqueous Fe(II) and ferrihy-
drite, aqueous Fe(III) and Fe(Il), and magnetite and fayalite,
respectively. Here, we react aqueous Fe(II) enriched in 3"Fe
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with goethite rods to identify isotope exchange between
aqueous Fe(Il) and goethite. We demonstrate that, despite
no obvious physical change in the goethite rods, the Fe
isotopes become evenly dispersed between the aqueous
phase and the solid Fe(III) lattice, which implies that near-
complete mixing of Fe atoms has occurred.

Experimental Section

Goethite Synthesis and Characterization. The goethite solids
used here are the same nanorod particles we synthesized
and characterized in our previous work (17). Goethite rods
had an average length and width of 81 + 28 and 11 + 4 nm,
respectively, and a specific surface area of 110 (£7) m?/g
(17).X-ray diffraction (XRD) patterns and Mossbauer spectra
were consistent with goethite (data not shown).

Solids were characterized after mixing with or without
aqueous Fe(II). XRD samples were prepared by combining
filtered solids with a small amount of glycerol to create an
oxide slurry to prevent oxidation of Fe(I). Transmission
electron microscopy (TEM) samples were prepared by rinsing
filtered solids with a small amount of deionized water (> 18
MQ-cm) to remove buffer salts and aqueous Fe(Il), then
resuspending the solids in deionized water before placement
on a carbon-coated Cu grid. High-resolution TEM (HR-TEM)
samples were prepared to examine variations in the crystal
structure of goethite particles after exposure to Fe(II). HR-
TEM samples were rinsed and suspended in DI water, then
resuspended in methanol to reduce particle aggregation
before placement on a holey carbon grid. High-resolution
images were taken on a JEOL 2100-F electron microscope.

57Fe(II) Isotope Tracer Experiment. All experiments were
carried out in an anoxic glovebox, with care taken to prevent
O, intrusion into the reactors during centrifugation outside
ofthe anoxic environment. All chemicals were reagent grade,
and solutions were made in deionized water. HCI acid used
in experimental procedures was purified by sub-boiling
distillation. A >’Fe-enriched aqueous Fe(I) stock was prepared
in 0.5 M HCI by dissolving enriched *’Fe (Chemgas, 96%
57Fe) and adding a small amount to an isotopically normal
Fe(Il) stock to provide an ~80% increase in *’Fe/¢Fe ratio
relative to “normal” Fe. Use of enriched %"Fe does not affect
the rate of exchange as demonstrated by similar rates of
exchange measured for Fe(Il) (aq) —Fe(III) (aq) using both Fe
and %Fe (31, 32), nor does use of enriched isotopic tracers
affect the approach to isotopic equilibrium because there is
no evidence for changes in mechanism as a function of mass.

Batch reactors were prepared by adding 15 mL of pH 7.5
HEPES buffer (25 mM HEPES plus 25 mM KBr electrolyte)
to a 20 mL glass vial and adding Fe(II) stock to reach an
initial Fe(II) concentration of ~1 mM. Vials were counter-
spiked with 0.5 M KOH prior to Fe(II) addition in order to
keep the pH stable at 7.5. After 1 h of equilibration, the
Fe(II)-HEPES solution was filtered through a 0.2 um filter
into a 30 mL Nalgene centrifuge tube and the Fe(II)
concentration was measured. Goethite solids were added to
the reactors in preweighed 30 mg portions (solids loading 2
g/L), which were placed on an end-over-end rotator and
allowed to mix in the dark for times ranging from 10 min to
30 days. The solution pH did not deviate more than +0.1 for
the duration of the experiment. Control reactors were
included with aqueous Fe(II) alone and goethite alone.

Three reactors were sacrificed at each time point for
isotopic and chemical analyses. After centrifugation at
30 000g, the reactor supernatant was decanted, filtered into
a new vial, and acidified for aqueous Fe(Il) and total Fe
analyses. Remaining goethite solids in the reactor were
resuspended for 10 min with 5 mL of 0.4 M HCI to remove
solid-associated Fe(II). After centrifugation and removal of
the 0.4 M HCI supernatant, two successive acid extractions
of the remaining solids were performed (5 mL of 1 M HCl,

45 min at 60 °C) to remove any remaining Fe(II) and dissolve
a small portion (~5%) of the Fe(II) within the goethite. The
remaining bulk solids were completely dissolved in 5 M HCI.
Here, we report only on the results for aqueous Fe(Il) and
Fe(II) from the remaining bulk solids.

Chemical Fe Analyses. Fe(II) concentrations were mea-
sured for aqueous and acid-dissolved Fe extractions using
the 1,10-phenanthroline method with fluoride added to
remove interference from aqueous Fe(III) (33). Fe(III) content
in each extraction was determined by the difference between
measured Fe(II) concentrations and total Fe content, which
was obtained through addition of hydroxylamine hydro-
chloride reductant to separate Fe analysis samples.

Fe Isotope Analyses. Prior to isotopic analysis, all Fe
samples were oxidized with hydrogen peroxide. Samples were
purified using anion-exchange chromatography (Fe yields
from ion-exchange columns were >95%), and Fe isotopes
were analyzed using a Micromass IsoProbe, a single-focusing
MC-ICP—MS, following the methods of Beard et al. (19),
except we did not use desolvation nebulization in order to
allow for rapid washout between solutions that differed by
up to 80% in their Fe isotope compositions. Instead, solutions
(3 ppm) were aspirated at 100 uL/min using a concentric
flow nebulizer and a cyclonic spray chamber that was cooled
to 5 °C. We report Fe isotope compositions in ¢ notation,
which has the form

57F e 57F e
56Fesample - 56Festd

6°"'*Fe (%0) = T %1000 6))
€

astd

where %Fe/%¢Feqq is the average isotopic ratio for bulk igneous
rocks (21). On the basis of replicate analyses of 33 samples
passed through the entire analytical process, the average
one standard deviation is 0.13%o in >Fe/*Fe. Analytical
uncertainties are slightly higher using the cyclonic spray
chamber, as compared to using desolvation nebulization.
During the course of this study the measured ¢°"/*Fe value
of the IRMM-014 standard was —0.03%o =+ 0.05%o (1 SD; n
= 4). Accuracy of Fe isotope results was checked by nine
analyses of synthetic samples that contained 0.5 mM Fe of
known Fe isotope composition in the same matrix as the
aqueous Fe samples. These synthetic samples were processed
in the same fashion as the Fe samples, and the measured
0%7/56Fe value of these synthetic samples (+0.38%o %+ 0.08%o)
exactly matched the Fe isotope composition of the pure Fe
standard (+0.37%o %+ 0.09%o, n = 25), demonstrating that
our analytical technique is free of matrix effects. Partial acid
digestion of goethite crystals demonstrated that the goethite
used in the experiments is not isotopically zoned; the 6°”
s6Fe of a 6% partial dissolution of goethite is —0.04%o, which
is analytically indistinguishable from the ¢°"/5Fe value of
the remaining residue, —0.16%o.

Results and Discussion

We used Fe isotopes to track the movement of Fe between
the aqueous phase and goethite during a batch Fe(II) sorption
experiment. Aqueous Fe(Il) was enriched with *Fe to give
distinctly different isotopic compositions for the aqueous
Fe(II) and Fe(III) within the goethite structure (Figure S1 in
the Supporting Information). The enriched aqueous Fe(II)
contained roughly twice as many %’Fe atoms as would be
expected in nature (6°”*°Fe = +840.43%o). Goethite rods were
not enriched and had an initial 5°”/*Fe value of —0.12%o.
Enriching the aqueous Fe(Il) with 5’Fe allowed us to track
the movement of Fe atoms between the aqueous phase and
solid phase by measuring the 6°”/*Fe of each phase over
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FIGURE 1. Measured 6 values of aqueous Fe(ll) and residual
goethite over time. Dashed line represents the completely
mixed 6 Fe value of 37.57%. calculated from eq 2 in the text
(i.e., 0 Fey,s = (15.85 x 840.43 + 337.66 x —0.12)/(15.85 +
337.66) = 37.57). Each data point represents the average of
triplicate reactors. Standard deviations of replicates are
contained within markers.

time with MC-ICP—MS. The same kinetic results would be
obtained if isotopically normal Fe(Il) and %"Fe-enriched
goethite were used (e.g., ref 27).

Over the course of 30 days, the 6°7/5¢Fe values of aqueous
Fe(II) decreased from +840.43%o to +39.94%o, indicating that
some of the 5Fe-enriched aqueous Fe had been replaced
with *6Fe atoms (Figure 1). The 6°7/%Fe values of the goethite
solids rose sharply from —0.12%o to +38.75%o, implying that
isotopic exchange had occurred and the content of >Fe
relative to *Fe had increased in the goethite solids. By the
end of the experiment, the aqueous and goethite Fe reservoirs
reached similar isotopic compositions of +39.94%o £ 1.16%o
and +38.75%o & 0.72%o., respectively (+1 SD), demonstrating
that significant mixing occurred between the two reservoirs.
No significant changes in §°7/*Fe values of control reactors
(goethite alone or aqueous Fe(II) alone) were detected (data
not shown).

To evaluate the extent of mixing, we calculated a mass-
balance-weighted isotopic composition of the two-compo-
nent system using
(6°%Fe_ )[Fe

sys goethite

+ Fespike] = (657/56Feg0ethire) [Fe ] +
(657/56Fespike) [Fespike] (2)

goethite

where 5°7/*Fe and [Fe] refer to the °’Fe/*Fe ratio in d notation
and molar amounts of the initial goethite and Fe(I) spike
given in the first row of Table 1. If complete mixing occurred
between the Fe atoms in goethite and the aqueous Fe(II)
atoms, the homogenized Fe suspension would have a
0%7/%6Feyys of +37.57%o £ 1.15%o (dashed line in Figure 1).
The aqueous and goethite Fe(III) 6°”/*Fe values of +39.94%o
and +38.75%o0 measured at the end of the experiment are
remarkably close to the 6°7/%¢Fegy, of +37.57%o calculated for
the completely mixed isotopic composition and indicate that
greater than 95% exchange occurred. Convergence of the
aqueous and goethite 6°7/5°Fe values to the calculated value
for complete mixing demonstrates that the Fe atoms in the
aqueous phase and goethite solids have become nearly
completely mixed over a period of 30 days.

Previous work has also provided evidence that atom
exchange between Fe(IIl) oxides and aqueous Fe(II) occurs.
Pedersen et al. incorporated **Fe into several different Fe
oxides and observed the release of °Fe into solution upon
exposure to aqueous Fe(Il) (12). Release of °Fe into solution
was observed for lepidocrocite, ferrihydrite, and goethite,
but not for hematite. With lepidocrocite and ferrihydrite, the
amount of Fe released into solution approached isotopic
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equilibrium and was accompanied by significant phase
transformation. For goethite, however, they observed much
less exchange with only 5—10% of the goethite atoms released
into solution after 16 days and no apparent phase trans-
formation. Here, we observed significantly more atom
exchange with most of the goethite atoms exchanged after
30 days. Relative to the experimental conditions of Pedersen
et al., our goethite particles have a greater surface area (110
vs 37 m?/g), and we worked at a higher solution pH (7.5 vs
6.5) and higher solids loading (2 g/L vs ~50 mg/L). These
differences, as well as other experimental variables, such as
pH buffer and background electrolyte, may have contributed
to the differences in amount of Fe exchanged in the two
goethite experiments. Despite differences in the extent of Fe
atom exchange, both the isotope data here and the °Fe release
observed by Pedersen et al. provide compelling evidence
that significant atom exchange occurs between goethite and
aqueous Fe(II).

Recent work by Jang et al. (23) has also investigated the
interaction between Fe(II) and goethite using natural Fe
isotope abundances. §°***Fe values were measured for
aqueous Fe(ID), as well as 0.5 M HCl-extractable Fe(II) using
solution conditions analogous to those used here. On the
basis of a mass-balance estimate, the authors concluded that
isotope mixing between Fe(II) and goethite Fe(IIl) atoms
occurs. Here, by using 5’Fe as a tracer in the aqueous phase,
we were able to simultaneously track the aqueous and solid
phase isotope ratios and demonstrate, by direct measure-
ments, that atom exchange between Fe(II) and goethite does
indeed occur and that itis extensive enough to reach isotopic
equilibrium.

Despite the extensive Fe exchange observed in our isotope
tracer experiment, the aqueous Fe(II) concentration remained
relatively stable after initial Fe(I) uptake. Within minutes,
the aqueous Fe(Il) concentration decreased from 1.07 to 0.55
mM and remained relatively constant over the remaining 30
days (Table 1 and Figure S2, Supporting Information). A
similar amount and rate of Fe(II) sorption was observed in
our previous work with these particles resulting in an
estimated surface coverage well below monolayer (i.e., about
30% assuming four sites/nm? and an idealized goethite
geometry) (17). We do not see any evidence of the slower,
gradual decrease following an initial rapid uptake that has
beenreported by several others and attributed to a transition
between outer-sphere and inner-sphere adsorption or the
formation of surface-associated Fe(I) structures (7, 16, 34).
The average Fe(Il) recovery over our entire experimental
procedure was >96% (calculated from the total of Fe(II)
recoveries in each of the five sample extractions), indicating
thatlosses of Fe(II) throughout the sampling procedures and
acid extractions were minimal. Our observation that aqueous
Fe(II) concentrations were relatively stable despite significant
changes in the 5°7/°6Fe values suggests that the system was
at steady-state conditions and that isotopic exchange oc-
curred without significant net dissolution or precipitation
occurring beyond the initial Fe(I) loss from solution.

In the solid phase, negligible change was observed in the
mineralogy, shape, or size of the goethite particles before
and after reaction with Fe(Il). XRD patterns revealed no
formation of secondary mineral phases and negligible
increases in average crystallite size via the Scherrer equation
(Figure S3, Supporting Information). Lattice spacings from
HR-TEM images are also consistent with goethite confirming
that there was no significant formation of a secondary mineral
phase (Figure S4, Supporting Information). TEM images
revealed little change in the size and shape of the goethite
particles when exposed to 1 mM Fe(II) (Figure S5, Supporting
Information). A more quantitative assessment of the particle
size distribution on the TEM images shows no change in the
length (81 4 28 to 82 £ 32 nm) or width (11 £ 4to 11 +5



TABLE 1. Chemical and Isotopic Data during Enriched Fe Isotope Tracer Experiment

aqueous Fe(ll) goethite?
time Fe(ll),q mM Fe(ll),q #mol 05%5Fe (%) Fe(lll); zmol 055%Fe (%)
0 1.07 (0.03) 15.85 (0.46) 840.43 (0.18) 337.66 (3.4)° —0.12 (0.02)
10 min 0.55 (0.01) 8.17 (0.17) 660.64 (13.21) 332.96 (17.99) 12.71 (0.16)
12 h 0.52 (0.00) 7.70 (0.06) 176.95 (10.60) 278.27 (8.37) 28.25 (0.19)
1.6 days 0.57 (0.01) 8.48 (0.12) 122.36 (2.50) 263.82 (8.47) 33.36 (0.26)
3.1 days 0.62 (0.01)¢ 9.14 (0.13) 94.72 (8.22) 275.24 (4.54) 36.47 (0.32)
5.9 days 0.54 (0.01) 8.02 (0.17) 54.00 (1.81) 301.88 (4.43) 35.13 (0.90)
14.8 days 0.52 (0.04) 7.78 (0.61) 43.01 (1.87) 297.35 (13.84) 37.38 (1.70)
30 days 0.54 (0.01) 8.05 (0.14) 39.94 (1.16) 309.30 (15.01) 38.75 (0.72)

2 Goethite measurements were collected on all remaining solids at the end of the sequential extraction procedure by
completely dissolving solids in 5 M HCI at 60 °C. » Numbers in parentheses represent one standard deviation based on
triplicate reactors; this standard deviation does not reflect the analytical uncertainty of an Fe isotope measurement but
rather the consistency of the entire experiment. The analytical uncertainty of a single 6%/°Fe measurement is £ 0.13%o
based on replicate analysis of samples and standards, as reported in the text. ¢ Differences in Fe(lll)(s) recoveries are due to
varying losses of goethite solids during decanting and filtration steps prior to complete dissolution of the remaining bulk
goethite. “ Samples sacrificed after t = 3.1 days were inadvertently spiked with a slightly higher initial Fe(ll) concentration,
hence the slightly higher aqueous Fe(ll) concentration of 0.62 mM.
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FIGURE 2. Particle size distributions for length and width of
goethite particles before (A and B) and after reaction with
Fe(ll) (C and D). More particles were included in the analysis
for untreated goethite rods than for goethite reacted with Fe(ll)
(n = 530 vs n = 91), resulting in greater frequency numbers in
panels A and B. Average particle lengths or widths and one
standard deviations are shown in the panels.

nm) of the goethite (Figure 2). Interestingly though, HR-
TEM images suggest that some changes to the goethite
particles may have occurred during Fe isotope exchange
(Figure S4, Supporting Information). After reaction with Fe(II)
for 30 days, the rods appear to have become more crystalline.
The potential for recrystallization after reaction with Fe(II)
is an avenue we are currently exploring with additional HR-
TEM work.

How such extensive Fe atom exchange can occur, as
required by the isotopic data, with no significant morpho-
logical change is a fascinating question. Diffusion of Fe
through the solid goethite structure is one potential expla-
nation. Solid-state diffusion rates have been measured for
Fe atoms in various solid Fe phases (35—37), but generally
these studies are performed at temperatures ranging from
~700—1500 °C in order to generate Fe diffusion rates that
are measurable on reasonable experimental time scales. Even
if Fe atom diffusion were to occur solely along crystallite

grain boundaries or defect sites, estimates of diffusion time
of Fe at room temperature would exceed millions of years
to move just a few nanometers through an Fe oxide lattice.

Although we can eliminate solid-state diffusion as a
reasonable explanation for Fe isotope exchange, we cannot
rule out the possibility of diffusion through micropores in
the goethite structure. Diffusion through micropores has
often been invoked to explain the gradual loss of ions from
solution in the presence of iron oxides (38, 39). Recently,
long-term rates of loss of a variety of metal cations (not Fe)
from solution in the presence of goethite have been correlated
with ionic radius, which has been interpreted as evidence
for a micropore diffusion mechanism governing incorpora-
tion of these ions into goethite (40). Here, however, we see
a stable aqueous Fe(Il) concentration after the initial Fe(II)
sorption, which suggests that gradual diffusion into goethite
micropores is not a likely explanation for the Fe atom
exchange we observe here.

Another potential mechanism to explain how all the Fe
goethite atoms have become mixed with the Fe atoms in
solution is coupling electron conduction through the bulk
goethite with growth and dissolution. Yanina and Rosso
recently demonstrated that a potential gradient can be
measured between different crystal faces on hematite and
that conduction through the bulk oxide can result in growth
and dissolution at separate crystal faces (41). We propose
thatasimilar mechanism maybe associated with Fe(IT) —goethite
exchange.

From our previous studies utilizing Mossbauer spectros-
copy, we know that sorption of Fe(Il) onto goethite results
in electron transfer between the sorbed Fe(Il) and the
structural Fe(III) in goethite (8, 9). We also know that oxidation
of the sorbed Fe(II) results in growth of goethite on goethite
(i.e., homoepitaxy) (8), as well as injection of an electron into
the goethite structure. We do not know the exact fate of the
electron, but from the 5°Fe dissolution and stable isotope
work of others (12, 23), and our isotope data here, it is clear
that some of the bulk Fe(III) goethite is reduced and released
into solution. If the electron was transferred from sorbed
Fe(II) through the Fe lattice by bulk conduction across a
potential gradient, the goethite Fe(IIl) atom could be
dissolving at a different location on the goethite surface. These
newly reduced Fe(III) atoms, now Fe(II), could then dissolve
into the aqueous phase, exposing fresh Fe(IIl) atoms in
goethite to the aqueous phase. Through a repeated series of
these five steps of sorption—electron transfer—crystal
growth—conduction—dissolution, a redox-driven conveyor
belt could be established that would allow all of the goethite
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FIGURE 3. Conceptual model for the five steps associated with
the redox-driven conveyor belt mechanism to explain how bulk
goethite Fe(ll) atoms and aqueous Fe(lll can become
completely mixed via growth and dissolution at separate
goethite surface sites. The left surface may be considered a
reference plane in the original goethite crystal at the start of
the process (%), and through growth on the left and dissolution
on the right, this reference plane will migrate over time (f, —
;) until time &, at which point 100% atom exchange has
occurred.

to be eventually exposed to the aqueous phase and exchanged
(Figure 3). This surface-mediated exchange process would
result in similar Fe isotope distributions in the aqueous phase
and goethite particle as we have observed here. This
mechanism is also consistent with a stable aqueous Fe(II)
concentration if there were equal rates of goethite growth
and dissolution, thatis, no net growth and dissolution beyond
the initial Fe(Il) uptake.

At this point, however, it is unclear if electron transport
rates are fast enough in goethite for the conveyor belt model
to explain the extensive atom exchange we observed over a
few weeks. For electron transport to occur through the bulk
goethite, a potential gradient needs to exist between different
crystal sites and the goethite has to be sufficiently conductive.
Goethite is about 10-fold less conductive than hematite (42).
The limitations imposed by lower conductivity, however, are
compensated by the much shorter electron transport paths
for the goethite rods (<100 nm) compared to the hematite
single crystal (1 mm) used by Yanina and Rosso (41). It
therefore seems reasonable that the goethite nanorods could
be sufficiently conductive at the nanometer scale to support
a conveyor belt mechanism.

Because we see no net change in crystal shape of the
goethite particles, it is more difficult to argue that a potential
gradient exists between different crystal faces. Our analysis,
however, is based on average length and width values
obtained from TEM images. We could be missing subtler
changes in the crystals, such as changes in crystal faces that
parallel the c-axis or changes in the step density or surface
roughness. There is some evidence that both of these changes
occur on goethite particles in the presence of Fe(Il). For
example, a difference in growth rates for the (100) and (110)
faces of goethite was reported when Fe(Il) was oxidized by
Oxygen, suggesting different reactivity for the (100) and (110)
faces, which both run parallel to the c-axis (43). Chun et al.
also observed preferred oxidation of Fe(Il) and reduction of
an organic contaminant at a specific crystal face, leading to
growth along the c-axis and increased roughness of the
goethite particle tips (44).

The environmental implications of complete atom ex-
change between Fe(II) and goethite observed are significant.
Goethite and other stable Fe oxides are considered major
sources and sinks of trace heavy metals, and formation and
dissolution of Fe oxides can control metal availability in
natural and engineered systems (45, 46). We have demon-
strated here that despite an apparent phase stability in
Fe(Il)—goethite suspensions, there is actually a tremendous
amount of Fe atom cycling occurring between the aqueous
and solid phases. In the presence of aqueous Fe(Il), heavy
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metals thought to be sequestered in bulk Fe oxides may
actually become available on the particle surface or in the
aqueous phase as a result of this exchange. Conversely, a
larger than expected uptake of metals from the aqueous phase
could occur as a result of the continuous reformation of the
Fe oxide structure, exposing the entire crystal for equilibration
and sequestration of metals, rather than just the surface sites
or porous cavities. Indeed, previous work has demonstrated
that the addition of minute quantities of Fe(II) to a goethite
suspension can induce measurable increases in sorption of
other metal cations, despite the prevailing assumption that
the Fe(Il) would merely compete for goethite surface sites
(6). The implications of such significant mixing between
aqueous Fe(II) and Fe(III) oxides require further investigation,
and subsequent predictive and modeling efforts should
consider the effects of Fe exchange in the presence of aqueous
Fe(ID).
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