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ABSTRACT

Despite substantial experimental evidence for Fe(Il)-Fe(III) oxide electron transfer,
computational chemistry calculations suggest that oxidation of sorbed Fe(Il) by goethite is
kinetically inhibited on structurally perfect surfaces. Here we used a combination of “Fe
Maossbauer spectroscopy, synchrotron X-ray absorption, and magnetic circular dichroism
(XAS/XMCD) spectroscopies supported by density functional theory calculations to investigate
whether Fe(Il)-goethite electron transfer is influenced by defects. Specifically, Fe L-edge and O
K-edge XAS indicates that the outermost few Angstroms of goethite synthesized by low
temperature Fe(I1I) hydrolysis is iron deficient relative to oxygen. Corresponding XMCD shows
that this non-stoichiometric surface displays uncompensated octahedral Fe that is weakly
ferrimagnetic. This non-stoichiometric goethite undergoes facile Fe(Il)-Fe(IIl) oxide electron
transfer, depositing additional goethite consistent with experimental precedent. Hydrothermal
treatment of this goethite at 150 -C, however, imparts bulk stoichiometry and antiferromagnetism
at the surface. Hydrothermal treatment decreases the amount of Fe(II) oxidation, and changes the
composition of the oxidation product. When hydrothermally treated goethite was ground, surface
defect characteristics as well as the extent of electron transfer were largely restored. We propose
that Fe vacancies comprise the defects that enable electron transfer by providing sites into which
Fe(II) can strongly bind and be oxidized by the lattice, depositing Fe(I1I) that propagates the
goethite structure. Our findings suggest that surface defects play a commanding role in Fe(II)-
goethite redox interaction, as predicted by computational chemistry. Moreover, it suggests that,
in the environment, the extent of this interaction, which also likely underlies Fe(II)-catalyzed
recrystallization and trace element release and incorporation, will vary depending on diagenetic
history, local redox conditions, as well as being subject to regeneration via seasonal fluctuations.
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INTRODUCTION

Ferrous and ferric iron comprise one of the most abundant redox couples, and electron
transfer between these two oxidation states controls the cycling and availability of Fe in water,
soil, and air.!2 Over the last decade significant evidence has accumulated to demonstrate
interfacial electron transfer between sorbed Fe(II) and Fe(IIl) in Fe oxides and Fe-containing
clay minerals.*!° In some cases, electron transfer also appears to be followed by mixing of Fe
atoms from the bulk mineral structure with the surrounding fluid (also termed Fe(II)-catalyzed
recrystallization).*=» While Fe(Il)-Fe(III) electron transfer and mixing have been clearly
demonstrated, a mechanistic understanding of these reactions remains elusive. Knowledge gaps
in our understanding of Fe(II)-Fe(III) reaction mechanisms limit our ability to reliably predict
important environmental and geochemical processes, such as cycling of C, N, and P> water
treatment,” contaminant remediation, metal cycling,** mineral transformations,* and
interpreting the ancient rock record.”

Thus far, Fe(Il)-Fe(III) electron transfer has been demonstrated for several Fe
oxides, including hematite, goethite, magnetite, ferrihydrite, as well as Fe-containing clay
minerals.~* Of the Fe minerals, electron transfer between Fe(II) and goethite has been the most
extensively studied. Oxidation of Fe(Il) by goethite has been shown to occur over a range of
Fe(II) concentrations, amounts of Al-substitution, and in the presence of various anions, such as
phosphate, bicarbonate, silicate and organic matter.+es ="

Despite abundant experimental evidence for Fe(Il)-Fe(III) oxide electron transfer,
computational evidence suggests that Fe(II)-goethite electron transfer is not energetically favored
on structurally perfect surfaces.** For example, density functional theory (DFT) calculations of
Fe(II) adsorbed onto charge neutral, stoichiometric goethite (110) surfaces suggest that the
oxidation of sorbed Fe(Il) by lattice Fe(IlI) is energetically uphill. Others similarly conclude that
charge only minimally delocalizes between Fe(II) and surface Fe(IlI), with only a minor
dependence on the type of Fe(Il)-mineral complex formed.»+ Additionally, a recent molecular
dynamics study examining the electron transfer kinetics for stable inner and outer-sphere Fe(Il)
complexes on a wide range of perfect goethite terminations showed that the energetics are at best
only thermoneutral, with large activation energies.*

Each of these studies, however, suggest or infer that surface defects may underlie the
experimentally observed interfacial electron transfer.*» For example, calculations simulating an
oxygen vacancy on goethite (110) showed that electron transfer to the resulting lower-
coordinated Fe(III) was more energetically favorable and less kinetically inhibited. This idea is
conceptually similar to the notion that defects provide traps in the interior of the solid for excess
electrons to accumulate . » Given these computational findings, experiments designed to test the
prospective role of defects could help advance our mechanistic understanding of Fe(II)-Fe(III)
oxide electron transfer.

Defects arise from a deviation in the perfect composition and/or structure of a mineral.
Such features are common in goethite*~ and have been previously studied in terms of their
relationship to growth conditions,**#+ including non-classical growth pathways such as
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imperfect oriented attachment.»# The type and concentration of defects strongly influence
goethite properties (e.g., a-dimension of the unit cell,» Néel temperature,”»* magnetic moment:*
=) and particle reactivity (e.g., dissolution rates and ion sorption). Defects in the ideal goethite
stoichiometry (i.e., a-FeOOH) can take the form of iron or oxygen vacancy, but often can be
characterized as an excess of water/hydroxyl relative to the theoretical formula, such that the
effective formula is a-Fe,,.O,,(OH).,.» Changes in goethite properties after hydrothermal
treatment have been interpreted to be due to removal of defects.»«* Conversely, ball-milling has
been suggested to add defects to goethite based on observed changes in the Néel temperature .

While there is clear evidence that defects are often present in goethite, little is known
about how defects influence Fe(II)-goethite electron transfer. To date, no experimental data has
been presented that specifically evaluates the role of defects in Fe(II)-goethite electron transfer,
despite significant speculation about their role in enabling electron transfer and driving Fe(II)-
catalyzed Fe oxide recrystallization.!®-2!-38-40 Here we provide the first experimental evidence
that shows defects influence the extent of Fe(Il)-goethite electron transfer and the composition of
the product formed. Our findings indicate that low temperature Fe(IlI) hydrolysis results in
goethite particles that have excess hydroxyl/water content and corresponding Fe vacancies that
enable Fe(II)-goethite electron transfer. Hydrothermally treating the goethite particles appears to
remove defects, inhibit Fe(II)-goethite electron transfer, and alter the composition of the
oxidation product. Our findings suggest that surface defects play an important role in Fe(II)-
goethite redox interaction, as predicted by computational chemistry.

METHODS

Oxide Synthesis. Goethite was prepared from *Fe-enriched Fe metal ((Isoflex, 99.94%
purity), “Fe goethite) by modifying the Schwertmann and Cornell method, using iron metal as the
synthesis' starting point instead of Fe(NO.,),.” Briefly, “Fe(0) was dissolved in HCI to obtain 15
mL of an Fe(Il) stock (~ 0.6 M Fe(Il), ~ 1.8 M HCI), and the solution was oxidized using 2 mL
of 30% (slight excess) H.O, to produce Fe(Ill). Then, the pH was raised with 16 mL of 5 M KOH
and the resulting precipitate was placed in an oven at 70 “C for 60 hours. “Fe goethite was
washed, centrifuged, freeze dried, ground with a mortar and pestle, and passed though a 100
mesh sieve. The final mineral is referred to as “as-synthesized” and it is similar to the
microgoethite used in our previous work. s>+ The Brunauer-Emmett-Teller (BET) specific
surface area was determined by N, soprtion at 77 K and found to be 28 to 34 mr g'. X-ray
diffraction (XRD - Rigaku Mini FlexII) patterns showed that the material contains goethite and
no other minerals (Figure S7).

Electron Transfer Experiments. All experiments were carried out in an anaerobic
glovebox with N./H. atmosphere (93/7%), and all solutions were purged at least 2 hours with N,
prior to trasfer into the glovebox. Fe(Il) stock solutions were prepared inside the glovebox by
reacting “Fe metal (Cambridge Isotope, 96.93% purity) with 1 M HCI overnight. The resulting
solution was filtered to remove any residual Fe(0) and diluted with deionized (DI) water to the
desired concentration (~ 100 mM Fe(II), ~ 0.1 M HCI).
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Batch reactors were prepared by adding 10 mL of 25 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), pK, 7.55+) buffer adjusted to pH 7.5 + 0.05 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. The reaction was started by adding 20.0 + 0.2 mg of *Fe goethite and the reactors
were placed on a end-over-end rotator in the absence of light. The aqueous phase was filtered
(0.2 um) and acidified with trace metal grade HCI for subsequent Fe(Il) and total Fe analysis
using the 1,10-phenanthroline method.»

Extraction. Two additional reactors were prepared by reacting “Fe goethite with “Fe(II),
and the reacted solids were centrifuged and then extracted to remove the sorbed Fe species. The
first reactor was extracted with a 0.4 M HCI (15 minutes). For the second reactor, the reacted
solids were subjected to a sequential extraction procedure using HEPES buffer (pH 7.5, 1 hour)
followed by 1 M CaCl. (pH 7, 4 hours) and 1 M NaH.PO, (pH 5, 18 hours). A 30 min wash step
with DI water was carried out after the CaCl, and NaH,PO.. The extracted solids were analyzed
by Mossbauer spectroscopy and the extracted aqueous phase were analyzed for Fe(Il) and total
Fe.

Hydrothermal treatment. Goethite was subjected to a hydrothermal treatment to anneal
defects. A suspension of the as-synthesized “Fe goethite in deionized water was placed into a
digestion bomb, and kept in an oven at 150 °C for 44 hours. The digestion bomb was allowed to
cool down and the solids were centrifuged and freeze dried (refered to as hydrotermally treated
goethite). The batch of hydrothermally treated goethite was split in two, and part of it was
reacted with 1 mM vFe(II) as discussed above. The other part was crushed with mortar and pestle
to restore defects (referred to as ground goethite). Again, the batch was split, and part was
reacted with 1 mM vFe(Il), while the other aliquot was hydrothermally treated again under the
same conditions, and then reacted with 1 mM “Fe(Il) (refered as hydrothermally treated again
goethite).

Samples of goethite after sequetial treatments were characterized by XRD, scanning
electron microscopy (SEM - Hitachi S-4800), transmission electron microscopy (TEM - JEOL
JEM 1230), X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism
spectroscopy (XMCD).

Maossbauer spectroscopy. For Mossbauer spectroscopy, solids were collected on a 0.2
pm nitrocelulose filter and than sealed between two pieces of Kapton tape to avoid air oxidation.
Mossbauer spectra were collected at 77 K on a spectrometer supplied by Web Research, Inc.
(Edina, Minnesota, USA) and equipped with closed-cycle cryostat (CCS-850 System, Janis
Research Co., Wilmington, Massachusetts, USA). We acquired spectra in transmission mode
using a constant acceleration drive system and a “Co source. The velocity scale was calibrated
using a 7-uym a-Fe(0) foil. We fit the spectra using the software Recoil (Ottawa, Canada).«

Selected samples were reanalyzed after atmosphere exposure. After initial Mdssbauer
analysis, these samples were stored for a month in normal atmosphere and then reanalyzed by
Mossbauer spectroscopy. For comparison, one sample was kept inside the anaerobic glovebox
for the same time span.
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Synchrotron X-Ray Absorption and Magnetic Circular Dichroism Spectroscopy.
For X-ray absorption spectroscopy, suspensions of goethite were dropped onto indium foil in an
anaerobic glovebox with N,/H, atmosphere (93/7%), dried, then pressed into the foil and the
excess solid was removed. The indium foil was attached to the copper sample manipulator with
silver paint. XAS and XMCD measurements were performed using Beamline 6.3.1.1 at the
Advanced Light Source (Berkeley, CA). Fe L..-edge and O K-edge XAS were recorded at room
temperature in total electron yield mode; Fe L..-edge XAS has an effective probing depth of 50
A.Fe L..-edge XMCD spectra were obtained by measuring two XAS spectra with a fixed degree
of circular polarization of ~ 0.7 and with opposing magnetization directions by reversing the
applied field of 1.8 T at each energy point. The XAS spectra were normalized to incident beam
intensity, and the XMCD spectrum was obtained as the difference between the two spectra.

Density Functional Theory Computations. We used the FDMNES code* to
individually calculate the O K-edge XANES spectra of the two oxygen sites present in goethite,
explicitly taking into account their respective local coordination environments in the bulk
structure. The Green’s formalism approach, within the limit of the muffin-tin approximation, was
used. The Fermi energy has been determined self-consistently using an aggregate of radii of 7 A.
A cluster of 7 A radii has also been used to perform the final state calculations. The Hedin-
Lundquist potentials® were used to model the exchange-correlation. Dipoles, core-hole
contributions and spin-orbit coupling were taken into account. Because the experimental spectra
of goethite is made of two components with unknown relative position and intensity, we have
used a non-negative least square algorithm to refine the position and intensity of the two
calculated O and OH' component spectra, and have found the best linear combination that would
fit the experimental spectra. The resulting linear combination fit of the measured O K-edge
spectra with the computed component spectra for O and OH- was used to quantify relative
contributions of these two oxygen species.

RESULTS AND DISCUSSION

Fe(II)-Goethite Electron Transfer. To explore if defects influence Fe(II)-goethite
electron transfer, we ran a series of Fe isotope labeled experiments with as-synthesized and
hydrothermally treated goethite particles. Similar to our previous work> s>+ we took advantage
of the element and isotope specificity of “Fe Mossbauer spectroscopy to track if Fe(Il)-goethite
electron transfer occurs. Here, we treated Mdssbauer-invisible *Fe goethite with a sequence of
hydrothermal treatment and grinding steps in an attempt to remove or add defects, presumably at
surfaces, and then reacted the goethite with 1 mM Fe(Il) and collected “Fe M&ssbauer spectra of
the filtered solids to determine if sorbed Fe(Il) was oxidized (Figure 1). The "Fe Mossbauer
spectra of the reacted solids revealed two prominent Fe(IIl) sextets consistent with goethite and
suggest that substantial oxidation of “Fe(Il) occurred and formed vgoethite on both the as-
synthesized goethite and the hydrothermally treated goethite (Table S1). Oxidation of sorbed
Fe(II) by goethite is consistent with our and others’ previous work.ss
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After reaction with “Fe(Il), there is, however, a marked difference between the
as-synthesized goethite and the hydrothermally treated goethite. The Fe(Ill) sextets capture a
smaller portion of the spectral area of the hydrothermally treated compared to the as-synthesized
goethite (as shown by blue sextets in Figure 1a and b). To test if the change in spectral area
distribution upon hydrothermal treatment was reversible, we ground the hydrothermally treated
goethite particles and reacted them with “Fe(Il). The resulting spectrum shows a marked increase
in the amount of area captured by the sextet (and less hatched area) (Figure 1c¢). A second
hydrothermal treatment returned the spectrum of Fe(II)-reacted solids to one similar to that of the
first hydrothermal treatment (Figure 1d). To test that the change in spectral area trend observed
in Figure 1 was not particular to a goethite synthesis batch, we ran duplicates of each treatment
using two separate batches of goethite (Figure S1). The similarity of the duplicate experiments
conducted with two separately synthesized goethite batches provides strong evidence that
hydrothermal treatment and grinding are reproducibly altering the goethite in a way that
influences how it reacts with Fe(II).

The reversible, reproducible changes in the Mossbauer spectra indicate that hydrothermal
treatment and grinding are influencing the product formed from “Fe(II) interaction with goethite.
To fit the hatched area in the Mdssbauer spectra we tried a variety of approaches. We concluded
that the best method to capture the hatched area was to include an Fe(II) doublet and a broad,
collapsed sextet consistent with our and other’s previous approach (for more details see SI and
Figure S2).»= Small Fe(Il) doublets comprising less than 10% of the total area have been
previously observed in spectra of goethite reacted with"Fe(II) = but little is known about the
composition of the broad, collapsed sextet and we have, in our previous work, been careful to not
interpret it beyond that it was likely Fe(III).» To check whether that the collapsed feature was
influenced by buffer-Fe interactions*, we ran a control experiment without buffer (Figure S4).
There was no difference between the spectra of the buffered and un-buffered samples indicating
that the buffer-Fe interactions were not responsible for the collapsed feature.

To investigate the composition of the collapsed feature, we subjected the as-synthesized
goethite particles reacted with “Fe(Il) to different extraction procedures and collected Mdssbauer
spectra afterwards (Figure 2). A mild HCl extraction (0.4 M) removed both the Fe(IT) doublet
and the broad, collapsed sextet from the Mossbauer spectra. All of the Fe(I) that had initially
sorbed was recovered in the HCl extract (Table S2). Surprisingly, the aqueous extract from the
HCI treatment contained only Fe(Il), suggesting that the collapsed feature was at least partially
due to Fe(Il). To minimize the change in pH during extraction, we also extracted goethite reacted
with “Fe(II) with CaCl,and NaH,PO, which only decreased the pH to 7 and 5, respectively.
Similar to the HCI extraction, the milder extractions removed most of the collapsed feature and
recovered similar amounts of Fe(II) (for additional discussion see SI and Figure S5).

As an alternative approach to evaluate whether the collapsed feature contains Fe(Il), we
oxidized a sample of goethite reacted with “Fe(Il) to see if the collapsed feature disappeared. One
month of air exposure resulted in complete removal of the collapsed feature and the Fe(II)
doublet from the spectra, providing an additional line of evidence that the collapsed feature
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contained some Fe(Il) (Figure 2). The spectra of the oxidized goethite, however, looks slightly
different than the spectra of the HCl-extracted goethite, in which a third sextet appeared. The
third sextet was identified as akaganéite, a mineral typically formed by the hydrolysis of Fe(III)
salts in the presence of Cl-» Regardless of the precise identity of the collapsed feature, the
oxidation and extraction data combined provide compelling evidence that the collapsed feature
contains some Fe(II) and is more likely a mixed Fe(II)-Fe(IlI) phase rather than a pure Fe(III)
phase as we previously thought.» While we cannot rule out that it is a pure Fe(II) phase, the
Mossbauer parameters of the collapsed sextet are more consistent with a mixed Fe(I)-Fe(IIT)
compound (further discussed in Supporting Information).®® Importantly, the presence of a
mixed Fe(II)-Fe(I1l) phase rather than an Fe(III) phase suggests that some of “Fe(Il) sorbed on
goethite was not oxidized by the goethite.

To quantify the extent of sorbed Fe(II) that was oxidized to goethite as a function of
surface treatment, we plotted the percent relative area of the two goethite sextets for the
as-synthesized goethite and the successive hydrothermally treated and ground goethite particles
(Figure 3). If one hundred percent of the spectral area was captured within the two goethite
sextets, it would indicate that all of the sorbed “Fe(Il) was oxidized to “goethite. Complete
oxidation of Fe(Il) did not occur in any of the samples, but instead the amount of Fe(Il) oxidized
to form goethite varied between 63 and 87% (as estimated from the relative area of the sextets).
What is most striking in Figure 3, however, is how reversible and reproducible the hydrothermal
and grinding treatment is in influencing the extent of oxidation of the goethite-sorbed Fe(II). The
as-synthesized goethite oxidized = 87% of the sorbed Fe(Il) to form goethite, whereas
hydrothermally treating the goethite particles resulted in only = 66% of the sorbed “Fe(II)
becoming oxidized to goethite, suggesting that electron transfer was inhibited by hydrothermal
treatment and that the composition of the oxidation product changed. Grinding the
hydrothermally treated goethite largely restored the extent of electron transfer (= 81%), and
hydrothermally treating this goethite sample again inhibited the extent of electron transfer (=
63%) (Figure 3).

Similar to the as-synthesized goethite, one month of air exposure of the hydrothermally
treated goethites resulted in removal of the collapsed feature and the Fe(II) doublets from the
spectra, consistent with the collapsed feature containing some Fe(Il) (Figure S6). The
hydrothermally treated goethites reacted with “Fe(II) also lost substantially more spectral area
than the ground samples (as-synthesized and ground goethite), providing additional evidence that
hydrothermally treating goethite leads to less oxidation of sorbed Fe(II) to goethite.

Bulk Characterization of Goethite Particles. It appears that hydrothermal treatment
and grinding reversibly and reproducibly influences the extent of electron transfer from sorbed
Fe(II) to goethite as well as the composition of the oxidation product. Given previous evidence
that goethite synthesis conditions such as temperature alter the defect content in goethite,** we
hypothesized that hydrothermally treating the goethite particles at 150 °C annealed defects
present in the goethite synthesized at 70 °C. We further hypothesized that grinding the particles
added defects back to the hydrothermally treated particles. To evaluate if there were any changes
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in the bulk goethite particles before and after treatments, we characterized the particles with
XRD, BET analysis, and microscopy. XRD spectra of treated solids confirmed that hydrothermal
treatment did not transform goethite into any other mineral (Figure S7), and cell dimensions
were unchanged after the goethite sequential hydrothermal/grinding treatments (Table S3).
Schwertmann and collaborators observed a slight change in the g-axis dimension upon
hydrothermal treatment, however, their initial material was a highly defective goethite.* BET
measurements revealed a small, but progressive loss in BET area (from 28 to 19 me g, Table
S3), consistent with previous observations.»+= In our work, TEM images revealed no substantial
difference between as-synthesized and hydrothermally treated goethite, but SEM images
revealed slight changes of the surface (Figure S8 and S9). Hydrothermally treated goethite
appeared to have more perfectly formed ends when compared to the original mineral suggesting
the hydrothermal treatment may have removed some surface defects (Figure S9).

Because hydrothermal treatment resulted in smaller BET surface area and amounts of
Fe(II) sorbed, we considered the alternative hypothesis that less Fe(Il)-goethite electron transfer
could be simply due to less surface area and less surface-bound Fe(II) available to be oxidized.
To explore whether the amount of sorbed Fe(Il) influenced the extent of electron transfer, we
plotted the percent relative area of the Fe(Il) sextets versus sorbed Fe(Il) per m (Figure 4). We
binned the data into ground goethites which includes as-synthesized and ground (colored
markers) and hydrothermally treated goethites which includes both rounds of hydrothermal
treatment (open markers). Both ground and hydrothermally treated goethites converge to ~5.5
pmoles Fe(Il) sorbed per me, revealing that the sorption of Fe(Il) was not influenced by the
treatment applied to the mineral. However, it is remarkable that, when we compare a
hydrothermally treated and a ground goethite that have the same amount of Fe(II) sorbed per nr,
there is a marked difference (= 20%) in the extent of electron transfer. Figure 4 provides
compelling evidence that the changes we observed in Fe(II)-goethite electron transfer between
our four treatments were not due to changes in surface area or amount of Fe(Il) sorbed.

Surface Characterization of Defects on Goethite Particles. While bulk
characterization of the treated goethite particles is informative, it is unlikely we would be able to
detect specific changes in goethite surface structure with these techniques. To detect the presence
of defects and changes in surface structure in the treated goethites, we collected X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) at the Fe L-edge and XAS
at the O K-edge. By collecting total electron yield data, these techniques probe a depth no greater
than 5 nm and are mainly sensitive to the upper few Angstroms.” Fe L-edge XMCD spectra for
all three samples is shown in Figure S, while the illustrative O K-edge spectra and DFT-based
spectral analysis are shown in Figure 6.

The Fe L-edge XAS probes the structure and valence of surface iron, whereas the XMCD
is selective for the subset of surface iron that is magnetically ordered and is able to discriminate
Fe valence and local coordination. As expected, the Fe L-edge XAS of all goethite samples
measured shows features consistent with goethite Fe(III); Fe(II) is not detected (Figure S10).
The corresponding XMCD information, however, is more revealing (Figure 5). The as-
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synthesized goethite has a weak magnetic moment at the surface (i.e., from the magnetic
dichroism signal intensity), and the shape of the XMCD signal is consistent with octahedrally
coordinated Fe(IIl) #“The presence of this magnetic moment indicates that the surface is magnetic,
likely due to Fe vacancies that disrupt the antiferromagnetic symmetry that would otherwise
exist between perfect atomic planes of goethite.* The XMCD signal of the hydrothermally
treated goethite contains no distinguishable feature, indicating that the magnetic moment is
absent, which is consistent with the known bulk antiferromagnetic structure and the hypothesis
that hydrothermal treatment yields a more stoichiometric and crystalline material. After re-
grinding, the surface magnetic moment, and thus XMCD trace, is largely restored, consistent
with reintroduction of Fe vacancies at the surface.

The corresponding O K-edge XAS spectra are illustrated in Figure 6, and analyzed in
more detail in the SI and Figures S11 and S12. The spectral region of primary interest is the pre-
edge region between 530-535 eV, which is comprised of two 15s—3d excitation doublets, one at
lower energy corresponding to O+ in the goethite surface, and one at higher energy corresponding
to OH- in the surface.» Using DFT, we computed the specific expected shapes of these two
doublets and used these theoretical components to perform linear combination fitting (LCF) of
the experimentally measured O K-edge spectra for the three goethite samples. We then
determined the OH/O ratio for the surfaces of each of three goethites. Additionally, the ratio of
the measured total integrated Fe L-edge and O K-edge XAS intensities were used to estimate the
Fe/O ratios in each of the three surfaces. Here we used the hydrothermally treated goethite as a
normalization standard to the bulk ratio of 0.5 under the assumption that this surface is the most
stoichiometric within the set. The complete surface compositional results are given in Table 1.

The O K-edge spectra for as-synthesized, hydrothermally treated and ground goethites
show that the surfaces of the as-synthesized and ground goethite are more hydrous (OH: rich
relative to O) than the hydrothermally treated goethite (Figure 6 and Table 1). Note that while
the bulk ideal OH/O ratio is 50%, the excitation cross-sections of the two component spectra are
not necessarily equivalent such that a ratio of their integrated intensities could be expected to
also correspondingly be 50%; we chose not to normalize these ratios to the ideal value because
the trends between samples remain the same in either case. Surfaces of as-synthesized and
ground goethite bear comparably lower Fe/O ratios relative to the hydrothermally treated
goethite (Table 1), again consistent with the prevalence of Fe vacancies in these two surfaces
relative to the hydrothermally treated surface.

Collectively, the observed surface compositional characteristics are consistent with the
known behavior of goethite stoichiometry to vary as a-Fe,,.O,,(OH)..,. Due to excess protons,
goethite grown at sub-hydrothermal temperatures, e.g. 70 °C as used here, tends to be both Fe
deficient and correspondingly OH-rich. In contrast, goethite grown hydrothermally tends to be
more crystalline and stoichiometric. Combined, the results from Modssbauer spectroscopy, XAS,
and XMCD suggest that particles with fewer defects are less prone to oxidize Fe(II). We propose
that the key surface defects are Fe vacancies, which provide sites into which Fe(II) can strongly
bind and transfer electrons to lattice Fe(Ill), propagating a goethite-like surface. Our findings
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suggest that surface defects play a commanding role in Fe(II)-goethite redox reaction, as
predicted by computational chemical modeling .

Environmental Implications

Here we provide the first experimental evidence that defects influence the extent of
Fe(IT)-goethite electron transfer and the composition of the product formed. Our findings
indicate that low temperature Fe(III) hydrolysis, a commonly used method for synthesizing
goethite, results in goethite particles that have excess hydroxyl/water content and corresponding
Fe vacancies that enable Fe(II)-goethite electron transfer. Hydrothermally treating the goethite
particles appears to remove defects, inhibit Fe(I)-goethite electron transfer, and alter the
composition of the oxidation product. The clear role of defects in enabling Fe(Il)-goethite
electron transfer resolves the previous discrepancy between multiple experimental observations
of Fe(Il)-goethite electron transfer-+++»=*7 and computational calculations that suggest Fe(II)-
goethite electron transfer is not energetically feasible on structurally perfect surfaces.*

Our experimental evidence that defects enable Fe(Il)-goethite electron transfer raises
the question of whether defects influence Fe(Il)-catalyzed recrystallization as we and others have
proposed that Fe(II)-Fe(III) interfacial electron transfer is an integral step in Fe(Il)-catalyzed
recrystallization,’- % 167971 While there has been speculation that mineral surface and structural
defects control Fe(Il)-catalyzed recrystallization!®- 2! experimental data to evaluate this claim is
lacking. If Fe(II)-Fe(III) oxide electron transfer controls the extent of Fe oxide recrystallization
than our results support the hypothesis that defects play a role in Fe(Il)-catalyzed
recrystallization. We further speculate that the removal of defects to form a more perfect surface
may be the energetic driving force for Fe(Il)-catalyzed recrystallization that has continued to
elude us. We caution, however, that alternative mechanisms of recrystallization such as solid-
state diffusion or pore/void/intergranular diffusion'® !> have not been ruled out and neither of
these mechanisms are likely to be as strongly influenced by electron transfer.

The role of defects in Fe redox chemistry also provides valuable insights into the
behavior of Fe oxides in reducing environments. If defects in the form of Fe deficient and OH-
rich surfaces enable Fe(Il)-goethite electron transfer, then it seems reasonable to suggest that
oxidative sorption of Fe(II) at the surface would fill Fe vacancies and anneal some surface
defects. Consistent with our suggestion that oxidative sorption of Fe(Il) anneals surface defects,
we have previously observed less oxidation of sorbed Fe(Il) by hematite at high concentrations
of Fe(IT)° as well as reduced extents of hematite recrystallization.”? Annealing of goethite by
oxidative sorption of Fe(Il) followed by inhibition of electron transfer may also explain the
recent report of decreased goethite recrystallization rates over time.?’ Our hypothesis that
oxidative sorption of Fe(Il) anneals surface defects is in agreement with results that show
addition of Fe(1I) inhibits rates of microbial Fe(III) reduction.”® ’* How defects will impact
heterogeneous redox process such as contaminant reduction rates,® 33 3% 7378 and the observed
paradoxical oxidation of As(III) at the Fe(Il)-Fe oxide interface, however, remains open to
experimental investigation.®: 7 80
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Our work also shows that electron transfer between Fe(II) and goethite is sensitive to
diagenetic temperature and can be altered by relatively small changes in the structure. We note
that we were only able to observe these changes with surface-sensitive techniques (i.e., XMCD
and oxygen XAS). Environmental cycles that include temperature fluctuations, changes in the
activity of water, and redox changes can likely reinitialize electron transfer between Fe(II) and
goethite, and possibly restart recrystallization by controlling the defect content at the
goethite/water interface. The small, subtle changes needed to influence Fe(Il) — goethite
interaction suggest that in the environment, the extent of this interaction, which also likely
underlies Fe(Il)-catalyzed recrystallization trace element release and incorporation,'® 3% 70 will be
coupled to diagenetic history, local redox conditions, and be subject to regeneration via seasonal
fluctuations.3* 37
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Table 1. Summary of surface compositional analyses of goethite from X-ray absorption
spectroscopy at the Fe L-edge and O K-edge, with the latter further quantified in terms of O and
OH, using linear combination fitting of the experimental spectra with DFT-based O K-edge
doublets.

As-synthesized Hyd;(;t;l;etezglally Ground
Fe/O 0.23 0.50* 0.22
OH- 47.45% 41.73% 44.36%
o* 52.55% 58.27% 55.64%
OH/0* 0.90 0.72 0.80

(*)To normalize Fe/O ratios based on integrated intensities of separately collected Fe L-edge and
O K-edge spectra, all values were scaled proportionally by the factor needed to achieve the
idealized 0.50 value for the hydrothermally treated goethite.
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Figure S1. Mossbauer spectra of 1 mM ’Fe(II) reacted with goethite after sequential
hydrothermal/grinding treatments. Different colors represent different batches.



Fitting Mossbauer spectra

We tried different approaches to fit the spectral area not captured by the two goethite
sextets. In the first approach we used a doublet as in some of our and others’ work.!-? This fitting
procedure, however, does not capture any area in the ranges of -4 to -1 and 4 to 5 mm s™'. In the
second approach we added a doublet and a broad, partially order collapsed feature, as in our
previous work (Figure S2).> We qualitatively concluded based on visual inspection of multiple
fits that the doublet along with collapsed sextet is the best approach. Our qualitative analysis is
quantitatively supported by a smaller y? values calculated when the collapsed sextet was included.

To model the collapsed feature parameters, we attempted to fit the spectrum by inputting a
wide range of center shifts (from 0.1 to 1.7 mm s™'). The parameters converged to two stable
solutions, with center shifts of ~0.65 or 1.3 mm s'. A center shift 1.3 mm s' would be an
indication of an Fe(II) compound, however the presence of ferrous hydroxide can be ruled out by
XRD (Figure S3) and based on our observation of a high hyperfine field of 25 T, compared to
absence of magnetic ordering for ferrous hydroxide at 77 K (doublet parameter: CS =1.21 mm s
I; QS =2.95 mm s!).% For that reason we chose to fit our spectra using the center shift of 0.65 mm
s, as this value would be reasonable for a mixed Fe(II)-Fe(IlI) compound.> We also collected
Mossbauer data at 4 K, which showed no indication of magnetic ordering, ruling out the presence
well-defined mineral Fe(II)-Fe(III) compounds (e.g., green rust). More importantly though, neither
the relative area of the components nor the remaining parameters of the sextets seem to be
substantially affected by the two different center shifts. Thereby, we limited our interpretation to
suggest that the collapsed feature is a non-well defined Fe(Il)-Fe(III) compound, and we used the
fitting of the Mssbauer spectra to calculate the relative area of the component.
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Maossbauer spectra of extracted and oxidized samples

In order to determine what is removed from the reacted solids upon acid extractions or air
oxidation, we compared the spectra of the HCI extracted goethite and oxidized goethite (Figure
2). The oxidation of the sample revealed the complete removal of the Fe(Il) doublet and the
collapsed feature and we hypothesize that this is due to the Fe(II) content on these features. The
spectrum contains two sextets (CS = 0.48 mm s', QS = -0.16 mm s* and CS = 0.5 mm s, QS =
0.08 mm s') as was observed after reaction of goethite with "Fe(Il) (Table S1). To rule out aging
as a factor in removing the doublet and collapsed feature we left one sample inside the glovebox
where it was not exposed to oxygen and the collapsed feature and Fe(Il) remained (data not
shown).

In contrast, the HCl-extracted goethite spectrum clearly has a third Fe(IIl) sextet. The
Mossbauer parameters of the third Fe(Ill) sextet (Table S1) are similar to those reported for
akaganéite (f - FeOOH), and we hypothesize akaganéite was formed due to the extractant’s
chloride content and low pH value.

To confirm that the formation of akaganéite was due to the acid extraction, we then tried a
mild sequential extraction with buffer (pH 7.5, 1 hour) followed by 1 M CaCl. (pH 7, 4 hours) and
1 M NaH.PO. (pH 5, 18 hours). A 30 min wash step with DI water was carried out after the CaCl.
and NaH.PO.. The Mossbauer spectrum of the extracted solids (Figure S5) showed removal of
most of the collapsed feature (Table S1), and 80% of sorbed Fe(Il) was recovered during the
sequential extractions (Table S2). In contrast to the spectrum of the HCl-extracted goethite, the
Mossbauer spectrum of the sequentially extracted solids did not contain a third sextet. The
appearance of the third sextet after the HCI extraction and its absence after the sequential extraction
further suggests the component is a result of the acidic pH value and the high chloride content of
the extraction solution, and did not result from the removal of Fe(Il).

Taken together the extraction and oxidation treatments confirm that removal of Fe(Il) is
concomitant with the loss of the collapsed feature, and provides a line of evidence that the
collapsed feature, at least in part, arises from the presence of Fe(Il) in the solids formed during the
electron transfer from Fe(II) to goethite.
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Figure S8. TEM picture of as-synthesized goethite and hydrothermally treated goethite.
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Figure S11. O K-edge XAS of goethite after sequential hydrothermal/grinding treatments.
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Calculated linear combination fit of O K-edge XANES spectra

In goethite there are two different environments for the oxygen atoms such that one of the
oxygen sites is bounded to three iron atoms, while the other is in a tetrahedral site, linked to three
iron atoms and one hydrogen atom. The two oxygen sites are involved in an O--H—O hydrogen
bond interaction with each other. The oxygen site linked to a hydrogen atom will be referred as
“OH”, while the other will be referred as “O”. We used the linear combination of these two
theoretically calculated contributions to reproduce the experimental O K-edge spectra of goethite
samples under different experimental conditions.

Figure S12a shows that a good agreement can be obtained between the experimental
spectra and the linear combination (LC) of the O K-edge spectra from the two oxygen sites.
Especially, the intensity ratio between the peaks 2 and 3 in the calculated LC are very well
reproduced for each case. Figures S12(c-e) show that the spectra from the O site are the main
contributions to the lower energy peaks 1 and 2, while the OH site is the dominant contribution to
the higher energy peak 3. For the as-synthesized goethite, shown in Figure S12¢, the calculated
relative area contribution from O and OH sites is 52.5% and 47.5% respectively, which is in good
agreement with previous work’ using a doublet composed of two Gaussian functions for the O and
OH components to reproduce the experimental spectra of goethite, and not too far away from the
ideal 50% for each site type.
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Table S1. Mossbauer parameters derived from fitting spectra collected at 77 K for 1 mM sFe(Il) reacted with goethite after sequential
hydrothermal/grinding treatments in addition to oxidized and HCl-extracted samples.

Mossbauer parameters

Sample Experiment Component CS?* Qs H¢ Std(H) or Std(QS)* Area
(mms')  (mms') (Tesla) (Tesla) or (mm s™) (%)
Batch # 2 Fe(IT) 1.17 2.68 0.35 2.2
Initial Fe(IT) 1.15 mM Fe(IIT) Sextet 1 0.47 -0.16 49.0 1.02 59.1
Sorbed Fe(Il) 188 pmoles g'  Fe(IlI) Sextet 2 0.51 0.07 49.0 1.29 29.6
Rel. Area sextets 88.7% Collapsed Feature 0.65°¢ -0.10° 25.8°¢ 14.65° 9.2
Batch # 3 Fe(IT) 1.22 2.62 0.41 2.0
Initial Fe(IT) 1.063 mM Fe(IIT) Sextet 1 0.48 -0.16 49.1 0.94 56.7
Sorbed Fe(Il) 139 pmoles g'  Fe(III) Sextet 2 0.51 0.07 49.3 1.19 29.1
Rel. Area sextets 85.8% Collapsed Feature 0.65°¢ -0.10° 25.8° 14.65° 12.2
Oxidized sample Fe(III) Sextet 1 0.47 -0.17 48.6 0.91 61.9
Rel. Area sextets 100.0% Fe(IIT) Sextet 2 0.51 0.03 48.8 0.96 38.1
. Fe(IIT) Sextet 1 0.48 -0.15 48.3 0.90 45.4
56 After HCI extraction
Fe As- Fe(IIT) Sextet 2 0.50 0.06 48.5 0.99 29
Syntz?tsilfci v Re Area sextets  100.0% Fe(IIT) Sextet 3 0.45 -0.37 47.1 0.95 25.5
5?:(111; " Sequential Fe(ll) 118 2.63 0.28 1.0
extractions Fe(IIT) Sextet 1 0.48 -0.16 48.9 1.02 61.6
Buffer wash Fe(I1I) Sextet 2 0.53 0.09 48.9 0.25 28.4
Rel. Area sextets 90.0% Collapsed Feature 0.65°¢ -0.10° 25.4° 13.23° 9.0
Sequential Fe(ID) 1.13 2.79 0.18 0.8
extractions Fe(III) Sextet 1 0.48 -0.16 48.9 1.04 63.4
CaCl, Fe(I1I) Sextet 2 0.52 0.07 49.0 1.27 29.1
Rel. Area sextets 92.5% Collapsed Feature 0.65°¢ -0.10¢ 25.8¢ 14.65¢ 6.7
Sequential Fe(I) 1.20° 2.70° 0.50° 0.6
extractions Fe(III) Sextet 1 0.48 -0.18 49 1.20 64.0
NaH:PO, Fe(I1I) Sextet 2 0.51 0.08° 491 1.35 30.5
Rel. Area sextets 94.5% Collapsed Feature 0.65°¢ -0.10°¢ 25.4¢ 13.23° 4.8
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Mossbauer parameters

Sample Experiment Component CSs? QsP H¢ Std(H) or Std(QS)? Area
P P
(mms')  (mms') (Tesla) (Tesla) or (mm s™) (%)
Batch # 2 Fe(IT) 1.17 2.78 0.35 2.4
Initial Fe(Il) 1.14 mM Fe(III) Sextet 1 0.47 -0.17 48.7 1.01 41.2
Sorbed Fe(Il) 136 pmoles g'  Fe(III) Sextet 2 0.51 0.09 49.2 1.13 24.0
Rel. Area sextets 65.2% Collapsed Feature 0.65°¢ -0.10° 25.8°¢ 14.65° 32.4
*Fe Batch # 3 Fe(Il) 1.21 2.88 0.41 3.1
tflydt"‘;the"‘glz}iler Initial Fe(IT) 1.132 mM Fe(IIT) Sextet 1 0.48 0.17 48.9 1.10 39.4
11;3211\4%71%:11)1 €T Sorbed Fe(Il) 122 umoles g’ Fe(IIT) Sextet 2 0.49 0.06 1.25 1.25 26.9
Rel. Area sextets 66.3% Collapsed Feature 0.65°¢ -0.10° 25.8° 14.65° 30.6
Fe(II) 1.20 2.70 0.50 0.1
Oxidized sample Fe(IIT) Sextet 1 0.48 -0.17 48.3 1.06 55.8
Fe(IIT) Sextet 2 0.48 0.04 48.7 1.21 36.6
Rel. Area sextets 92.4% Collapsed Feature 0.65°¢ -0.10° 25.8°¢ 14.65° 7.5
Batch # 3 Fe(IT) 1.22 2.81 0.49 3.1
Initial Fe(IT) 1.104 mM Fe(IIT) Sextet 1 0.48 -0.16 49.0 1.13 51.8
Sorbed Fe(Il) 106 pmoles g'  Fe(III) Sextet 2 0.50 0.07 49.4 1.40 30.1
Rel. Area sextets 81.9% Collapsed Feature 0.65°¢ -0.1°¢ 25.8°¢ 14.65° 15.0
56Fe Ground Batch # 3 Fe(IT) 1.22 2.70 0.53 3.2
goethite + ImM Initial Fe(IT) 1.123 mM Fe(III) Sextet 1 0.48 -0.17 48.9 1.13 48.9
YFe(Il) Sorbed Fe(II) 99 Fe(I1I) Sextet 2 0.49 0.07 49.4 1.39 31.0
Rel. Area sextets 79.9% Collapsed Feature 0.65°¢ -0.10° 25.8° 14.65° 16.9
Oxidized I Fe(IIT) Sextet 1 0.48 -0.21 48.8 1.30 50.5
X1dizeda sample
P Fe(IIT) Sextet 2 0.49 0.02 49.0 1.40 46.5
Rel. Area sextets 97% Collapsed Feature 0.65°¢ -0.10° 25.8° 14.7°¢ 3.0
SoFe Batch # 3 Fe(IT) 1.21 2.71 0.51 7.7
Hydrothermally  [Initial Fe(Il) 1.222 mM Fe(III) Sextet 1 0.47 -0.17 48.3 1.06 38.3
treated again Sorbed Fe(IT) 102 pmoles g!  Fe(IIT) Sextet 2 0.48 0.08 48.9 1.11 23.8
goethite + ImM
STFRe(1I) Rel. Area sextets 62.1% Collapsed Feature 0.65°¢ -0.10° 25.8°¢ 14.65° 30.3
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Sample

Mossbauer parameters

Experiment Component CS?* Qs H¢ Std(H) or Std(QS)* Area
(mms')  (mms') (Tesla) (Tesla) or (mm s™) (%)
Batch # 3 Fe(IT) 1.25 291 0.59 7.5
Initial Fe(IT) 1.078 mM Fe(IIT) Sextet 1 0.48 -0.16 48.7 1.09 39.6
Sorbed Fe(II) 81 umoles g Fe(IIT) Sextet 2 0.49 0.09 49.4 1.26 241
Rel. Area sextets 63.7% Collapsed Feature 0.65° -0.10° 26.25°¢ 13.75°¢ 28.7
. Fe(IIT) Sextet 1 0.49 -0.20 48.6 1.35 453
Oxidized sample
Fe(IIT) Sextet 2 0.48 0.04 48.9 1.43 44 4
Rel. Area sextets 89.7% Collapsed Feature 0.64° -0.10° 25.8° 14.65° 10.3

:Center shift

*Quadrupole splitting for doublets and quadrupole shift parameter for sextets

-Hyperfine Field

«Standards deviation of the Voigt profile for the hyperfine field or quadrupole splitting parameters, respectively

¢ Denotes that the parameter was fixed
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Table S2. Fe(Il) and Fe total extraction data.

Step Fe(Il)aq (nmol)  Fe(tot) (umol) % of sorbed Fe(Il) recovered
0.4 M HCI extraction

Initial aqueous 892 891

Final aqueous 591 585

HCI extracted 303 301 100
Sequential extractions

Initial aqueous 1120

Final aqueous 760 750

Buffer wash exiracted 80 70 22
CaCla extracted 60 50 17
NaH>POy extracted 140 140 39
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Table S3. Characteristics of goethite after sequential hydrothermal/grinding treatments.

XRD Cell dimensions BET
a (A) b (A) c(A) (m’ g™
As-synthesized 4.606 9.964 3.027 28
Hydrothermally treated 4.606 9.955 3.023 26
Ground 4.605 9.955 3.022 18
Hydrothermally treated again 4.603 9.956 3.022 19
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