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Abstract

The aqueous Fe(II)-oxide Fe(III) system is a reactant for many classes of redox sensitive compounds via an interfacial
Fe(II) sorption and electron transfer process. The poorly soluble Fe(III) products formed as a result of contaminant reduction
and Fe(II) oxidation on iron oxides may be capable of modifying iron oxide surfaces and affecting subsequent reduction rates
of contaminants such as halogenated ethenes or nitroaromatic compounds. The scope of this study was to identify the sec-
ondary Fe(III) mineral phases formed after Fe(Il) oxidation on common iron oxides during heterogeneous contaminant
reduction by directly targeting the secondary minerals using Mossbauer-active isotopes. Fe(IlI) mineral characterization
was performed using >’Fe-Mdssbauer spectroscopy, p-X-ray diffraction, and electron microscopy after oxidation of dissolved
STFe(Il) using nitrobenzenes as a model oxidant in pH-buffered suspensions of *°hematite, ®goethite, *®magnetite, and
*maghemite. Mdssbauer spectra confirmed sorbed *’Fe(Il) becomes oxidized by the parent **Fe(IIl)-oxide sorbent and
assimilated as the sorbent oxide prior to any nitrobenzene reduction, consistent with several reports in the literature. In addi-
tion to oxide sorbent growth, Fe(II) sorption and oxidation by nitrobenzene result also in the formation of secondary Fe(I1I)
minerals. Goethite formed on three hematite morphologies (rhombohedra, needles, and hexagonal platelets), and acicular
needle shapes typical of goethite appeared on the micron-sized hexagonal platelets, at times aligned in 60° orientations on
(001) faces. The proportion of goethite formation on the three hematites was linked to number of surface sites. Only goethite
was observed to form on a goethite sorbent. In contrast, lepidocrocite was observed to form on magnetite and maghemite
sorbents (consistent with homogeneous Fe(II) oxidation by O,) and assumed spherulite morphologies. All secondary Fe(III)
phases were confirmed within p-X-ray diffraction patterns. On hematite, the directed formation of goethite as opposed to lep-
idocrocite suggests hematite may possess a templating ability for the o-FeOOH atom arrangement as opposed to y-FeOOH.
The initiation of all secondary Fe-oxide formations occurred after four to six equivalents of monolayer coverage on the sup-
porting mineral sorbent. Overall, Fe(III) product identity formed during heterogeneous Fe(II) oxidation appears to be gov-
erned mainly by the identity of the underlying sorbent and partly by the amount of available surface sites.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION geochemistry (e.g. O,) and to the transformation of

groundwater contaminants. Over the past 20 years, numer-

Iron minerals are ubiquitous in subsurface environ- ous reports have shown the combination of dissolved Fe(II)
ments, and iron redox chemistry is closely linked to solution and Fe(III)-bearing minerals to be a potent reductant for
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many organic and inorganic contaminants including
nitroaromatics (Klausen et al., 1995; Charlet et al., 1998;
Elsner et al., 2004; Williams and Scherer, 2004; Hartenbach
et al., 20006), explosives (Gregory et al., 2004; Nefso et al.,
2005), chlorinated solvents (Buchholz et al., 2011), pesti-
cides (Strathmann and Stone, 2003; Nano and Strathmann,
2008), metals (Charlet et al., 1998, 2002; Buerge and Hug,
1999; Peretyazhko et al., 2008), and nitrite (Sorensen and
Thorling, 1991; Charlet et al., 1998). Fe(IIl)-bearing oxides
and hydroxides (such as goethite (a-FeOOH), hematite (a-
Fe,05), and magnetite (Fe;O,4), hereafter collectively
termed “Fe-oxides™) provide reactive surface sites that
can sorb Fe(Il) atoms and aqueous oxidants and couple
the transfer of electrons between them. These surface sites
are envisioned as terminal oxygen or hydroxide ligand
groups, usually of some partial negative charge, bonded
to one or more structural iron cations and capable of com-
plex formation with aqueous Fe(II) (and other multivalent
metal cations) in inner-sphere configurations. This process
of heterogeneous Fe(II) oxidation and contaminant reduc-
tion may be partly responsible for contaminant mitigation
within anoxic, Fe(Il)-rich aquifers (Riigge et al., 1998).
Moreover, natural oxidants such as O, and nitrite (NO, ")
(Sorensen and Thorling, 1991; Park and Dempsey, 2005)
can promote heterogeneous Fe(Il) oxidation and contribute
to the formation of Fe-oxides of varying size, crystallinity,
purity, and order in redox-active soils and sediments
(Thompson et al., 2006, 2011). Fe(II)-Fe(III) redox reac-
tions are also important for microbial respiration (Lovley,
1997), microbial energy derivation (Konhauser et al.,
2011), and contaminant transformation within zero-valent
iron systems (Scherer et al., 1999).

An accounting of Fe speciation on Fe-oxides could lead
to an improved understanding of electron transfer in heter-
ogeneous systems. In particular, understanding coupled
oxidant-iron redox reactions is paramount for evaluating
the relative importance of iron-mediated reactions com-
pared to other natural attenuation processes; to this end,
these prior studies report rates, extents, product distribu-
tions, and geochemical influences on redox reactions. Oxi-
dant half-lives can be minutes (e.g., nitrobenzenes
(Klausen et al., 1995)) to months (e.g., trichloroethene
(Zwank et al., 2005)) and are strongly influenced by Fe(II)
concentration (Strathmann and Stone, 2003), solution pH
(Klausen et al., 1995; Pecher et al., 2002; Strathmann and
Stone, 2003), and mineral phase (Klausen et al., 1995; Bue-
rge and Hug, 1999; Schultz and Grundl, 2000; Strathmann
and Stone, 2003; Elsner et al., 2004). Depending on oxidant
class, electron transfer to the oxidant molecule may result in
reduction of an organic moiety, reduction of the central me-
tal ion, reductive precipitation of a metal, or reductive
dechlorination (Borch et al., 2010). Concomitantly, aque-
ous Fe(II) must be consumed, oxidized to Fe(IIl), and pre-
sumably accumulate at the iron oxide surface (Amonette
et al., 2000; Williams and Scherer, 2004).

This study focuses on understanding the fate of Fe(II)
after oxidation to poorly soluble Fe(IIl) coupled to con-
taminant reduction on iron oxide surfaces. Reactive surface
sites on Fe(III)-oxides must be accessible, and sufficient dis-
solved Fe(II) must be available, in order for iron-mediated

heterogeneous contaminant reduction to be a sustained,
viable reaction process throughout the life of a contaminant
plume. However, Fe(Il)-Fe(I1I) redox reactions may alter
Fe-oxide surfaces, perhaps becoming restructured by pre-
cipitation reactions (Hansel et al., 2005; Chun et al., 2006;
Yanina and Rosso, 2008), forming new iron phases (Pecher
et al., 2002), increasing in reactive surface area (Klupinski
et al., 2004), all of which may promote or inhibit contami-
nant reaction rates (Klausen et al., 1995; Chun et al., 2006).
Fe(III) mineralogy is sensitive to geochemical solution con-
dition when formed via oxidation of Fe(II) by O, (Cornell
and Schwertmann, 2003) or by microbes (Larese-Casanova
et al., 2010a,b). In the case of heterogeneous contaminant
reduction, repeated sorption and oxidation of Fe(II) on
Fe(III)-oxide surfaces will certainly result in the accumula-
tion of new Fe(IIl) atoms. Identifying the type and mor-
phology of newly precipitated Fe(III) will help us
determine to what extent iron mineral surfaces assimilate
Fe(III) atoms or form new iron phases.

Recent microscopic, spectroscopic, and computational
evidence for reactions of aqueous Fe(II) with Fe(III)-oxide
surfaces provide an improved picture of Fe(II)-Fe(III) sur-
face redox chemistry. Uptake of Fe(Il) on Fe(Ill)-oxides
alone (in the absence of an external oxidant such as a con-
taminant or O,), by way of complexing with surface oxygen
atoms, may result in electron transfer from sorbed Fe(II) to
oxide Fe(IIl) and the formation of new Fe(III) which be-
comes assimilated as part of the Fe(III)-oxide sorbent (Wil-
liams and Scherer, 2004; Silvester et al., 2005; Larese-
Casanova and Scherer, 2007a; Cwiertny et al., 2008; Yanina
and Rosso, 2008; Gorski and Scherer, 2009; Catalano et al.,
2010). The injected valence electrons may be transferred rap-
idly among Fe(III) atoms (Kerisit and Rosso, 2006; Larese-
Casanova and Scherer, 2007b), reductively dissolve struc-
tural Fe(III) (Pedersen et al., 2005), and induce phase trans-
formations by reprecipitation or structural rearrangement
(Zhang et al., 1992; Hansel et al., 2005). Prolonged Fe(II)—
Fe(III) redox cycling may result in face-specific Fe dissolu-
tion and deposition of hematite (Yanina and Rosso, 2008),
formation of less crystalline rinds (Hansel et al., 2004; Chun
et al., 2006), and promote interfacial Fe atom mixing (Cros-
by et al., 2005; Handler et al., 2009; Mikutta et al., 2009). The
presence of a reducible contaminant promotes further sorp-
tion and oxidation of aqueous Fe(II) (Amonette et al., 2000;
Williams and Scherer, 2004) and the insoluble Fe(III) formed
may alter Fe-oxide surfaces, for example the observed
lengthening of goethite rods (Chun et al., 2006) or growth
of nanosized iron oxide particles (Klupinski et al., 2004).

Identifying the newly formed Fe(III) phases is difficult
because of the challenges in detecting usually small
amounts of iron atoms and in distinguishing newly precip-
itated Fe(III) from the parent Fe-oxide substrate using
most spectroscopic techniques. Fe(II) oxidation products
on non-iron mineral substrates may not have these barriers
to analysis and, in fact, have been identified as hematite (as
a result of oxidation by pertechnetate on o-Al,O; (Pere-
tyazhko et al., 2008)) and goethite (as a result of oxidation
by nitrobenzene on v-Al,O; (Larese-Casanova et al.,
2010a,b)) using >’Fe-Méossbauer spectroscopy. In this work,
we employ a >’Fe-Mossbauer technique (Williams and
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Scherer, 2004; Larese-Casanova and Scherer, 2007a;
Cwiertny et al., 2008; Gorski and Scherer, 2009; Amstaetter
et al., 2010; Rosso et al., 2010) to directly observe only the
reacted Fe(II) (as °"Fe) and not the underlying iron oxide
(as *°Fe) during heterogeneous Fe(Il) oxidation for a vari-
ety of geochemical solution conditions. This technique can
distinguish oxidation states, identify mineral phases and rel-
ative abundances, and provide insight to crystallinity and
magnetic ordering for the reacted >’Fe surface atoms. Such
information gathered from >’Fe-M&ssbauer spectroscopy
has been valuable for understanding a variety of redox-dri-
ven processes that influence iron mineral identity and mor-
phology, including interfacial electron transfer processes
with contaminants (Williams and Scherer, 2004), mineral
surface topology changes (Rosso et al., 2010), microbial
metabolism (Frankel et al., 1983), and weathering of natu-
ral iron minerals (Thompson et al., 2006).

Here, nitrobenzene was used as model oxidant because,
unlike O,, it oxidizes Fe(II) associated with oxides but not
aqueous Fe(Il), eliminating homogeneous oxidation of
aqueous Fe(II), and is common among heterogeneous con-
taminant studies. The *°Fe-oxides used were goethite, mag-
netite, maghemite, and three morphologies of hematite, all
thermodynamically stable and resistant to drastic phase
transformations during reactions with Fe(II). Because con-
taminant reduction rates, and therefore Fe(II) sorption and
oxidation rates, are dependant on solution pH, dissolved
Fe(Il) concentration, and Fe(III) mineral type, we expect
these geochemical parameters to affect the identity and
abundance of Fe(II) oxidation products.

2. METHODS
2.1. Reagents

Anoxic stock solutions of Mops (3-(N-morpholino)pro-
panesulfonic acid) Good’s buffer, NaCl, and NaOH were
prepared using N,-purged, deoxygenated, deionized water
within an anoxic glovebox with a 100% N, atmosphere.
HCI solutions were made by diluting N»>-purged concen-
trated HCl with deoxygenated, deionized water. Acidic
solutions of >’Fe(Il) were made by dissolving ’Fe(0)
(99% pure, Chemgas) powder in 2 M HCI solution and fil-
tered prior to use (Williams and Scherer, 2004). Acidic solu-
tions of >°Fe(Il) were prepared in a similar manner using
56Fe(0) (99.94% pure, Chemgas). Separate anoxic stock
solutions of 4-chloro-nitrobenzene and 4-methyl-nitroben-
zene were prepared by dissolving weighed amounts of
the nitrobenzene solids into N,-purged, deoxygenated
methanol. All solutions were prepared within an anoxic
glovebox.

2.2. S%Fe-oxide synthesis

SHematite rhombohedra crystals were synthesized
according to a modified hydrothermal method (Raming
et al., 2002). A 340 mM solution of **Fe(II) was removed
from the glovebox, and the Fe(Il) was oxidized to Fe(III)
by incremental addition of hydrogen peroxide while stirring.
The solution turned brown and was allowed to rest for sev-

eral hours. The solution was then filtered through a 0.45 pm
syringe-tip filter and diluted with deionized water to a
260 ml, 20 mM Fe(IIT) solution that was capped in a Schott®
bottle and heated at 100 °C for 7 days during which a red
precipitate formed. The precipitate was collected by centri-
fugation at 12,000g, resuspended and washed in 10 mM
NadCl, centrifuged again, and dried for 7 days at 50 °C.
5Goethite was synthesized according to a modified
method of ferrihydrite conversion (Schwertmann and Cor-
nell, 2000). A 4 ml, 1.8 M solution of *Fe(II) was removed
from the glovebox, and the Fe(II) was oxidized to Fe(III)
by addition of hydrogen peroxide while stirring within a
plastic bottle. The solution was then filtered, and the pH
was raised to 12.0 by addition of 5M KOH, forming a
brown precipitate. The suspension was diluted with deion-
ized water to 110 mL, capped, and heated at 65 °C for 4
days. The yellow-ochre precipitate was collected by centri-
fugation at 10,000g, resuspended and washed in 10 mM
NaCl, centrifuged again, and dried for 3 days at 50 °C.

SHematite hexagons were synthesized according to a
modified method in which *goethite was converted to
S%hematite under hydrothermal conditions (Sugimoto and
Wang, 1998). Two hundred and seventy milligrams of
%goethite were added to 5.4 ml of 8.0 M NaOH solution
within a pressure-sealed Teflon container and heated to
250 °C for 6 h. After cooling, the red—purple precipitate
was centrifuged at 10,000g, washed in deionized water, cen-
trifuged again, and dried for 3 days at 100 °C.

SHematite needles were converted from acicular >®goe-
thite by heating to 450 °C for 24 h (Duvigneaud and Derie,
1980).

SMagnetite was synthesized according to a modified
method of Fe(Il)-Fe(Ill) coprecipitation (Cornell and
Schwertmann, 2003). A 15ml, 133 mM °Fe(II) solution
was removed from the glovebox and oxidized to *°Fe(III)
using H,O, while stirring. This solution was purged again
with N, gas and returned to the glovebox. The pH was
raised to about 5 by addition of 15 M NaOH, and a brown
precipitate formed. The solution became very warm, so it
was cooled with ice until room temperature. A 30 ml,
133 mM °Fe(Il) solution was then added to the **Fe(III)
solution, stirred, and titrated to pH 10 using 15 M NaOH.
A black precipitate formed and was stirred for 12 h. The
precipitates were collected by centrifugation at 10,000g
and dried within the glovebox for 4 days. The dried precip-
itates were crushed, sieved, and washed quickly in deoxy-
genated, deionized water to dissolve NaCl crystals that
may have formed during drying. The powder was dried
again as previously described. The Fe(II):Fe(III) stoichiom-
etry was measured by dissolving a small amount in 6 M
HCl and measuring the dissolved Fe(Il) concentration
and the total Fe concentration (after reduction with
hydroxylamine hydrochloride) with the ferrozine method.
A Fe(II):Fe(III) value of 0.27 was observed, which is less
than the stoichiometric value of 0.50.

**Maghemite was synthesized according to a modified
method of thermal conversion of magnetite (Cornell and
Schwertmann, 2003). **Magnetite was heated to 190 °C
for 36 h, and the powder turned from black to brown. To
check if complete oxidation of Fe(Il) to Fe(IIl) occurred,
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a small amount was dissolved in 6 M HCI, and the Fe(II)
content was only 1% of the total dissolved Fe.

The purity of all synthesized °Fe oxides was confirmed
with p-XRD. All oxides were sieved with a 45-um sieve
prior to use. Oxides were weighed to a mass of 15.0 mg
within Eppendorf tubes and stored within the anoxic glove-
box to allow O, to diffuse away from the oxide surface.

2.3. Fe(II) oxidation and nitrobenzene reduction experiments

All batch reactor experiments were performed within an
anoxic glovebox in N, atmosphere. The appropriate volume
of 3’Fe(II) to make a final concentration of about 3 mM was
added to a solution of 30 mM Mops and 30 mM NaCl. The
pH was adjusted to the desired value using 0.5 M NaOH and
0.5 M HCI. The solution rested for at least 24 h and then was
filtered to remove any precipitates. Triplicate samples for ini-
tial Fe(II),q concentration were taken. 15.0 mg of *Fe-oxide
were added to 20 ml of >”Fe(II) solution, and the solution was
crimp-sealed with a Teflon-coated butyl rubber stopper. This
high concentration of Fe(II),q (~3 mM) and low solids con-
centration (0.75 g Lfl) were chosen in order to form Fe(III)
oxidation products (after reaction with nitrobenzene) in
amounts detectable by p-XRD as determined in preliminary
experiments. The solution was mixed end-over-end on a
rotating disk for 1 h, and samples were taken in triplicate
and filtered through a 0.45 um syringe-tip filter to measure
the Fe(Il),q concentration at this equilibration time. The
amount of Fe(II) sorbed during the 1 h equilibration time
(Fe(IT)so;p) Was estimated as the difference between the
initial and equilibrated Fe(II),q concentrations. For selected
experiments, the oxide particles were then filtered for M&ss-
bauer analysis to characterize the >’Fe(II) that sorbed and
reacted with the *°Fe-oxide during the 1h uptake period
only. In other experiments, the solution was spiked with
the nitrobenzene compound and returned to agitation. Sam-
ples for nitrobenzene and its reduction products were taken
periodically and filtered through 0.45 um PTFE syringe-tip
filters. The total amount of Fe(Il) reacted at the end of the
experiment (Fe(II)c.cteq) Was calculated as the difference be-
tween the initial and final Fe(II),q concentrations.

After 23 h, final samples for Fe(Il),q (in triplicate) and
nitrobenzene compounds were taken, and the final solution
pH was measured. The Mops buffer was essential for main-
taining some pH control during Fe(II) sorption, oxidation,
and precipitation which cause significant release of H' (or
consumption of OH™). Abstaining from a buffer caused
too great of a drop in pH and a cessation of the reactions,
and periodic addition of NaOH solution for H' neutraliza-
tion was not employed due to possible formation of unin-
tended iron hydroxide precipitates at locally high OH™
concentrations. The solids were filtered onto a syringe-tip
filter paper, and both were removed and preserved between
two layers of oxygen-impermeable Kapton® tape for anal-
ysis with >’Fe-M&ssbauer spectroscopy and later pu-XRD.

2.4. Chemical analyses

Aqueous Fe(Il) concentrations were measured by the
ferrozine method (Stookey, 1970). The nitrobenzene

compounds and their reduction products were measured
by high pressure liquid chromatography using a CI18
column, a 70/30 acetonitrile/water (containing ~0.1 mM
ammonium acetate, pH 6), a 0.9 ml min~! flowrate, and a
UV-vis detector. The wavelengths of detection were
275 nm for 4-chloro-nitrobenzene, 235 nm for 4-chloro-
phenylhydroxylamine and 4-chloro-aniline, 282 nm for
4-methyl-nitrobenzene, and 235nm for 4-methyl-phen-
ylhydroxylamine and 4-methyl-aniline (Klausen et al.,
1995). The nitrobenzene and aniline compounds were quan-
tified with respect to standard solutions, and concentrations
of the intermediate phenylhydroxylamine was estimated at
235nm using a mass balance approach when only
4-chloro-aniline was also present.

2.5. Mineral analyses

The specific surface area (SSA) of the *hematite rhom-
bohedra, *°goethite, and **magnetite were measured using
N, adsorption by Brunauer—-Emmett-Teller analysis. Mea-
suring the SSA of **hematite needles and **maghemite was
not possible due to the small amount of oxide synthesized.
Therefore, the SSA of the °hematite needles was assumed
to be similar to the SSA to their parent *°goethite, and that
of the **maghemite was assumed to be similar to that of
their parent *°magnetite. The measured SSA of **hematite
hexagons was below the instrument detection limit
(5m? gfl), so a geometric SSA was calculated assuming
representative hexagonal particles 1 um in size and 0.2 pum
in thickness. Scanning electron microscopy images were
collected with a LEO 1450 VP microscope and were used
to estimate particle sizes and to observe changes in surface
topology after heterogeneous Fe(II) oxidation experiments.
Values for surface site densities were assumed from litera-
ture values reported for similar particle sizes and morphol-
ogies used here. SSA values, particle sizes, and surface site
densities are summarized in Table 1.

p-XRD patterns were collected with a Bruker D8 Dis-
cover p-X-ray diffractometer with Co Ko radiation focused
to a 300 um spot size. Mossbauer spectra were collected
with 3’Co radiation with linear acceleration in transmission
mode. Sample temperatures were varied using a Janis®
closed-cycle cryostat. Spectra were calibrated against a
spectrum of a-Fe(0) foil. Recoil® software and Voigt-based
models were used for spectral fitting.

3. RESULTS AND DISCUSSION
3.1. "Fe(II) uptake by °Fe oxides

Because the products of aqueous Fe(II) reactions with
Fe-oxides alone must be distinguished from products result-
ing from oxidation by nitrobenzene, the fate of sorbed
STFe(1I) was first characterized after a 1-h uptake period
prior to any nitrobenzene addition. Prior studies already
describe using Mdssbauer spectroscopy the sorption and
oxidation of *"Fe(II) on **hematite (Williams and Scherer,
2004; Larese-Casanova and Scherer, 2007a; Rosso et al.,
2010), *®goethite (Williams and Scherer, 2004; Cwiertny
et al., 2008), 56magnetite (Gorski and Scherer, 2009),
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Table 1
Physical properties of *°Fe-oxide sorbents and abundances of >’Fe-oxides formed within oxide suspensions of 0.75 g L™1.
Oxide Particle SSA Psite Monolayer During initial substrate During secondary crystal growth
substrate® size® (m? g7 sites®  # sites? growth
-2
(nm ") Detected *’Fe Stoichiometric Onset of 2° mineral Stoichiometric
phases ratio (slope)  (umoles) ratio
Fe(Il) eactea # Monolayers (slope)
SHematite rhombohedra 200 nm 10 2.6 (1) 3.9 x 10'7 Hematite 1.00 - - 0.14
Goethite 0.00 2.9 4.5 0.85
Lepidocrocite  0.00 nd® nd 0.01
>Hematite hexagons 0.5-5um 4 2.3(2) 1.3 x 10" Hematite 1.00 - - 0.05
Goethite 0.00 1.2 5.9 0.95
>Hematite needles 500 nm 45 2.6 (1) 1.8 x 10'® Hematite 1.00 - - 0.75
Goethite 0.00 13.2 4.5 0.25
%Goethite 500 nm 45 1.7(2) 1.1 x 10'®  Goethite 0.95 - - 1.00
Fe(1l) 0.05 - - -
>*Magnetite 100nm 85 5.0(3) 6.4 x 10'® Magnetite 1.00 - - 0.75
Lepidcrocite ~ 0.00 46.8 44 0.25
S*Maghemite 100nm 85 5.0 (4) 6.4 x 10'® Magnetite 1.00 - - 0.49
Lepidocrocite <1 40.9 39 0.51

 Fifteen milligrams of oxide substrate was added to each batch reactor.
® Values are approximated from viewing several primary particles within SEM images. Values refer to particle dimension of greatest length.
¢ Numbers in parentheses refer to the following references: 1, Jeon et al. (2004); 2, Pivovarov (1997); 3, Tamura et al. (1983); 4, Garcell et al.

(1998).

4 Number of surface sites within a batch reactor, calculated as mass of oxide x SSA x 10'® nm

¢ Not determined.

*maghemite (Horio et al., 1994), >*ferrihydrite (Williams
and Scherer, 2004), and ferrihydrite of natural iron isotopic
abundance (Silvester et al., 2005). Consistent with these
reports, our results confirm the oxidation of *’Fe(II) to
STEe(111) and assimilation of >"Fe(IlI) into the *°Fe-oxide
structure within Fe-oxide suspensions of 3.0 mM >’Fe(II)
at pH 7.2.

3TFe(II) was oxidized to >’Fe(III) and formed >’hematite
on the **hematite rhombohedra, **hematite hexagons, and
>hematite needles (Fig. 1). For most iron (hydr)oxides
the Fe(IIl) oxidation state is distinguished from Fe(II) by
their Mossbauer parameter values, with Fe(IIl) having a
smaller center shift (0.3-0.6 mm s~!) compared to Fe(II)
(0.9-1.4 mm sfl), and in the case of doublet signals, having
a smaller quadrupole splitting distribution (0.5-1.0 mm s™})
compared to Fe(Il) (1.8-3.0mms~'). Each >’hematite
formation exhibits a sextet pattern that is consistent with
high spin, octahedral-coordinated Fe(IIl) in the presence
of a hyperfine magnetic field (Murad and Cashion, 2004).
The sextet patterns for the >°hematite rhobohedra (at
4.2 K) and *°hematite needles (at 77 K) were found to be
composed of two sub-spectra sextets representing two dis-
tinct magnetic orders of hematite: the weakly ferromagnetic
order and the antiferromagnetic order that are usually
separated by the Morin transition temperature (7,
~265K). As discussed previously for >’Fe(II) uptake on
SShematite (Larese-Casanova and Scherer, 2007a; Rosso
et al., 2010), the coexistence of these two phases below
Tw reveals a disruption of magnetic ordering within the
formed >’hematite caused by structural or electronic
defects, possibly due to incomplete bonding formations
for surface iron atoms, incorporation of H atoms into
structural O linkages, or the rapid electron-hopping of

2 -2
m X Psite-

donated valence electrons (Morrish, 1994; Dang et al.,
1998; Kerisit and Rosso, 2006; Larese-Casanova and
Scherer, 2007a; Rosso et al., 2010). Identification of the
weakly ferromagnetic and antiferromagnetic phases was
made by comparing modeled spectral parameters (center
shift, quadrupole shift, and hyperfine field) to published
values (Mdssbauer spectral parameters for all experiments
are listed in Table EA-1 in Electronic Annex 1). The weakly
ferromagnetic order was not apparent within the >’hematite
formed on the **hematite hexagons due to the low absorp-
tion signal, and for simplicity this spectrum, as well as
subsequent spectra for this oxide substrate, were modeled
only with the antiferromagnetic order.

A >"Fe(IIT)-goethite sextet pattern was readily apparent
after ’Fe(IT) uptake on our *°goethite (Fig. 1), similar to
STFe(1I) oxidation on *®goethite in previous reports (Wil-
liams and Scherer, 2004; Cwiertny et al., 2008; Amstaetter
et al., 2010). Not all sorbed Fe(I) was oxidized, however,
and an Fe(II) species was present among the filtered *goe-
thite particles. A two-peak doublet coexisted with the
formed *’goethite sextet at 77 K and was consistent with
a high-spin, octahedral coordinated Fe(II) species (Murad
and Cashion, 2004) that has been observed after *"Fe(II)
uptake on aluminum oxide (Williams and Scherer, 2004;
Larese-Casanova et al.,, 2010a,b), SShematite with high
Fe(I1) loading (Larese-Casanova and Scherer, 2007a), clay
(Schaefer et al., 2011), and the same 56goethite used in a
separate study (Amstaetter et al., 2010). We attribute this
Fe(II) doublet as either a collection of stable sorbed Fe(II)
atoms or a surface hydroxide precipitate similar to ferrous
hydroxide (Fe(OH),s) (Larese-Casanova and Scherer,
2007a) but not crystalline ferrous hydroxide (such as
Fe(OH),( that is homogenously-precipitated) which has a
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Fig. 1. "Fe-Mdssbauer spectra of the three **hematite oxides and the *°goethite before and after uptake of *’Fe(Il). Light gray sextets are
hematite antiferromagnetic phases, dark gray sextets are hematite weakly ferromagnetic phases, the hatched sextet is goethite, and the black
doublet is an Fe(II) species. The spectra for all **Fe oxides alone were collected at 4.2 K. The analysis temperatures for the *°*Fe oxides after
STFe(II) uptake were as follows: 4.2 K for *®hematite rhombohedra, 4.2 K for **hematite hexagons, 77 K for *hematite needles, and 77 K for
$goethite. Solution conditions and Mdssbauer parameters are listed in Table EA-1 in Electronic Annex 1.

quadrupole splitting (peak spacing) far larger. The incom-
plete oxidation of sorbed Fe(II) on our *°goethite further
illustrates the notion that some iron oxides may have a limit
to their ability to accept or store valence electrons from re-
dox-active sorbates (Sherman, 1987; Rosso et al., 2003;
Williams and Scherer, 2004; Kerisit and Rosso, 2006; Lar-
ese-Casanova and Scherer, 2007a; Yanina and Rosso,
2008). Surface Fe(Il) accumulation (Fe(Il)s,) may be
linked to surface site saturation, at least for hematite (Lar-
ese-Casanova and Scherer, 2007a). However, among the
four oxide substrates within similar solution conditions in
Fig. 1, no correlation exists between Fe(Il)y,.r appearance
and estimated site saturation: °goethite (Fe(Il)y,s at
saturation), >hematite rhombohedra (no Fe(Il)gy,, below
saturation), SShematite hexagons (no Fe(Il)g,,, above satu-
ration), and > ®hematite needles (no Fe(Il)gy,, below satura-
tion). Moreover, this Fe(II),,r species has been observed to
form after Fe(Il) uptake on an identical >®goethite
(Amstaetter et al., 2010) although not on a similarly-
prepared *®goethite (Williams and Scherer, 2004) or on a
3goethite of smaller particle size (Cwiertny et al., 2008).

All four studies were conducted under fairly similar
solution conditions, except that Amstaetter et al. (2010)
and this work had higher dissolved Fe(II) concentrations
(1.0-2.7mM as opposed to 0.1-0.25) and lower pH
(7.0-7.2 as opposed to 7.5-7.4) compared to the latter
two publications. Reaction time and surface Fe(II) cover-
age does not explain Fe(Il)gy,, either. The Fe(II)g,r on goe-
thite might be directed by a driving force from the higher
dissolved Fe(Il) or a pH sensitivity to interfacial electron
transfer. In fact, a recent surface complexation model pre-
dicts that sorbed Fe(II) may be more resistant to oxidation
by goethite at pH ~ 7.0 compared to 7.5 (Hiemstra and van
Riemsdijk, 2007). Additional sorption isotherms, surface
charge descriptions, and spectroscopic data are needed to
clarify this relationship among different substrate identities
and morphologies. Finally, the Fe(Il)y,,r is likely reactive to
nitrobenzene, as no Fe(Il)g,r signal was observed in any
spectra after nitrobenzene reduction (Section 3.2). This
species may represent a collection of surface Fe(Il) that,
after its formation from dissolved Fe(II), is able to reduce
a dissolved oxidant independently from dissolved Fe(II),
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Fig. 2. *’Fe-Mossbauer spectra of magnetite and **maghemite before and after uptake of >’Fe(Il). The dark gray sextets are tetrahedral
Fe(I1I) sites in magnetite. The light gray sextets are octahedral Fe(II)-Fe(III) sites in magnetite. The hatched doublet is lepidocrocite. The
spectra for both *°Fe oxides alone were collected at 4.2 K, and the spectra collected after >’Fe(II) uptake were at 140 K. Solution conditions
and Mossbauer parameters are listed in Table EA-1 in Electronic Annex 1.

which is necessary for most contaminant reduction with
Fe(IIl) (hydr)oxides (Williams and Scherer, 2004).

3Magnetite oxidized most of the sorbed *"Fe(II) to form
a “'magnetite surface coating (Fig. 2) consistent with the
observations of Gorski and Scherer (2009) (Gorski and
Scherer, 2009). The two sextet subspectral patterns were
apparent at 140 K and were typical for magnetite above
its Verwey transition temperature (120 K): the sextet for tet-
rahedral Fe(IIl) A sites (which may contain overlapping
area for unpaired B site Fe(III) (da Costa et al., 1995; Gor-
ski and Scherer, 2009)), and the sextet for octahedral
Fe(II)-Fe(III) B sites. The relative areas of the A (81%)
and B (19%) sites for the formed >'magnetite reveal a
Fe(II):Fe(III) value of 0.09 which is less than the stoichiom-
etric value of 0.50. The **magnetite substrate, also under-
stoichiometric with regard to Fe(II) content prior to
Fe(II) uptake (0.27), exerted an electron demand that was
only partially satisfied by electrons transferred from sorbed
STFe(1I) (based on the calculation procedure in Gorski and
Scherer (2009)) into Fe(III) B sites.

STFe(II) uptake on **maghemite resulted in oxidation to
Fe(III) of two forms: (i) a sextet pattern that most closely
resembles magnetite rather than maghemite and (ii) a minor
Fe(III) doublet pattern similar to lepidocrocite. The sextet
pattern was deconvoluted as the two sub-spectra sextets
representing the A and B sites of magnetite as described
above. Fully distinguishing magnetite from maghemite
within Mossbauer spectra is nearly impossible (Vandenber-
ghe et al., 2000), leaving the possibility our interpreted mag-
netite sextets contains some maghemite. Nevertheless, the
sextet subspectra for >’Fe formed on the *’maghemite are
nearly identical to the sextet subspectra for °’Fe formed
on “®magnetite as well as for synthetic magnetite
(Fig. EA-2-1 in Electronic Annex 2). Our results are consis-
tent with previous reports of magnetite formation on
maghemite-like colloids after Fe(II) uptake at circumneu-
tral pH (Tronc et al., 1984). Lepidocrocite formation was
not expected and may be caused by rapid, collective Fe(II)
oxidation at isolated locations that allowed Fe(Ill) to

assemble into the y-FeOOH structure instead of magnetite.
For our purposes, we classify both the formed magnetite
and lepidocrocite phases as “secondary” minerals because
they differ from the parent (primary) maghemite sorbent.

The extent of Fe(II) uptake was checked for all subse-
quent experiments prior to the oxidant nitrobenzene addi-
tion and was found to be consistent with general trends
for metal sorbates on metal oxide sorbents. Uptake extent
was fairly constant within each preparation of *°hematite
and °goethite at pH 7.2 after 1 h (Fig. EA-2-2 in Electronic
Annex 2). Fe(Il) uptake was far greater (and much more
variable) for *°magnetite and **maghemite compared to
the others and could be due to greater surface area, a pos-
sible lower pHy,., or a greater ability to accept and store va-
lence electrons. Fe(II) uptake generally increased when pH
increased from 7.0 to 7.8 for the >*hematite rhombohedra,
likely promoted by slight decreases in net surface charge
typical of cation sorption to iron oxides.

Consistent with prior reports, Fe(II) oxidation after up-
take was confirmed to result primarily in Fe(III) atoms that
assumed the sorbent mineral structure and therefore iden-
tity on all Fe-oxide substrates with the exception of maghe-
mite, which produced secondary phases. As discussed in the
next section, further Fe(Il) sorption and oxidation leads to
additional formation of primary and secondary phases, and
quantifying their proportions allows further characteriza-
tion of the interfacial redox processes.

3.2. 57Fe(Il) uptake and oxidation during nitrobenzene
reduction

Further heterogeneous oxidation of >’Fe(II) on the *°Fe-
oxide surfaces was promoted by the reaction with a dis-
solved nitrobenzene compound that served as an oxidizing
agent. To first establish an “endpoint” of maximum °’Fe
surface accumulation on each oxide, nearly all 3.0 mM
57Fe(II) was oxidized with about 450 uM 4-chloro-nitro-
benzene within identical solution conditions (pH 7.2,
30 mM Mops, 30 mM NaCl). Reduction of 4-chloro-nitro-
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benzene to 4-chloro-aniline (with the transient appearance
of the intermediate 4-chloro-phenolhydroxylamine) was ob-
served only when aqueous °’Fe(I) was present with any
SFe-oxide (Fig. 3 provides one example with **hematite
rhombohedra). No nitrobenzene reduction was observed
in aqueous Fe(Il) solutions without an iron oxide (data
not shown) confirming that the electrons provided for the
reduction stemmed from mineral bound Fe(II). Heteroge-
neous nitrobenzene reduction by Fe(II) and iron oxides is
usually rapid (Klausen et al., 1995), and here nitrobenzene
reduction was nearly complete within 0.5-3 h. Rates of
nitrobenzene reduction could be described with a pseudo-
first order kinetic model (Table EA-1 in Electronic Annex
1 lists rate coefficients k for all solutions), but only for early
timepoints where aqueous Fe(II) concentrations changed
little. The reaction rate deviated from first-order toward
the end of the reaction due to depletion of aqueous Fe(II)
concentrations or due to a change in surface Fe-oxide iden-
tity (data not shown). The initial rates did not show any
appreciable trend with respect to initial 4-chloro-nitroben-
zene concentration (Fig. EA-2-3 in Electronic Annex 2) or
solution pH (Fig. EA-2-4 in Electronic Annex 2).
Concomitant loss of aqueous Fe(Il) at the termination
of the reaction was documented (Table EA-1 in Electronic
Annex 1) and indicates the dissolved Fe had become
associated with the solid phase. In most experiments, the
amount of aqueous Fe(II) lost was more than sufficient to
account for the observed aniline formation (the stoichiom-
etry is six electrons transferred from Fe(II) for each aniline
formed). An often-used reference point for metal deposition
is monolayer coverage; in these and subsequent experi-
ments, we deposited a far greater number of theoretical
S7Fe-monolayers (range of less than one to greater than
300, Table EA-1 in Electronic Annex 1) by using high
aqueous Fe(I) concentration (3.0 mM) and a low oxide
concentration (0.75 g L") compared to other experiments
in the literature that focused primarily on contaminant
transformation kinetics instead of iron crystal growth
(e.g., Buchholz et al., 2011). The high amount of Fe
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Fig. 3. 4-Chloro-nitrobenzene (CINB) reduction, 4-chloro-hydrox-
ylamine (CIHA), 4-chloro-aniline (CIAN) in the presence of
*hematite thombohedra. Oxide loading was 0.75 g L™!, solution
pH was 7.2. Other solution conditions for this batch reactor (#8)
appear in Table EA-1 in Electronic Annex 1.

deposition allows for observing surface topology transfor-
mations with scanning electron microscopy and to confirm
secondary iron mineral identity using p-X-ray diffraction in
addition to >’Fe-Mdssbauer spectroscopy.

3.2.1. *° Hematite and *’goethite substrates

Heterogeneous Fe(Il) oxidation driven by nitrobenzene
reduction resulted in the growth of the underlying hematite
substrate and the formation of secondary Fe-oxide phases
on all three hematite substrates (Fig. 4). Goethite was the
most abundant *’Fe-oxide formed on the **hematite rhom-
bohedra and hexagons, but only a minor amount appeared
on the *hematite needles. Goethite is readily distinguished
from hematite in Mossbauer spectra based on its character-
istic quadrupole shift value (about —0.12 mms~') and its
lower hyperfine magnetic field (<50 T for goethite, >52 T
for hematite at temperatures 77 K and below). Goethite
reflections were also detected within p-XRD patterns, most
noticeably the 24.5° and 42.6° 20 reflections, for the rhom-
bohedra and hexagon substrates. While a minor lepidocro-
cite signal (1% abundance in the Mdssbauer spectrum) was
observed with **hematite rhombohedra the small amount
of goethite formed on the **hematite needles was not visible
in XRD. For similar iron oxide surface investigations in the
future, additional techniques such as diffuse reflectance
spectroscopy may provide more sensitive identification
and quantification of primary and secondary iron oxides,
in particular hematite and goethite (da Costa et al., 2009).

Acicular shapes (needle-like) similar to goethite were
readily apparent on the hexagon surfaces within SEM
images (Fig. 6). Rhombohedra surfaces became roughened
with small stubs which we attribute to goethite, and no
changes in surface features were observable for the *hema-
tite needles. The appearance of goethite indicates that, at
some point during Fe(Il) oxidation, newly-formed Fe(III)
preferably nucleated as o-FeOOH instead of a-Fe,0s,
which is conceivable considering goethite is one Fe-oxide
phase that can form via Fe(II) oxidation whereas hematite
usually forms via a dehydration mechanism or under
hydrothermal conditions (Cornell and Schwertmann,
2003). However, extensive growth of hematite surface
deposits is possible via Fe(Il) oxidation by underlying
hematite during far slower reaction rates (Rosso et al.,
2010), so the formation of goethite observed here might
be due to the rapid Fe(Il) oxidation in which Fe(IIl) pro-
duction was too fast to properly assimilate as hematite.
Nevertheless, in order for well-defined goethite crystals to
grow (at least on the *®hematite hexagons), the reactive sur-
face for Fe(II) sorption and oxidation likely transitioned
from the hematite surface to goethite nuclei on which
Fe(IIl) further accumulated as o-FeOOH. Indeed, when
%g0ethite was provided as the parent Fe-oxide substrate,
only *’goethite was observed to form in Mossbauer spectra
(Fig. 4), and goethite crystal lengthening has been observed
within TEM images after heterogeneous oxidation by nitro-
benzene reduction (Chun et al., 2006).

The greater preference for goethite formation over
lepidocrocite on hematite may be caused by the hematite
surface providing a template for epitaxial growth of
goethite. Oriented crystal growth of goethite needles on
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Fig. 4. ’Fe-Mossbauer spectra of >’Fe-oxides formed (left column) and p-XRD patterns of total oxides (right column) after sorption and
oxidation of *’Fe(II) by 4-chloro-nitrobenzene on the three **hematites and *°goethite. Light gray sextets are hematite antiferromagnetic
phases, dark gray sextets are hematite weakly ferromagnetic phases, and the hatched sextet is goethite. The spectrum with >*hematite
rhombohedra contains a miniscule lepidocrocite sextet unnoticeable at this scale. The M&ssbauer analysis temperatures were as follows: 4.2 K
for **hematite rhombohedra, 4.2 K for **hematite hexagons, 77 K for Shematite needles, and 77 K for 56goethite. Solution conditions and
Mossbauer parameters are listed in Table EA-1 in Electronic Annex 1. All *’Fe-oxides were confirmed at other analysis temperatures, but the

clearest spectra are shown here.

the hematite hexagonal plates may be favored by the crystal
geometries of goethite and hematite with the long axis of
some goethite needles arranged parallel to each other and
projecting from edges of the hematite plates (Fig. 6; and
additional image in Fig. EA-2-5 in Electronic Annex 2).
Others have reported oriented crystal growth of goethite
on hematite and suggested epitaxy may result from the

hexagonal close-packed oxygen packing arrays line up for
the two Fe-oxides, where the interplanar spacings reason-
ably match among certain crystallographic faces, resulting
in projections of goethite needles oriented 60° of each other
but in the same plane (Atkinson et al., 1968; Barron et al.,
1997). Some goethite needles in our images are arranged in
similar geometry.
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magnetite and “*maghemite. The dark gray sextets are tetrahedral Fe(III) sites in magnetite. The

light gray sextets are octahedral Fe(II)-Fe(III) sites in magnetite. The hatched doublet is lepidocrocite. The Mossbauer analysis temperatures
were 140 K. Solution conditions are listed in Table EA-1. Mossbauer parameters are listed in Table EA-2.

3.2.2. * Magnetite and *°maghemite substrates

Heterogenous Fe(II) oxidation driven by nitrobenzene
reduction resulted in prominent magnetite growth and the
formation of lepidocrocite on both the *’magnetite and
3maghemite substrates (Fig. 5). >’Magnetite is indicated
in the Mossbauer spectra as a sextet pattern identical to
the one formed after >’Fe(II) uptake alone. Lepidocrocite
was readily distinguished from the magnetite signal at
140 K based on its paramagnetic doublet whose model
parameters are similar to synthesized lepidocrocite and dis-
similar to ferrihydrite and superparamagnetic goethite (Ta-
ble EA-2 in Electronic Annex 2). Lepidocrocite was
confirmed within p-XRD patterns, notably at 17.0°, 31.7°,
and 55.7° 20 reflections.

Note that lepidocrocite formation also occurs via homo-
geneous Fe(Il) oxidation with O, at circumneutral pH but
not on hematite (where goethite was formed as secondary
phase) suggesting that magnetite and maghemite likely do
not possess a template effect for epitaxal growth or goethite
formation. Unlike **hematite, the *°magnetite and **maghe-
mite did not appear to support oriented Fe-oxide growth
(Fig. 6). Instead, the acicular needle formations, presumed
to be lepidocrocite, often assume a spherulite morphology
with several needles projecting from a common center (an-
other image is provided as Fig. EA-2-6 in Electronic Annex
2). Spherulites of lepidocrocite may form during fast Fe(II)
oxidation kinetics (Cornell and Schwertmann, 2003),
although the more familiar lathe morphologies are typical
for Fe(II) oxidation by O,. Spherulites suggest lepidocrocite
nucleated on the Fe-oxides and became the preferred surface
for continued Fe(Il) sorption and oxidation and Fe(III)
accumulation.

3.3. Controls on 3’Fe product formation

The Mossbauer spectra from Figs. 4 and 5 reveal that
both the processes of Fe-oxide substrate growth and sec-
ondary Fe-oxide formation may occur during extensive
Fe(Il) oxidation on hematite, magnetite, and maghemite.
But the different proportions of secondary Fe-oxide forma-
tion for each substrate highlight the need to understand the
relative occurrence of each process. A second suite of
experiments were conducted to trace the onset of secondary
Fe-oxide formation and to test the geochemical solution
conditions that may govern their formation. Progressive
Fe(Il) oxidation and Fe(IIl) accumulation was achieved
with varying additions of 4-chloro-nitrobenzene to other-
wise identical suspensions (with respect to Fe(II) added
and pH) of each *°Fe-oxide. Abundances of each *’Fe-
oxide formed were estimated from the relative Mdssbauer
spectral area by the following equation:

pumoles phase; = (% spectral area phase;)

x (total pmoles Fe(Il),, reacted)

where 1= hematite, goethite, lepidocrocite, or magnetite,
and the term ‘reacted’ refers to the amount of Fe(Il) re-
moved from the aqueous phase and reacted in some form
with the solid phase. The percent spectral area is assumed
to be equivalent to percent abundance, and all phases
were assumed to have similar recoilless fractions. Solution
conditions, Mdssbauer model parameters, phase abun-
dances, and initial nitrobenzene reduction rates for all
conditions are summarized in Table EA-1 in Electronic
Annex 1.
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STFe(II) oxidation on *°hematite rhombohedra resulted
in growth of *’hematite, >’goethite, and *’lepidocrocite,
with ¥’goethite the predominating form for most solution
conditions. For the rhombohedra only, several geochemical

solution parameters were varied to test their influence on
the *’Fe-oxide abundances including solution pH (7.0-
7.8), buffer concentration (1-80 mM Mops), Fe(II) uptake
pre-equilibration time (1 vs. 24 h), and Fe(II) oxidation rate
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(as controlled by the substitution of nitrobenzene, i.c., 4-
chloro-nitrobenzene vs. 4-methyl-nitrobenzene), in addition
to the extent of Fe(Il) oxidation (oxide loading remained
constant at 0.75 g L™!). The abundance of the secondary
STg0ethite and *lepidocrocite did not correlate with any
solution-phase parameter listed above. Instead, the abun-
dance of *’goethite correlated well with the amount of
Fe(II) oxidized only (Fig. 7). This indicates that the major
control on *’goethite formation is the **hematite rhombo-
hedra itself, and the solution parameters above assert only
minor influences.

The plot of *’goethite abundance with respect to the
amount of aqueous Fe(Il) reacted (Fig. 7A) can be
interpreted as providing an apparent stoichiometry. The
slope of the regression line for *’goethite (0.85) indicates
that, once >’goethite nucleates on the >*hematite surface,
85% of >’Fe(Il) reacted will assemble as >’goethite, with
the remaining >’Fe as >’hematite or a minor amount of
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SMepidocrocite. If the *°hematite substrate truly controls
STEe(I1I) product formation, the same linear relationship,
but with different slopes, should be exhibited by the other
two >’hematites. Indeed, good linear fits provide slopes of
0.95 for **hematite hexagons (Fig. 7B) and 0.25 for *®hema-
tite needles (Fig. 7C).

The different proportions of >’goethite growth on the
three *°hematite morphologies (as indicated by the different
slopes in Fig. 7) should be controlled by a physical or
electronic property of the hematite, such as specific surface
area, total surface sites, site density, particle volume, aggre-
gate size, electron conducting ability, or a combination of
these properties as they are all interrelated. The approxi-
mated number of total surface sites, calculated from
measured specific surface area and assumed site density
(Table 1), serves as the best property related to surface
Fe(III) accumulation and in fact correlates well with the
Sgoethite and *’hematite stoichiometric values (Fig. 7D).
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Fig. 7. Amount of reacted Fe(Il) partitioned to each *'Fe phase detected within Méssbauer spectra (“Fe(Ill) formed™) with respect to the
amount of aqueous Fe(II) reacted for the three hematite substrates: rhombohedra (A), hexagons (B), and needles (C). Plot (D) is a graph of
slope values for the regression lines after the onset of goethite formation with respect to an estimated number of surface sites available within
the batch reactors. Diamonds represent hematite, circles represent goethite, and squares represent lepidocrocite. The amount of Fe(III)

formed was determined referring to spectra collected at 77 K.
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Fig. 8. Amount of reacted Fe(IT) partitioned to each >’Fe phase detected within Mdssbauer spectra (“Fe(IIT) formed™) with respect to the
amount of aqueous Fe(Il) reacted for the magnetite and maghemite substrates. Closed diamonds represent magnetite, and open squares
represent lepidocrocite. The amount of Fe(III) formed was determined referring to spectra collected at 140 K.

A greater number of available surface sites allows more
opportunity for the underlying hematite substrate to assim-
ilate Fe(III) into the hematite structure for a given amount
of Fe(II) oxidized. Conversely, if a lower amount of surface
sites is available, Fe(III) assimilation as hematite may be-
come exhausted sooner, and subsequent Fe(III) acquisition
may be “forced” into secondary Fe-oxide formation. This
interpretation suggests that there is a limit to the amount
of Fe(IIl) assimilated as hematite prior to secondary goe-
thite formation. In fact, the onset of >’ goethite growth does
coincide among the three hematite morphologies. The x-
intercept of the linear regression lines in Fig. 7A—C indi-
cates goethite first appears after about four monolayers of
Fe(III) coverage for all three hematites of different specific
surface area. These coincidences of goethite onset indicate
that the initiation of secondary goethite growth is governed
primarily by surface availability rather than electronic or
volumetric properties.

Nevertheless, while bulk surface availability may be a
driving factor for goethite formation on hematite, the spe-
cific molecular description of surface precipitation is still
in need and may be achievable in future studies using sur-
face complexation models and face-specific site geometry
and reactivity. Other studies have closely examined Fe(II)
sorption and oxidation processes on other metal oxides
using the charge distribution model while considering reac-
tive site availability and surface molecular configurations
for different mineral faces (Hiemstra and van Riemsdijk,
2007). The specific reactivities of different hematite faces
with respect to dissolution and precipitation (Yanina and
Rosso, 2008) and electron transfer (Kerisit and Rosso,
2006) have been noted. The Fe(IIl) accumulation after sur-
face Fe(II) oxidation likely does not occur on hematite as a
uniform, multi-layer coverage considering the different
electron transfer rates among different hematite faces,
proximities to those surfaces, and surface sites (Yanina
and Rosso, 2008). Rather, specific hematite faces may have

higher propensities for Fe(II) sorption and oxidation driven
by an external oxidant and may play a role in specific sec-
ondary goethite formation. The close matching of goethite
geometry to the hematite (001) face (Barron et al., 1997),
and any other examples of epitaxy on iron oxide substrates,
supports the idea that specific surfaces may direct Fe(III)
accumulation into a secondary mineral. Modeling ap-
proaches similar to Hiemstra and van Riemsdijk (2007)
need to be conducted considering multi-layer Fe(III) accu-
mulation on multiple hematite faces in order to better ac-
count for the physical arrangement of atoms during
secondary crystal growth. Finally, the role of hematite
micropores in Fe(Il) sorption and oxidation requires fur-
ther attention. While our BET surface area measurements
did not include micropore analysis, there is a possibility
of sub-nanometer sized pores existing on hematite surfaces
(particularly for hydrothermally-synthesized hematite from
goethite, i.e., the hexagons (Naono et al., 1987)), providing
additional surface area, and lessening the number of mono-
layer coverages. A clearer conceptual model can be made by
combining our observations of secondary mineral forma-
tion with additional X-ray and infra-red based surface spec-
troscopic techniques as well as surface porosity analysis.
The onset of lepidocrocite growth also occurred after
approximately four monolayer coverage on >°magnetite
and **maghemite (Fig. 8) (neglecting the minor amount of
STlepidocrocite formed on maghemite after >'Fe(II) oxida-
tion alone). Compared to the °hematites, far greater
STFe(1I) sorption and oxidation was required until lepido-
crocite formation likely due to the much higher surface area
of these oxides (Table 1). Altogether, the coincidence of
epidocrocite and *’goethite formation on their respective
3Fe-oxides may point to a common feature—namely,
available surface area—that controls Fe(IIl) surface
assimilation among hematite, magnetite, and maghemite.
However, the electronic properties of magnetite and maghe-
mite should also be important factors because these oxides
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possess a large capacity for valence electron acceptance
from sorbed Fe(II) when the oxide Fe(II) content is under-
stoichiometric (Gorski and Scherer, 2009).

3.4. Implications for Fe(Il) uptake and contaminant
reduction

The precise mechanisms of electron transfer from sorbed
Fe(II) to a sorbed contaminant remains unknown, whether
directly from sorbed Fe(II) atoms or through the Fe-oxide
structure. Considering that a large fraction of sorbed Fe(II)
is transient under most geochemical conditions (Williams
and Scherer, 2004; Larese-Casanova and Scherer, 2007a;
Cwiertny et al., 2008; Gorski and Scherer, 2009) and that
Fe-oxides’ semiconducting ability allows for some electron
storage and transfer, the eventual electron transfer route
from sorbed Fe(Il) to the sorbed contaminant may very
well pass through portions of the Fe-oxide structure. Park
and Dempsey (2005) (Park and Dempsey, 2005) provide a
reaction model in support of this pathway. Here, we ob-
serve the same Fe(III) product (*’hematite) whether sorbed
Fe(Il) is oxidized by hematite alone (cf. Section 3.1) or
sorbed Fe(II) oxidation is promoted by low concentrations
of nitrobenzene, which suggests the Fe(Il) oxidation path-
way (that is, electron transfer to the underlying hematite)
may be the same for both cases. More sophisticated exper-
iments are needed to further distinguish and characterize
the two electron transfer pathways.

The nucleation of goethite and lepidocrocite is expected
to require a localized cluster of Fe(III)-hydroxide polymers,
which in turn implies localized spots of high Fe(II) sorption
and oxidation. These results are consistent with the model
proposed by Park and Dempsey (2005) and the surface
images provided by Yanina and Rosso (2008) which show
face-specific oxidative deposition of Fe.

Available surface area is an important parameter for the
extent of Fe(II) uptake on metal oxides and contaminant
reduction rates, with greater extent of Fe(II) uptake or fas-
ter reduction kinetics observed for greater concentrations of
reactive surface sites in solution (e.g., Amonette et al., 2000;
Strathmann and Stone, 2003). Available surface area also
appears to be related to the assimilative capacity for new-
ly-formed Fe(III). Accumulation of Fe(III) beyond this
capacity may indeed result in the formation of new Fe-oxi-
des and a remodeling of the surface topology (Pecher et al.,
2002) which may affect contaminant reduction rates favor-
ably or unfavorably (Klupinski et al., 2004; Chun et al.,
2006). Our observation of goethite growth on hematite sub-
strates may provide the reason for a recent observation of a
13C kinetic isotope enrichment value for CCl, that changed
during reaction with Fe(Il) on a hematite surface (Zwank
et al., 2005); the enrichment value had changed to resemble
one of CCly reaction with Fe(II) and goethite after pro-
longed reaction with the hematite surface. Additional stud-
ies are needed to examine Fe(III) assimilation capacity and
secondary Fe-oxide formation for other Fe(Il),q:Fe-oxide
ratios and for other heterogeneous contaminant reduction
rates in order to develop a more robust interpretation of
Fe(I1I) surface accumulation.

4. CONCLUSIONS

Heterogeneous Fe(Il) oxidation on Fe-oxides results in
Fe(III) production which may be assimilated as part of
the underlying Fe-oxide structure or may form secondary
Fe-oxides. The identity of secondary Fe-oxides depends
on the identity of the underlying Fe-oxide: goethite formed
on hematite of three morphologies, and lepidocrocite
formed on magnetite and maghemite. A fairly narrow range
of circumneutral solution pH, buffer concentration, and
equilibration time had little influence on Fe(III) product
distribution. Because lepidocrocite is expected to be the
only Fe(III) oxide formed by homogeneous Fe(II) oxida-
tion by O, the nucleation and precipitation of goethite nee-
dles in regular 60° orientations on hematite surfaces
indicates hematite may act as a template for goethite forma-
tion by heterogeneous Fe(II) oxidation.

The initiation of secondary Fe-oxide formation occurred
after 4-6 equivalents of monolayer coverage of the support-
ing mineral. The available surface area, or sites, appears to
control the initiation of secondary Fe-oxide formation. The
proportion of goethite formation on the three hematites
was linked to number of surface sites, and the onset of sec-
ondary Fe-oxide formation was linked to surface area via
the 4-6 monolayer coverage limit. Overall, extensive Fe(II)
sorption and oxidation results in surface remodeling and
formation of new iron phases. The full implications to con-
taminant reduction rates, iron biogeochemical cycling, and
surface sorption processes require further study.
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