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Abstract

Bioreduced anthraquinone-2,6-disulfonate (AH,DS; dihydro-anthraquinone) was reacted with a 2-line, Si-substituted fer-
rihydrite under anoxic conditions at neutral pH in PIPES buffer. Phosphate (P) and bicarbonate (C); common adsorptive
oxyanions and media/buffer components known to effect ferrihydrite mineralization; and Fe(Il),q (as a catalytic mineraliza-
tion agent) were used in comparative experiments. Heterogeneous AH,DS oxidation coupled with Fe(III) reduction occurred
within 0.13-1 day, with mineralogic transformation occurring thereafter. The product suite included lepidocrocite, goethite,
and/or magnetite, with proportions varing with reductant:oxidant ratio (r:0) and the presence of P or C. Lepidocrocite was
the primary product at low r:0 in the absence of P or C, with evidence for multiple formation pathways. Phosphate inhibited
reductive recrystallization, while C promoted goethite formation. Stoichiometric magnetite was the sole product at higher r:0
in the absence and presence of P. Lepidocrocite was the primary mineralization product in the Fe(IT),q system, with magnetite
observed at near equal amounts when Fe(II) was high [Fe(I1)/Fe(II1)] = 0.5 and P was absent. P had a greater effect on reduc-
tive mineralization in the Fe(Il),q system, while AQDS was more effective than Fe(Il),q in promoting magnetite formation.
The mineral products of the direct AH,DS-driven reductive reaction are different from those observed in AH,DS-ferrihydite
systems with metal reducing bacteria, particularly in presence of P.
© 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Dissimilatory Fe(IlI) reduction under anoxic geochemi-
cal conditions is an important biogeochemical process in
soils, sediments, and subsurface systems mediated by metal
reducing bacteria (MRB). The process has been extensively
studied (Geomicrobiology, 2002; DiChristina et al., 2005;
Kappler and Straub, 2005; Roden, 2006; Weber et al.,
2006). Dissimilatory Fe(III) reduction influences system re-
dox state and buffering capacity (Fredrickson et al., 2004;

* Corresponding author. Tel.: +1 509 371 6355; fax: +1 509 371
6354.
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Komlos et al., 2007); the valence and composition of
pore-water solutes (Baedecker et al., 1993; Bennett et al.,
1993); the identity, surface properties, and geochemical
reactivity of the Fe-containing mineral fraction (e.g.,
Zachara et al., 2004; Plymale et al., 2011); and the chemical
form, persistence, and fate of a wide range of inorganic and
organic contaminants (Lovley and Anderson, 2000).

MRB access Fe(IIl) in mineral forms by direct cellular
contact (Nevin and Lovley, 2000a; Mehta et al., 2005; Shi
et al., 2007), dissolution-promoting Fe(III) chelators
(Taillefert et al., 2007; Jones et al., 2010), and water soluble
endogenous or exogenous electron transfer mediators
(ETM; Nevin and Lovley, 2000b; Straub and Schink,
2003; Marsili et al., 2008; O’Loughlin, 2008). The dissimila-
tory reduction of numerous Fe(Ill)-containing subsurface

This article is a U.S. government work, and is not subject to copyright in the United States.
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mineral forms have been studied, with recognition that high
surface area and high solubility are conducive to bioreduc-
tion because of surface chemical and thermodynamic con-
straints (Roden and Zachara, 1996; Bonneville et al.,
2004; Roden, 2006; Yan et al., 2008). The following bio-
availability sequence has been observed based on total
Fe(III) mass: ferrihydrite ~ lepidocrocite > nanocrystalline
Fe(I1I) oxides > Fe(I1I) containing phyllosilicates (smectite,
nontronite, illite) > crystalline Fe(IIl) oxides (Roden and
Zachara, 1996; Kostka et al., 2002; Zachara et al., 2002;
Bonneville et al., 2004). The bioreduction of ferrihydrite
and lepidocrocite, specifically, can lead to major changes
in mineralogy (Fredrickson et al., 1998; Hansel et al.,
2003; Kukkadapu et al., 2004, 2005; O’Loughlin et al.,
2007).

The addition of the synthetic ETM, 9,10-anthraquinone-
2,6-disulfonate (AQDS), to an anoxic MRB-Fe(III) min-
eral suspension with a suitable electron donor greatly en-
hances the Fe(III) reduction rate and extent (Fredrickson
et al., 1998; Zachara et al., 1998; Royer et al., 2002; Dong
et al., 2003; Hernandez et al., 2004; Chacon et al., 2006;
Kukkadapu et al., 2006; Behrends and van Cappellen,
2007; Jaisi et al., 2007; Coker et al., 2008; Cutting et al.,
2009). AQDS is a widely used model ETM for environmen-
tal and contaminant redox transformations of diverse type
(Curtis and Reinhard, 1994; Borch et al., 2005; Bhushan
et al., 2006; Kwon and Finneran, 2006, 2008; Zhang
et al., 2007). AQDS is a synthetic three-ring quinone with
structural analogy to quinone groups in humic substances
(Curtis and Reinhard, 1994), and to biogenic quinones
(Nurmi and Tratnyek, 2002). AQDS has a relatively low
half-cell potential, and rapid redox kinetics (Nurmi and
Tratnyek, 2002). It readily engages with the electron trans-
port system of certain MRB (Shyu et al., 2002; Voordeckers
et al., 2010), being reduced to the dihydroanthraquinone
state (AH,DS):

AQDS +2H* +2¢” = H,DS E° =0.23V

The AH,DS form is poorly adsorbed, but rapidly reac-
tive with Fe(III) oxides (Liu et al., 2007a). The product of
the heterogeneous AH,DS reaction with Fe(III) mineral
phases is Fe(II) in either a structural or adsorbed state that
has not been well characterized.

Numerous studies of ferrihydrite or lepidocrocite reduc-
tive biomineralization by MRB have used AQDS as a medi-
ator, observing that its presence yields more crystalline
mineralogic products (e.g., Fredrickson et al., 1998; Za-
chara et al., 1998). Reductive mineral phases have been ob-
served in AQDS-containing Fe(III) oxide systems, such as
green rust and ferrous hydroxy carbonate (Ona-Nguema
et al., 2002; Kukkadapu et al., 2004, 2005; O’Loughlin
et al., 2007, O’Loughlin, 2008), that are infrequently ob-
served in its absence. These mineral forms are considered
biomineralization products, but are they? Unclear is
whether noted mineralogic differences between AQDS
(&)-ferrihydrite/lepidocrocite-MRB  systems result from
the heterogeneous reaction pathways of AH,DS; unique
biogenic kinetic flux rates of AH,DS, Fe(II), or HCO3™
(resulting from electron donor oxidation); or changes in

bacteria-mineral biophysical interaction, aggregation, and
the consequent interfacial microenvironment. Some believe
that AQDS has no direct influence or control on the nature
of bioreductive mineral products other than a kinetic one
(Zegeye et al., 2007; Coker et al., 2008).

As a first step in understanding the AQDS-ferrihydrite/
lepidocrocite-MRB system, we investigated mineral trans-
formations promoted by interaction of bioreduced AQDS
with a Si-containing, 2-line ferrihydrite. We varied the
AH,DS/Fe(11) ratio and investigated the effects of phos-
phate (POi’) and bicarbonate (HCO; ™), ubiquitous natural
ligands and common components of bacterial incubation
media, on reductive mineral transformation. Resultant
mineral products were characterized by scanning and
transmission electron microscopy, X-ray diffraction, and
variable temperature Mdssbauer spectroscopy. The miner-
alization promoting effects of AH,DS were compared to
those of Fe(II)(,q), and the results of Hansel et al. (2005)
and Borch et al. (2007), who studied similar Fe(II) systems.

2. MATERIALS AND METHODS
2.1. Two-line 0.02 Si-ferrihydrite

Two-line ferrihydrite containing 2% Si [Si/(Si+ Fe)
mole fraction =0.02] was prepared using ferric nitrate
(0.333 mol L™!) and sodium meta-silicate (0.012 mol L™})
solutions (Kukkadapu et al., 2004). Silica was co-precipi-
tated with ferrihydrite to retard the progress of oxidative
recrystallization reactions (e.g., to 6-line ferrihydrite,
goethite, and hematite) that proceed relatively rapidly in
its absence (Anderson and Benjamin, 1985; Kukkadapu
et al., 2003; Dyer et al., 2010). The resulting ferrihydrite
suspension was washed with 1.0 x 10~*mol L™' NaClO,
to remove nitrate and dissolved Si, and (1) stored as ~5.0 x
10" mol L™! Fe suspension (pH 7.0) in 1.0 x 10~* mol L™
NaClOy at 4 °C [for AH,DS experiments (Section 3.1)], or
(2) manipulated to yield 1.0 x 1072 mol L™! ferrihydrite in
1.0 x 1072 mol L™! anoxic PIPES buffer at pH 7 [for Fe(II)
experiments (Section 3.2)]. The Si-ferrihydrite was recrys-
tallization stable for months in suspensions that are satu-
rated with atmospheric oxygen.

2.2. Bioreduced AQDS (AH,DS)

AQDS was incubated with Shewanella oneidensis strain
MR-1 in presence of H, (electron donor) to yield AH,DS
(Liu et al., 2007a). The method involved incubation at
30°C and 150 rpm of 160 mL serum bottles containing
90 mL of AQDS, 30 mL H,, and 10 mL washed cells in
3.0 x 107> mol L™! anaerobic buffer [PIPES (head space
O,-free Nj)]. This composition corresponded to 2 x
108 cells mL ™! and 5.0 x 107> mol L™! AQDS. The bottles
were incubated until a color change (4-6 d) indicated con-
version of AQDS to AH,DS. Complete reduction of AQDS
to AH,DS was confirmed by UV-VIS spectroscopy (Liu
et al., 2007a). The AH,DS solution was anaerobically fil-
tered (0.2 pm) into a sterile serum vial to remove cell frag-
ments, and tightly sealed.
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Bacterial reduction of AQDS to AH,DS was selected be-
cause it was representative of the MRB-AQDS system that
we sought to understand. Additionally, it was more effective
than abiotic synthesis, yielding >98% AH,DS solutions. It
is possible that other redox-active biomolecules may have
been secreted to solution during AH,DS synthesis,
although these are likely to be low in concentration in the
absence of a carbon source. Potential candidates include
riboflavin and riboflavin 5-phosphate, compounds sus-
pected to be electron transfer mediators (Marsili et al.,
2008). Direct analyses of S. oneidensis MR-1 cultures, the
organism used here for AQDS reduction, place FMN and
riboflavin at nominal concentrations of 250-500 nM (Mar-
sili et al., 2008), or <0.01% of the total AH,DS concentra-
tion. Reductive dissolution experiments performed in our
laboratory with these compounds and 2-line ferrihydrite
indicate that these low flavin concentrations did not influ-
ence the outcome of the experiments reported herein be-
cause of the large excess of AH,DS.

2.3. Reductive transformation of 2-line Si-ferrihydrite with
AH,DS

AH,DS concentrations were chosen to yield two Fe(II)..
quiv/Fe(ITT) ratios (0.11, 0.54; where Fe(IT)eqy;/Fe(IIT) =
2[AH,DSV/(Fe(IIl)inigia1 — 2[AH,DS]) after its heteroge-
neous oxidation by ferrihydrite (Table 1). The lower ratio
is slightly below the threshold value (0.124) reported by
Hansel et al. (2005) for magnetite formation, while the
higher value (0.54) is approximately equal to the Fe(Il)/
Fe(IIT) ratio in magnetite (0.5). Ferrihydrite in 3.0 x
1072 mol L~! PIPES buffer (100 mL; pH 7; O,-free N, head
space), untreated or pretreated (overnight) with PO?[ (P)
and/or HCO;~ (C), was incubated with the two AH,DS
concentrations for 0.13, 1, and 30 d. These incubation times
were chosen based on a scoping experiment that identified
the time period of transformation. The AH,DS, P, and C
concentrations; and  AH,DS/Fe,  Fe(Il)equi/Fe(III),
P/(Fe + P), and C/(Fe + C) ratios of the experiments are
summarized in Table 1. The incubations were carried out
in 160 mL serum bottles with butyl rubber stoppers and
Al crimp-seals at 30 °C and 25 rpm horizontal shaking.
The C concentrations (0.25 and 0.75 x 10> mol L™! as
HCO;7) are typical of groundwater, and those found as
an electron donor oxidation product in MRB-Fe(III) oxide
suspensions (Fredrickson et al., 1998). The P concentration
(0.6 x 107> mol L") falls at the low end of that used in
MRB laboratory studies.

2.4. Treatment of 2-line Si-ferrihydrite with aqueous Fe(II)

Aqueous ferrous iron concentrations of 0.5, 3.3, and
5.0 x 107> mol L™! were selected to bracket the Fe(Il),.
quiv/Fe(ITI) ratio of 0.11 used in the AH,DS experiment
at the low end, and to approximate the ratio of 0.54 at
the high end. Approximately 17.5 mL of 2-line Si-ferrihy-
drite (2.0 x 1072molL™") in 1.0 x 10> mol L~! PIPES
buffer (pH 7; O,-free N, head space), untreated or pre-
treated overnight with 2% P, was contacted with the three
concentrations of Fe(ClOy4), (in 17.5mL of 1.0 x

102 mol L' PIPES buffer, pH 7) for 0.13, 1, 30, and
63 d. The experiments were performed in 160 mL serum
bottles with butyl rubber stoppers and Al crimp-seals at
30 °C and 25 rpm horizontal shaking. Unlike the AH,DS
experiments, bicarbonate additions were not made to these
experiments to avoid siderite precipitation.

2.5. Analyses

After equilibration, the ferrihydrite suspensions were
sampled in an anaerobic (N,:H,, 95:5) glove bag (Coy Lab-
oratory Products Inc., Grass Lake, MI). Approximately,
0.4 mL of suspension filtrate (0.2 um; after discarding first
20 drops) was combined with 0.4 mL of 1 mol L™! HCl in
an eppendorf tube, for aqueous Fe(II) measurements.
Acid-extractable Fe(Il) was obtained by placing a 0.4 mL
aliquot of the suspension into 0.4 mL of 1 mol L~! HCI
or 10 mol L™! HCI and equilibrating for 24 h. The higher
acid concentration was used when crystalline phases, goe-
thite and magnetite primarily, were the transformation
products. The HCI extracts and aqueous fractions were
analyzed for Fe(Il) by the ferrozine assay (Stookey,
1970). Feyoa1 and P concentrations were determined on se-
lect samples using inductively coupled plasma emission
spectroscopy (ICP). Suspension filtrates from the AH,DS
experiments (<0.2 pm) were diluted in anoxic water, sealed
in cuvettes, removed from the glove bag, and scanned from
500 to 300 nm with a Shimadzu UV/VIS spectrophotome-
ter to measure the absorbance of AQDS at 325 nm and of
AH,DS at 386 nm (Liu et al., 2007a).

2.5.1. °"Fe-Mdssbauer spectroscopy, X-ray diffraction, and
electron microscopy

Mossbauer samples were created by filtering (0.45 um)
~5 mL of the mineral suspension under anoxic conditions.
The resulting filter membrane containing the moist mineral
residue was placed into a Cu sample holder that was filled
with petroleum jelly and sealed at both ends with scotch
tape (another sub-sample of the suspension was dried in
the anaerobic chamber for XRD and microscopy). An O,
impermeable polymer (aluminized Mylar) was used as a
seal at each end of the holder. Both the tape and polymer
were snapped into the holder with rings made of PEEK
polymer. The Mdssbauer disks were stored in the anoxic
chamber until analysis.

Mossbauer spectra were collected using a 50 mCi (initial
strength) 3’Co/Rh source. The velocity transducer MVT-
1000 (WissEL) was operated in a constant acceleration
mode (23 Hz, =12 mm/s). An Ar-Kr proportional counter
analyzed transmitted radiation, and the counts were stored
in a multichannel scalar (MCS) as a function of energy
(transducer velocity) using a 1024 channel analyzer. Data
were folded to 512 channels to give a flat background and
a zero-velocity position corresponding to the center shift
(CS) of a metal iron foil at room temperature (RT). Cali-
bration spectra were obtained with a 25 pm thick o-Fe(m)
foil (Amersham, England) placed in the same position as
the samples to minimize sample geometry errors. A
closed-cycle cryostat (ARS, Allentown, PA) was employed
for low temperature measurements. The Mdssbauer data



Table 1

Chemical composition of various treatments.

Treatment Description Fe(III) in Fe(Il),q AH,DS Fe(ll)equi\,b Fe(Il)equiv/ NaH>PO4 NaHCO; AH,DS/ P/(Fe+P) C/(Fe+C)
2-line Si x 1073 molL™" x 10 molL™" x 103 mol L™! Fe(III)° x 103 molL™' x 10 mol L™" Fe or (%P)*  or (%C)*
Ferrihydrite
x 103 mol L™}

1 AH,DS, —P, —C (PIPES) 31.4 - 1.5 3.0 0.11 - - 0.05 - -

2 AH,DS, —P, +C (PIPES) 31.4 - 1.5 3.0 0.11 - 0.25 0.05 - 0.008 (0.8%)

3 AH,DS, —P, +C (PIPES) 31.4 - 1.5 3.0 0.11 - 0.75 0.05 - 0.024 (2.4%)

4 AH,DS, +P, —C (PIPES) 31.4 - 1.5 3.0 0.11 0.6 - 0.05 0.02 (2%) -

5 AH,DS, +P, +C (PIPES) 31.4 - 1.5 3.0 0.11 0.6 0.75 0.05 0.02 (2%)  0.024 (2.4%)

6 AH,DS, —P, —C (PIPES) 23.5 - 3.75 7.5 0.54 - - 0175 - -

7 AH,DS, +P, —C (PIPES) 23.5 - 3.75 7.5 0.54 0.3 - 0.175  0.02 (2%) -

8 Fe(Il),q, —P (PIPES) 10 1.0 - 0.5 0.05 - - - - -

9 Fe(Il),q, +P (PIPES) 10 1.0 - 0.5 0.05 0.2 - - 0.02 (2%) -

10 Fe(Il),q, —P (PIPES) 10 3.3 - 3.3 0.33 - - - - -

11 Fe(Il),q, +P (PIPES) 10 3.3 - 3.3 0.33 0.2 - - 0.02 (2%) -

12 Fe(Il),q, —P (PIPES) 10 5.0 - 5 0.50 - - - - -

13 Fe(Il),, +P (PIPES) 10 5.0 - 5 0.50 0.2 - - 0.02 (2%) -

% Mole fractions are shown as %P and %C in parentheses.

® The concentration of Fe(Il) resulting from AH,DS oxidation or direct Fe(II) addition.

¢ Assumes 100% oxidation for AH,DS experiments: Fe(Il)equiv/Fe(I1l) = 2[AH,DS}/(Fe(IIl)iniiar — 2[AH,DS]). For Fe(Il),q experiments: Fe(Il)equiv = Fe(I1)aq/Fe(I)iniia where Fe(IIl);n;.
tia1 = Fe(III) in 2-line Si ferrihydrite. Note that Fe(IT)/Fe(IIT) = 0.5 for stoichiometric magnetite. Values of 0.67, 1.0, and 6.7 mmol Fe(Il)/g of ferrihydrite reported by Hansel et al. (2005),
represent Fe(Il)equiv/Fe(IIT) ratios of 0.083, 0.12, and 0.83, respectively. The value of 1.0 mmol Fe(II)/g of ferrihydrite or Fe(IT)equiv/Fe(IIl) = 0.124 is reported by Hansel et al. (2005) as a threshold
value for magnetite formation.
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were modeled with the Recoil software (University of Otta-
wa, Canada) using a Voigt-based structural fitting routine
(Rancourt and Ping, 1991). The coefficient of variation of
the spectral areas of the individual sites generally ranged
between 1% and 2% of the fitted values.

Powder XRD patterns for mineral residues 1-7 (Table 1)
were obtained with a Philips PW3040/00 X’pert MPD sys-
tem, using CuK,, radiation with a variable divergent slit and
a solid-state detector. The routine power was 700 W (35 kV,
20 mA). Mineral suspensions were filtered through a 0.2 um
nylon filter and dried under anoxic conditions. The powder

J.M. Zachara et al./ Geochimica et Cosmochimica Acta 75 (2011) 6330-6349

samples were packed into wells (1/4 inch diameter and 1/
32 inch deep) of low-background quartz XRD slides. Pack-
ing was carried out in the anoxic chamber, but XRD mea-
surements were performed in ambient atmosphere. An
earlier study (Kukkadapu et al., 2004) showed little oxida-
tion of the dried powders during XRD analysis.

In order to alleviate concerns over oxidation during
XRD analyses, mineral residues from the Fe(Il),q experi-
ments (#8-13, Table 1) were analyzed as a moist paste in
sealed micro-capillaries (0.5 mm). The capillaries were filled
in an anoxic glovebox (O, < 0.5 ppm). A Rigaku D/MAX-

Table 2
Mineral products of ferrihydrite reaction with AH,DS and Fe(Il),q.
Treatment Description Fe(IT)equiv/Fe(I1I) Final pH Mineralogy
0.13d 1d 30d
1 AH,DS, —P, —C (PIPES) 0.11 7.3 2LF 2LF L>>G
2 AH,DS, —P, +C (PIPES) 0.11 7.0 L>>G L>>G
3 AH,DS, —P, +C (PIPES) 0.11 8.0 2LF>>G" G” G
4 AH,DS, +P, —C (PIPES) 0.11 7.4 2LF 2LF/6LF 2LF/6LF
5 AH,DS, +P, +C (PIPES) 0.11 8.0 2LF 2LF/6LF 2LF/6LF
6 AH,DS, —P, —C (PIPES) 0.54 7.5 2LF 2LF/M” M
7 AH,DS, +P, —C (PIPES) 0.54 7.6 OLF 2LF/M" M
8 Fe(1I),q, —P (PIPES) 0.05 6.8 L L L
9 Fe(Il),q, +P (PIPES) 0.05 6.8 F>>>L F>L L
10 Fe(Il),q, —P (PIPES) 0.33 6.7 L L L>M
11 Fe(Il),q, +P (PIPES) 0.33 6.7 F>>L F>L L
12 Fe(II),q, —P (PIPES) 0.50 6.5 L L L~M
13 Fe(Il),q, +P (PIPES) 0.50 6.5 F>>L F>>L L>>M

2LF, 2 line ferrihydrite®; 6LF, 6 line ferrihydrite®; F, undifferentiated ferrihydrite; L, lepidocrocite; G, goethite; G*, incipient goethite; M,

magnetite; M”, incipient magnetite.

2LF and 6LF not discernable from one-another by capillary XRD used for Fe(II),q experiments.

35

30 4
-PC(#) P

25 4

20 4

Fe(x 10¥mol L)

a0.134
w10d
o30d

+P +C (#5)

-P+C#3)

=
—

{IN24 snoanby 5

ed 1aH N g0 [l

24203 IDHN S0

R

ed 1HN g0 [y
*

{n)ad snosnby
{Ned IDHN S0
242303 |DH NS0
{Iad shoanby
{24 1I9H N g0
842303 IDH NS0
{24 shoanby
242303 IDH NS0

Fig. 1. Aqueous Fe(IT), 0.5N HCI Fe(Il), and Fe, of 2-line Si-ferrihydrite reacted with AH,DS at Fe(II)equiv/Fe(IIT) = 0.11. The
experiment numbers in Table 1 are noted. “Total Fe analysis at 30 d not available.
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Rapid II microdiffraction system was used in transmission
mode. CuKa X-rays were generated using a 1200 W
rotating anode source and collimated to 100 um on the cap-
illary surface, with diffraction pattern collection onto a 2-D
detector. The capillary tubes and water contribute to the
diffraction pattern and must be considered (Figs. EA-1
and EA-2). The JADE+, V5 (Materials Data Inc., Liver-
more, California) software package was used for data
analysis.

Scanning electron microscopy (SEM) was performed on
powder samples using a FEI Helios 600 Dual Beam spec-
trometer operating at 5keV at 3-4 mm working distance
fitted with secondary and backscatter electron detectors.
High-resolution TEM analysis was carried out on a Jeol
JEM 2010 microscope fitted with a LaB¢ filament and an
acceleration voltage of 200 kV. All images were recorded
using a 1 x 1 K CCD camera and processed using Digital
Micrograph (Gatan, USA). Lattice plane space was mea-
sured using the selected area electron diffraction (SAED)
method. The camera constant of the microscope was cali-
brated using an evaporated Al polycrystalline thin film,
which yields an overall measurement accuracy within the
error of 1.4%.

3. RESULTS
3.1. General observations

The reaction of either AH,DS or Fe(II),q with 2-line fer-
rihydrite in PIPES buffer produced 6-line ferrihydrite, lepi-
docrocite, goethite, or magnetite as products (Table 2).

Lepidocrocite was most common, especially with
Fe(Il),q as the reactant, where it formed rapidly in the ab-
sence of P. Goethite was observed with AH,DS primarily
when bicarbonate was present in the media (e.g., #2 and
#3). Siderite was not observed when bicarbonate was pres-
ent under the experimental conditions used. Magnetite was
observed with both reductants at the highest Fe(IT)equiv/
Fe(II) ratios (#7, #8, #12). P suppressed reductive recrys-
tallization at all reductant concentrations (#4, #5, #9, #11),
and was especially inhibitory to magnetite formation by
Fe(Il),q (#13). The final pH of the experiments varied by
1.5 U (Table 2) with the lowest values observed for experi-
ments with Fe(Il),q. Details follow where results are pre-
sented in terms of the Fe(Il)cqyi/Fe(III) ratio (Table 1).

3.2. AH,DS reacted with 2-line Si-ferrihydrite

3.2.1. Ferrihydrite transformation with Fe(Il) g/
Fe(Ill) =0.11

AH,DS reacted (oxidized) to completion with ferrihy-
drite within 0.13d as confirmed by UV-VIS absorption
spectroscopy (not shown). In all four treatments, 10-15%
of the initially added Fe(III) was reduced within this time
period (e.g., 0.5 mol L~' HCI Fe(Il); Fig. 1). The oxidation
of AH,DS to AQDS is a two-electron transfer reaction that
is coupled, in this case, to the heterogeneous reduction of
ferrihydrite Fe(III) to Fe(II) (Burgos et al., 2003). Aqueous
Fe(IT) constituted 10-20% of the 0.5 mol L™' HCI Fe(II)

[e.g., Fe(Il)iotar)- Sorbed Fe(Il), calculated as the difference
between 0.5 mol L™ HCI Fe(II) and aqueous Fe(II), was
~10% of the total solid Fe. The pretreatment of 2-line fer-
rihydrite with P(2%) and/or C(2.4%) had little effect on the
extent or timing of 2-line ferrihydrite reduction (Fig. 1). To-
tal 0.5mol L~' HCI extractable Fe decreased at 30d in
those samples where appreciable crystalline Fe(IIl) oxide
formation was observed [—P—C(#1); —P+C(#3)]. For the
others (e.g., +P treatments), Fe(II) concentrations (aqueous
and 0.5 mol L™! HCl-extracted) and 0.5 mol L~! HCI total
Fe were similar at all the time points. Crystalline Fe(III)
oxides, such as goethite and lepidocrocite, are less soluble
in weak acid than ferrihydrite (Fredrickson et al., 1998).

A Contrel
T r T v T v T ¥ T v T v T
] B ., L L L
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Ju oL K Ly Ly
- L | !
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Fig. 2. Reaction products from the Fe(II)equi/Fe(III) =0.11
experiment series (A) Control; (B) —P—C (#1); (C) +P—-C (#4);
(D) —P+C (#3); and (E) +P+C (#5). Lepidocrocite (L), goethite
(G), and 6-line ferrihydrite (F6) are labeled.
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In spite of similar reduction extents and aqueous and
sorbed Fe(II) concentrations, the mineralogic nature of
the reductive transformation products varied with pretreat-
ment. Without P or C (#1), 2-line ferrihydrite slowly trans-

A

formed to lepidocrocite (Fig. 2B). The slow nature of the
transformation reaction was evident from a comparison
of the 1 and 30 d XRD patterns (Fig. 2B). The 1 d pattern
was virtually identical to that of the control (Fig. 2A), in

Fig. 3. SEM (A-C) and transmission electron micrographs (D-H) of 2-line Si-ferrihydrite reacted with AH,DS [Fe(II)cquiv/Fe(1IT)] = 0.11
without P or C (30 d). The product consisted of lepidocrocite laths (A), plates (B), and rosettes (C) intermixed with 2-line Si-ferrihydrite. The
TEM-SAED (D-F inserts) and nanodiffraction (insert G) of the product phases were consistent with compact lepidocrocite (PDF #044-1415)
crystals relatively free of ferrihydrite association (D), and porous lepidocrocite crystals with ferrihydrite interface (E-H). The bright field (BF)
and dark field (DF) images shown in (F) and (G) correspond to the region highlighted in (E).
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spite of significant sorbed Fe(Il) (e.g., 10%; Fig. 1). The +P
(#6) was partially transformed to Fe(II)-sorbed, 6-line fer-
rihydrite over 30 d (Fig. 2C), with no hints of lepidocrocite
or goethite. Ferrihydrite pretreatment with C facilitated
transformation to crystalline Fe(III)-oxides (Table 2 and
Fig. 2D). The product identity was dictated by the C con-
centration. Lepidocrocite formed in the low + C treatment
(0.8%; #2, not shown), whereas goethite precipitated when
C was present at 2.4% (#3, Fig. 2D). The effect of C was,
however, suppressed by 2% P (#5, Fig. 2E), yielding 6-line
ferrihydrite as the product.

SEM analysis (Fig. 3) of the lepidocrocite/ferrihydrite
mixture obtained after 30 d without P or C (#1, Fig. 2B) re-
vealed the presence of lepidocrocite in various morpholo-
gies intermixed with 2-line ferrihydrite. Lepidocrocite
existed in 2-5 um lath-like and tabular morphologies. The
crystallites were both isolated (Fig. 3A and B) and present
as rosettes (Fig. 3A—C). Dark field (DF) and bright field
(BF) TEM imaging as well as SAED and nanodiffraction
analyses revealed two distinct lepidocrocite crystal forma-
tions: (i) compact (Fig. 3D) and (ii) porous (Fig. 3E-G).
High-resolution TEM imaging of the porous lepidocro-
cite/ferrihydrite region further revealed an apparent inter-
face between lepidocrocite and ferrihydrite (Fig. 3H).

The nature of 2- and 6-line ferrihydrite and their spatial
association in the +P—C system (#4, Fig. 2C) was further
investigated using BF and DF TEM and associated SAED
measurements (Fig. 4). Bright spots in the DF images were

A

100 nm

attributed to more crystalline 6-line ferrihydrite that was
randomly dispersed through the 2-line ferrihydrite. The 2-
to 6-line ferrihydrite ratio estimated by TEM was 30:70,
which was in qualitative agreement with the XRD pattern
(Fig. 2C).

SEM and TEM analysis (Fig. 5) of the goethite/ferrihy-
drite mixture from the —P+C (2.4%) treatment (#3,
Fig. 2D) revealed the presence of acicular goethite (20—
200 nm) with individual and intergrown crystallites
(Fig. 5A and B), that were intimately associated with fer-
rihydrite (Fig. SC-E). It is unclear whether the observed
goethite—ferrihydrite association is characteristic of the
mineral product, or an artifact of sample preparation that
included drying.

Mossbauer spectroscopy measurements were performed
to characterize the sorbed Fe(II) that resulted from hetero-
geneous reaction with AH,DS. The Fe(II)-containing 2-
and 6-line ferrihydrite mixture that was free of goethite or
lepidocrocite [+P—C; #4; Fig. 2C] and another containing
lepidocrocite, goethite, and ferrihydrite [—P+C(2.4%); #3;
Fig. 2D) were analyzed. The derived Mdssbauer parameters
of the control Si-ferrihydrite [center shift, {CS = 0.46 mm/
s}, sensitive to oxidation state; and average quadrupole
splitting, {QS = 0.83 mm/s}, sensitive to coordination envi-
ronment] at RT (not shown) and 77 K (Fig. 6A) agreed well
with that of 2-line ferrihydrite (Murad and Cashion, 2004).

The RT spectrum of the Fe(Il)-ferrihydrite (+P—C; #4)
displayed a large central doublet due to residual ferrihydrite

m

Fig. 4. TEM and TEM-SAED of 2-line Si-ferrihydrite reacted for 30 days with AH,DS (+P—C) displaying partial transformation of 2-line
ferrihydrite to 6-line ferrihydrite. The bright spots in dark field (DF) images result from 6-line ferrihydrite (B and E). The ring pattern in (C)
was characteristic of 2-line ferrihydrite, while that in (F) was due to 6-line ferrihydrite.
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Fig. 5. SEM (A and B) and TEM bright field (C-E) of 2-line Si-ferrihydrite reacted for 30 days with AH,DS in presence of C (2.4%). The
highlighted regions in TEM (D and E) revealed association of acicular goethite crystals with ferrihydrite.

(~90% of spectral area), and a small, broad doublet from
sorbed Fe(II) (~10%; indicated by * in Fig. 6B). The 77 K
spectrum, on the other hand, displayed a distinct Fe(II)
doublet, a Fe(IIl) doublet, and a Fe(IlI) sextet (Fig. 6C).
The spectral differentiation of Fe(IIl) at 77 K was consis-
tent with the presence of both 2- and 6-line ferrihydrite
(Kukkadapu et al., 2003). The contribution of the Fe(III)-
sextet to the spectrum (~35%), however, was lower than

the estimated 6-line ferrihydrite concentration from XRD
and TEM (~70%). This discrepancy may result from de-
creased inter-particle magnetic interactions or hyperfine
fields due to P surface complexation as reported for
Si-doped ferrihydrites (Zhao et al., 1996). The explicit con-
tributions of the 2- and 6-line components to the spectra
were consequently not modeled because of these
uncertainties.
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Fig. 6. Mossbauer spectra of control at 77 K (A), and spectra of 2-line Si-ferrihydrite reacted for 30 days with AH,DS and +P—C (#4) at
various temperatures (B-D) or —P+C (#3) (E). Fe(II) doublet peaks are indicated by " in (B), (C), and (E). The Fe(IT) doublet peaks in (C) are

also textured with dots.

The ferrous doublet contribution to the +P—C spectra
(Fig. 6B and C) was consistent with the 0.5 mol L™! HCI
extractable Fe(Il) concentration (~10%). The Fe(II) spec-
tral area was higher than the maximum amount of vivianite
(3%) that could form, given the P/(Fe + P) ratio of 2% used
in the experiment (Table 1). The derived Fe(Il) M&ssbauer
parameters were also different from those of vivianite (e.g.,
Kukkadapu et al., 2004; Murad and Cashion 2004). The
Fe(Il) and ferrihydrite phases magnetically ordered at
10 K (Fig. 6D). The RT and 77 K Mdgssbauer parameters
[asymmetric QS distribution and |QS|] and the 10 K temper-
ature behavior implied that the sorbed Fe(Il) was: (i) dis-
tributed over a range of sites (Rancourt and Ping, 1991),
(i1) in distorted octahedral coordination (Greenwood and
Gibb, 1971), and (iii) strongly bound as an inner-sphere
complex to Fe(III)-O sites (Greenwood and Gibb, 1971).
Discrete Mossbauer peaks characteristic of Fe(Il) were also

evident in the spectra of the lepidocrocite/goethite/ferrihy-
drite mixture (—P+C; #3, Fig. 6E). Quantification and
interpretation of the Fe(Il) signal for this treatment was
complicated by low signal strength and peak overlap with
the ferric doublet and sextet.

3.2.2. Ferrihydrite transformation with Fe(II) gyl
Fe(IIl) = 0.54

The Fe(Il)equi/Fe(IlI) ratio of this experiment was
approximately equal to that of magnetite after the hetero-
geneous reaction with AH,DS was complete (e.g., 1:2).
Approximately 33% of the total Fe was reduced in 1 d for
both experiments (#6 and #7), consistent with complete
AH,DS oxidation (Fig. 7A). Stronger acid (5mol L™
HCI) was used to dissolve the crystalline products that
formed under these conditions. Both the —P and +P exper-
iments displayed almost identical aqueous and extractable
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Fig. 7. Iron concentrations (A) after 1 and 30 d of AH,DS reaction with ferrihydrite at Fe(II)equiv/Fe(III) = 0.5. Product morphology (30 d)

and selected area diffraction (SAED) by TEM (B).

Fe. Aqueous Fe(I1) represented 23% of the Fe(II) pool after
1 d, and this decreased by a factor of 2.5 over 30 d. Little
change in extractable Fe was noted between 1 and 30 d.

Incipient magnetite was observed in both experiments
after 1d, and this crystallized to magnetite in 30d
(Fig. 8). Phosphate had no apparent effect on the 30 d prod-
uct of reaction. The final product was stoichiometric mag-
netite in both treatments (#6 and #7) as determined by
both chemical extraction [e.g., 30% Fe(II) in Fig. 7A] and
Mossbauer analysis (not shown). There was no evident
crystalline precursor. The magnetite existed as irregular
20-45 nm crystallites without distinct morphology as deter-
mined by TEM/SAED (Fig. 7B). A solid-state transforma-
tion reaction was implied.

3.3. Fe(I), 4 reacted with 2-line Si-ferrihydrite

3.3.1. Aqueous Fe(II) concentrations

The Fe(Il) experiments were performed with 10 x
102 mol L™! ferrihydrite and involved contact with 0.5,
3.3,and 5.0 x 10> mol L™ Fe(II),q both with and without

P (Table 1). All of these experiments supported significant
Fe(II),q concentrations during their course (Fig. 9). While
there were temporal changes in Fe(Il),q that varied with
treatment, there were no consistent trends, and the degree
of variation was small. Ferrous iron adsorption, and hence
electron transfer to ferrihydrite, was rapid and effectively
complete by the first measurement point (0.13 d). The de-
gree of Fe(Il) adsorption was approximately 55% for
0.5x 10 molL™", and 15% for 3.3 and 5.0 x 1073
mol L™ Fe(II). Consequently, most of the added Fe(Il),q
remained in solution for the two highest concentrations.

3.3.2. Ferrihydrite transformations

The reductive transformation of Si-ferrihydrite was con-
sistent across the Fe(II) concentration range studied (Figs.
10, 11 and EA-3). Quantification of residual ferrihydrite
in these samples by XRD was more difficult than the pow-
ders because of water and capillary interferences (Figs. EA-
1 and EA-2). Changes to the intensity of the XRD peaks of
all samples were minimal between 30 and 63 d (Figs. EA-3—
EA-5), indicating complete transformation of ferrihydrite
by 30 d. Moreover, there was no change in the product
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Fig. 8. Powder X-ray diffraction of dried mineral residues after 1
and 30d of AH,DS reaction with ferrihydrite at Fe(Il)equiv/
Fe(IIl) = 0.54. (A) —P—C (#6) and (B) +P—C (#7). Magnetite (M)
peaks are labeled.

5.0x10% mol L1
—-P N R
~ 44 E= + M
] _
S
£ 3 1
% 3d 3.3x10% mol L
a -
= x
w2
w
3
-
@
z
< 14
05x10% mol L
0 Nnofll_ fAsm

# # #10 #11 #12 #3
Experiment# (Table 1)

Fig. 9. Aqueous Fe(II) concentrations present in treatments #8-13
as measured after 0.13, 1.0, and 30 d of contact. The ferrihydrite
concentration was 10 x 10 mol L™' and the initial Fe(Il),q
concentrations were as noted.

phase assemblages between 30 and 63 d, indicating reaction
product stability over this time range.

Lepidocrocite formed rapidly in the absence of P, with
approximately 35% of the ferrihydrite transformed within
0.13d for all three Fe(Il) concentrations. At 0.5 x
103 mol L~! Fe(Il),q, lepidocrocite formation increased
by 1.5 times between 0.13 and 1 d, and another 2 times be-
tween 1 and 30 d (Fig. 10). Product lepidocrocite exhibited
tabular morphology (~1 pm) with predominant {010}
faces (Fig. 12), as described by Schwertmann and Cornell
(2000). The lath-like rosettes and porous structures ob-
served with AH,DS (Fig. 3) were not evident here. At
5.0 x 103 mol L7, lepidocrocite formation was static be-
tween 0.13 and 1 d, but increased by 1.5 times over 30 d.

Intensity (a.u.)

20 CrKa (deg.)

Fig. 10. Capillary X-ray diffractograms of moist mineral residue
from the reaction of 0.5x 10>molL~! Fe(Il)oq (A) or
5.0 x 107 mol L™" Fe(Il),, (B) with 10 x 107> mol L™ Si-ferrihy-
drite. Diffraction peaks from lepidocrocite (L) and magnetite (M)
are labeled.

Intensity (a.u.)
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Fig. 11. Capillary X-ray diffractograms of moist mineral residue
from the reaction of 0.5 x 1073 mol L™! Fe(Il),q + 0.2 x 1073
mol L™" POunq (A), or 5.0x 10 molL™" Fe(Il)+0.2 x
1072 mol L' POyaq) (B) with 10 x 107> mol L™" Si-ferrihydrite.
Diffraction peaks from lepidocrocite (L) and magnetite (M) are
labeled.
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Fig. 12. SEM micrograph of tabular lepidocrocite produced from
the reaction of Fe(Il),q with Si-ferrihydrite.

Magnetite formation commenced after 1 d at 5.0 x
107> mol L™! Fe(II), and continued in parallel to, but with
a faster rate than lepidocrocite to 30 d (Fig. 10). The min-
eralization trend for 3.3 x 107> mol L™! Fe(II) was nearly
identical to 5.0 x 10> mol L™, except that lesser amounts
of magnetite were formed after 30 d (Fig. EA-6).

Phosphate had a comparable effect on ferrihydrite trans-
formation at all Fe(II),q concentrations (Fig. 11 and EA-6).
The formation of lepidocrocite was dramatically slowed by
P over the first day of reaction. After this inhibition period,
lepidocrocite formation proceeded to yield final concentra-
tions after 30 d that were comparable to the system without
P. Magnetite formation was also inhibited by P. Magnetite
existed only as a minor component after 30d at 5.0 x
103 mol L™, and was not observed at 3.3 x 10™> mol L™!
(Fig. EA-6). Indeed, the 30 d diffraction pattern for 0.5 and
3.3 x 107> mol L™! Fe(II) in the presence of P were virtu-
ally identical.

4. DISCUSSION

The research utilized a 2-line ferrihydrite preparation
containing 2 mol% Si (0.02 mol Si:mole Fe). Ferrihydrites
with comparable Si concentrations are observed in terrestrial
environments (Fortin et al., 1993; Tessier et al., 1996; Perret
et al., 2000), with sorbed Si promoting their metastable per-
sistence (Carlson and Schwertmann, 1981). Sorbed Si retards
ferrihydrite recrystallization under oxic laboratory condi-
tions (Anderson and Benjamin, 1985; Cornell et al., 1987;
Cornell and Giovanoli, 1987), and yields ferrihydrite prepa-
rations free of crystalline impurities (Dyer et al., 2010). It was
used here specifically to eliminate a parallel mineral transfor-
mation pathway of oxidative recrystallization. The total
sorbed Si concentration (0.02 mol Si:mole Fe) is well below
site saturation, according to Dzombak and Morel (1990)
(e.g., Type 2 sites at 0.2 mol:mol Fe). ATR-IR measurements
of adsorbed silica on ferrihydrite at this surface loading indi-
cate the presence of approximately 75% monomeric surface
complexes (Swedlund et al., 2009). Increased surface load-

ings beyond this value encourage surface polymerization,
decreasing concentrations of the monomeric surface com-
plex, and Si precipitation around aggregate surfaces
(Swedlund et al., 2009; Dyer et al., 2010). While retarding
oxidative recrystallization, we have observed no influence
of sorbed Si at this concentration on reductive ferrihydrite
mineralization in previous studies (Kukkadapu et al.,
2004). We cannot, however, totally discount an effect.
Unpublished studies by our laboratory reveal only slight dif-
ferences in the fundamental reaction rate of AH,DS with
fresh 2-line ferrihydrite precipitate and an identical prepara-
tion with 0.02 mol Si:mole Fe. In contrast, significantly high-
er concentrations of coprecipitated Si (e.g., 0.68 mol Si:mole
Fe) change the reductive mineralization behavior of ferrihy-
drite and suppresses its reactivity with Fe(II),q (Jones et al.,
2009).

4.1. Comparison of reaction products from AH,DS and
Fe(Il),q without P

Bioreduced AQDS (AH,;DS) caused mineralogic trans-
formations of 2-line Si-ferrihydrite through heterogeneous
electron transfer that may be approximated as follows:

2Fe(OH), + AH2DS + 4H" = 2Fe*" + AQDS + 6H,0

The oxidation of AH,DS coupled to Fe(III) reduction
leads to a significant increase in interfacial pH, while subse-
quent reactions of Fe(Il) including surface complexation,
surface hydrolysis, and precipitation act to lower pH.

The electron transfer reaction between AH,DS and 2-
line Si-ferrihydrite was rapid, generally reaching comple-
tion, e.g., full AH,DS oxidation, within 3-24 h (Figs. 1
and 7). Product Fe(II), redistributed over that time period
to yield both aqueous and sorbed Fe(II), with aqueous
Fe(Il) decreasing somewhat with aging between 1 and
30 d for Fe(II)equiv/Fe(IlI) = 0.54 only (Fig. 7). There were
no significant differences in Fe(II),q/Fe(I)sorp distributions
between the AQDS and Fe(Il),q systems at comparable
concentrations. Neither AH,DS nor its oxidized form dis-
plays any measureable distribution to the solid phase (Liu
et al., 2007a).

The primary mineral products of AH,DS reaction (30 d)
were lepidocrocite and goethite (when C was present) at low
reductant concentrations [Fe(IT)eqyiv/Fe(IIT) = 0.11]), and
magnetite at higher concentration [Fe(II)eqyiv/Fe(Ill) =
0.54]). This product suite was the same observed by Hansel
et al. (2005) and Liu et al. (2007b) using Fe(II),q as the reac-
tant. The presence of bicarbonate encouraged goethite for-
mation over lepidocrocite with AH,DS as the reactant, as
observed by others for the Fe(II) system (Schwertmann
and Thalmann, 1976; Cornell and Schwertmann, 2003;
Hansel et al., 2005). XRD measurements after the initial
1 d of reaction displayed nascent patterns consistent with
the final products when they consisted of goethite
(Fig. 2D) and magnetite (Fig. 8). The 1 d XRD pattern of
treatment #1 (—P—C) that yielded lepidocrocite (Fig. 2B),
however, showed little difference from the control.

Interfacial electron transfer was proposed to be the
initial step in the transformation of 2-line ferrihydrite to
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lepidocrocite or goethite via dissolution-reprecipitation in
suspensions containing Fe(Il),q concentrations comparable
to our Fe(Il)equiv/Fe(Ill) =0.11 AH,DS system (Hansel
et al., 2005; Pedersen et al., 2005). The noted presence of
various morphologies of lepidocrocite (tabs, elongated
cubes or tubes, and rosettes) with both compact and porous
crystal structures in our AH,DS experiments (Fig. 3), im-
plied multiple formation pathways and additional complex-
ity. Tabular lepidocrocite, formed by reductive dissolution
and reprecipitation (Cornell et al., 1989a; Cornell and
Schwertmann, 2003), is the most commonly reported mor-
phologic form. The tabular morphology was observed in
both AH,DS (Fig. 3B) and Fe(Il),q (Fig. 12) systems.
The cube-like/tubular lepidocrocite morphology (Fig. 3A—
C) and porous crystal forms (Fig. 3F and G) were distinct
to the AH,DS system, and implied a second mechanism of
growth. The buried interface (Fig. 3H) indicated growth of
lepidocrocite from ferrihydrite by aggregation, as noted
previously for a biotic system with co-associated goethite
and ferrihydrite (Banfield et al., 2000). Selected area diffrac-
tion (SAED) and nanodiffraction (Fig. 3F and G) revealed
that the crystallographic axes of all the particles in the
aggregate were parallel, with the same three-dimensional
orientation. The SAED patterns of this material matched
well with lepidocrocite, while the aggregate behaved as a
single crystal under nanodiffraction (Fig. 3F and G). The
compact crystals (Fig. 3D) also displayed lepidocrocite
SAED patterns, but their formation pathways, e.g., dissolu-
tion—reprecipitation or porous crystal maturation were not
discernable.

Small amounts of C in PIPES buffer (>0.8%) facilitated
the transformation of 2-line Si-ferrihydrite by AH,DS to
goethite (Fig. 2D) instead of lepidocrocite. Others (Cornell
et al., 1989b; Carlson and Schwertmann, 1990) have ob-
served that ferrihydrite transformation to lepidocrocite
and/or goethite by Fe(I),q and L-cysteine is influenced by
C concentration. L-Cysteine/cystine has a similar half-cell
potential to AQDS (Jones et al., 2004), but is adsorbed
more strongly by ferrihydrite. Bicarbonate is believed to
suppress lepidocrocite nucleation (Cornell et al., 1989a).
Acicular goethite crystals with proximate ferrihydrite were
common in this study (Fig. 5D and E), indicating direct
transformation from ferrihydrite with time (Hansel et al.,
2005). A goethite precursor, such as 6-line ferrihydrite,
was not evident by XRD (Fig. 2D). There was no evidence
for aggregation-induced crystallization of goethite in pres-
ence of C, and goethite was not observed as a precursor
to magnetite formation as reported by Coker et al. (2008).

Five differences were observed in ferrihydrite transfor-
mation by AH,DS as compared to Fe(Il),q in the absence
of P: (i) the formation rate of lepidocrocite was more rapid
in presence of Fe(Il),q at all Fe(Il)equ/Fe(IIl) ratios, (ii)
multiple morphologic forms of lepidocrocite were observed
with AH,DS as the reactant, while Fe(II),q produced only
tabular forms, (iii) AH,DS was more effective then Fe(Il),q
in promoting magnetite formation at higher Fe(Il)equiv/
Fe(III) ratios, (iv) magnetite formation with Fe(Il),q ap-
peared to occur in parallel with lepidocrocite formation, al-
beit at slower initial rate, and (v) magnetite formation with
AH,DS appeared to occur by solid-state conversion of

aggregated ferrihydrite without a competitive reaction or
precursor. We note the possibility that differences between
the AH,DS and Fe(Il),4 systems at Fe(II)equiv/Fe(III) = 0.5
where magnetite formation occurred may have resulted
from pH which was one unit higher in the AH,DS experi-
ment (Table 2). Increasing pH above neutrality promotes
magnetite formation (Mann et al., 1989; Faivre et al.,
2004; Hansel et al., 2005).

Differences were also observed between our Fe(II),q sys-
tem results and those of Hansel et al. (2005), and their
resulting conceptual model of Fe(Il),q-induced mineraliza-
tion. Before making these comparisons we note that differ-
ent starting materials were used. Hansel et al. (2005) used
ferrihydrite that was air-dried to form a coating on silica
sand, while the experiments described herein utilized a
moderately aggregated, Si-substituted, 2-line ferrihydrite
suspension. Undoubtedly, differences exist in the funda-
mental recrystallization rates of these two ferrihydrite prep-
arations as a result of synthesis procedure and history,
chemical bonding to the surface of silica (Xu and Axe,
2005), hydration, aggregation, and other physicochemical
effects as noted by Kukkadapu et al. (2003). Bearing in
mind these differences, there are several significant compar-
isons. First, Hansel et al. noted that the rates of lepidocro-
cite precipitation were nearly 10 times faster at higher
Fe(Il),q. Based on XRD peak height comparisons (Figs.
10, 11 and EA-6), we observed no apparent dependency
of lepidocrocite formation on Fe(Il),q concentrations. Sec-
ond, Hansel et al. noted that magnetite accumulates at the
expense of lepidocrocite, implying that lepidocrocite was a
precursor to magnetite formation. We observed that mag-
netite accumulates in parallel with lepidocrocite, albeit at
an initially slower rate. Finally, Hansel et al. suggested that
the dissolution of lepidocrocite can provide Fe(III) for con-
tinued magnetite growth after ferrihydrite has been ex-
hausted. In contrast, we observed that lepidocrocite, once
formed, was stable in our experiments for 63 d regardless
of Fe(Il),q concentration.

The transformation pathway with 0.5 x 107> mol L™
Fe(Il),q and 1.0 x 102 mol L™! ferrihydrite was similar
to that with AH,DS at Fe(II)equiv/Fe(IIT) = 0.11, except
that the Fe(II),q system evolved to lepidocrocite much more
rapidly (Table 2). Lepidocrocite was also the primary short-
term product at higher Fe(Il),q concentrations (3.3 x 1073
and 5.0 x 10> mol L™!) with significant co-existing fer-
rihydrite (Fig. 10). There was no evidence for green rust
in any of our experiments, an often observed precursor of
lepidocrocite during Fe(II) oxidation (Cornell and Schwert-
mann, 2003, and references therein). While Si is recognized
to effect the formation of ferrihydrite and its transforma-
tion to FeOOH forms under oxidizing conditions (Schwert-
mann et al., 2004); the level of adsorbed silica in our system
had no apparent effect on the rapid formation of lepido-
crocite under reducing conditions. Lepidocrocite was the
reaction product of ferrihydrite and FeCl, at <l x
103 mol L ™! Fe(II),q (Hansel et al., 2005; Pedersen et al.,
2005; Borch et al., 2007), and the sole short term product
at higher concentrations (e.g., 2.0 x 10 *mol L'
Fe(II)Cl,, Hansel et al., 2005). These past studies suggest
that ferrihydrites treated with >1.0 x 1073 mol L™ Fe(II)
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recrystallize to magnetite via “metastable” lepidocrocite.
This pathway, however, was not observed in our
33 x 107° and 5x 107> mol L™! Fe(Il) systems, where
magnetite formed in parallel to, and not from lepidocrocite
(Fig. 10). Beyond this, lepidocrocite showed little metasta-
bility as it persisted for 63 d in presence of high Fe(II),q un-
der conditions that were well within the aqueous stability
field of magnetite as revealed by thermodynamic
calculation.

4.2. Influence of P

In the Fe(Il)cquiv/Fe(III) = 0.11 AH,DS system, P(2%)
“stabilized” the 2-line Si-ferrihydrite structure from trans-
forming to lepidocrocite (—C, PIPES) or goethite (+C,
PIPES). Similar results at comparable P concentrations
have been previously reported (Galvez et al., 1999; Borch
et al., 2007). Phosphate is strongly adsorbed by ferrihydrite,
apparently forming a stable bidentate surface complex at
circumneutral pH (Arai and Sparks, 2001; Khare et al.,
2007). Strong P adsorption decreases the ferrihydrite trans-
formation rate by preventing the relatively soluble structure
from dissolution and subsequent reprecipitation (Biber
et al., 1994; Galvez et al., 1999; Majzlan, 2008). Phosphate
apparently overwhelms the influence of sorbed (adsorbed or
coprecipitated) silica in our ferrihydrite preparation, possi-
bly through competitive displacement, because of its stron-
ger surface complexation (approximately 1000 times
greater, Dzombak and Morel, 1990). Previous studies have
shown that P displaces co-precipitated Si from ferrihydrite
and that the Si concentration used here does not influence
reductive ferrihydrite mineralization (Kukkadapu et al.,
2004). Sorbed Si is however, important for ferrihydrite sta-
bilization in oxic environments (Carlson and Schwertmann,
1981).

The absence of crystalline Fe(IlI)-oxides in +P(2%) sys-
tems was curious given that Fe(Il),q concentrations and
Fe(IT),q/Fe(IT)sor, ratios were similar in both the +P and
—P systems (Fig. 1). Moreover, the chemical environment
of sorbed Fe(II) in samples with and without P was similar
as measured by Mdssbauer spectroscopy (see * positions in
Fig. 6B and E). Mossbauer parameters for the Fe(II) dou-
blet were comparable to sorbed Fe(II) on ferrihydrite as re-
ported by Tronc et al. (1992), and Fe(Il) sorbed on
hematite above site saturation (Larese-Casanova and
Scherer, 2007). This Fe(II) species, however, was different
from that identified as: (i) a precursor of green rust in a
AQDS- and P-containing MRB system (Kukkadapu
et al., 2004), and (ii) the Fe(II)-Fe(III) solid-phase redox
product of Tc(VII)-Fe(II) homogeneous reaction (Zachara
et al., 2007). The Fe(II)-ferrihydrite in these latter two sys-
tems, despite higher Fe(II) content, displayed only broad
sextets at 77 K unlike the distinct Fe(II) doublet noted in
the present samples at >77 K (Fig. 6B and C).

It was not possible from Mdossbauer spectroscopy to
determine whether sorbed Fe(Il) resulting from AH,DS
reaction in the presence of P was adsorbed to or precipi-
tated with ferrihydrite, or present as a separate phase.
Perhaps the distinction between surface complexes and
structural incorporation is insignificant given the disor-

dered ferrihydrite structure (Michel et al., 2007). We did
not observe an octet pattern for sorbed Fe(II) at 10 K. This
Mossbauer feature was reported for surface-associated
Fe(II) on hematite above site saturation, and was attributed
to a Fe(OH),-like phase (Larese-Casanova and Scherer,
2007). The observed Mossbauer parameters of Fe(IIl) and
Fe(II) in the +P sample, and their temperature dependence,
implied that the reacted mineral residue retained the start-
ing ferrihydrite structure with sorbed Fe(II) in highly dis-
torted environments. The minor differences in the
ferrihydrite features resulted from the formation of 6-line
from 2-line ferrihydrite (Figs. 4 and 6).

The reductive mineralization of ferrihydrite at Fe(II).
quiv/Fe(IIl) = 0.54 in the AH,DS system, where sorbed
Fe(Il) was ~33% of Fey, was similar in both +P and
—P systems. Stoichiometric magnetite was the only product
(Fig. 8). There were no hints of green rust, lepidocrocite, or
any other precursor in the 77-K Mdgssbauer spectrum (not
shown). The presence of incipient peaks due to magnetite
in the 1d samples implied solid-state conversion induced
by Fe(II) sorption and electron transfer to structural Fe(III)
(Cornell, 1988; Mann and Frankel, 1989; Tronc et al.,
1992). The morphology of the magnetite was different from
those created by dissolution/precipitation (Vali et al., 2004;
Behrends and Van Cappellen, 2007). Sorbed P had no
apparent influence on this AH,DS-mediated solid-state
reaction that was different from the proposed Fe(II)-rich
ferrihydrite to lepidocrocite to magnetite pathway of the
aqueous Fe(Il)-ferrihydrite system (Hansel et al., 2005).
Perhaps higher interfacial pH promoted by AH,DS oxida-
tion facilitated P desorption.

The presence of P inhibited 2-line Si-ferrihydrite trans-
formation to lepidocrocite in PIPES buffer over a 1 d reac-
tion period at all studied concentrations of Fe(Il),q (Fig. 11
and EA-6). However, this inhibition was relieved over time
as comparable amounts of lepidocrocite were observed in
the +P and —P systems after 30 d (Figs. 10 and 11). These
concentrations did not change after an additional 33 d of
equilibration (to 63 d, Fig. EA-5). The initial inhibition
did not result from any change in Fe(II) solid-liquid distri-
bution (i.e., electron transfer) as Fe(Il),q concentrations
were insensitive to the presence of P (Fig. 9). In contrast
to the AH,DS system, the presence of P strongly inhibited
magnetite formation by Fe(Il),q. A comparable observa-
tion was made by Borch et al. (2007). System pH may have
been a factor in our experiments as a lower pH in the
Fe(II),q system may have both strengthened P surface com-
plexation, and lowered the magnetite formation rate. This
apparent inhibition did not diminish even after 63 d of incu-
bation. Adsorbed P may hinder reductive mineralization by
blocking condensation sites at the nm scale necessary for
formation of long-range order.

An unresolved issue in the current study is the fate of Si
that was coprecipitated with ferrihydrite. We have noted in
previous studies that the coprecipitated Si is labile and
responsive to P concentration. Si changes in solid-liquid
distribution during ferrihydrite phase transformations
(Kukkadapu et al., 2004). It is also not conservative once
released to the aqueous phase and may substitute to limited
degrees in reductive transformation products (Glasauer
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et al., 1999; Schwertmann et al., 2004), and adsorb to their
surfaces (Eick et al., 2009). The trajectory of aqueous and
ferrihydrite-sorbed Si during the course of the present
experiments is not known. Is it possible for desorbed Si
to further enrich Si in the residual ferrihydrite to levels that
impact its subsequent reactivity with Fe(II)? The behavior
of Si should be considered in future experiments given the
recent results of Jones et al. (2009).

4.3. Implications to MRB-AQDS—ferrihydrite systems

When AQDS is used as a ETM with MRB, an electron
donor, and ferrihydrite/or lepidocrocite, it is generally pres-
ent at lower concentration with a Fe(IT)eqy;/Fe(III) ratio
ranging from approximately 0.0004 (Zegeye et al., 2007;
Coker et al., 2008) to 0.0072 (Fredrickson et al., 1998;
Kukkadapu et al., 2004). Consequently, the heterogeneous
reductant (AH,DS) is supplied at a low, but more sustained
and uniform concentration than in the present experiments
as a result of bacterial respiration. The system is flux-,
rather than concentration-driven. The total electron equiv-
alents delivered to the solid are a complex function of the
electron donor concentration, respiration rate (organism
density), and AQDS concentration (Zegeye et al., 2007,
O’Loughlin, 2008); and not the total concentration of
AQDS as observed here.

Comparisons between +AQDS and -AQDS systems
suggest that the primary role of AQDS is to enhance reduc-
tion/mineralization kinetics, reaction product crystalliza-
tion, and the dispersal of electron equivalents to less
accessible domains, e.g., within aggregates or mineral sur-
faces not in cell contact (Fredrickson et al., 1998; Zachara
et al., 1998; Coker et al. 2008; Zegeye et al., 2007; Cutting
et al., 2009). The presence of AQDS may also reduce the
temporal stability of mineralogic intermediates (Coker
et al., 2008). Consistent with the results of this study, the
presence of AQDS enhanced magnetite formation by
MRB from both ferrihydrite and lepidocrocite (Cutting
et al., 2009). While these authors attributed their observa-
tions to enhanced Fe(II) flux mediated by AQDS, it is more
probable that this was a direct AQDS effect as observed
herein. Uncertain is the role of interfacial pH on reductive
mineralization as influenced by heterogeneous AH,DS oxi-
dation, either as a temporal excursion or sustained
condition.

The long-term persistence of lepidocrocite in our
Fe(Il),q system (e.g., 63d, Fig. 10), contrasted with its
transformation by MRB under comparable or shorter time
periods (Vali et al., 2004; Cutting et al., 2009; O’Loughlin
et al., 2010). Consistent with our findings, both Pedersen
et al. (2005) and Hansel et al. (2005) also noted little trans-
formation of lepidocrocite to magnetite by Fe(II),q in the
absence of MRB activity. Magnetite, in contrast, was an
important bioreduction product of lepidocrocite by: (i)
Geobacter sulfurreducens in bicarbonate buffer after 6 d
(Cutting et al., 2009), that was enhanced by AQDS pres-
ence, and (ii) Shewanella putrefaciens in presence of AQDS
in unbuffered media after 50 d (O’Loughlin et al., 2010).
Vali et al. (2004) observed the formation of lepidocrocite
from ferrihydrite in 6.25 d using Geobacter metallireducens

in PIPES buffer, and its subsequent complete transforma-
tion to tabular, single domain magnetite in 27.8 d. Our re-
sults, however, showed that an elevated Fe(Il),q
concentration and favorable pH, as well as aqueous chem-
ical conditions in the magnetite stability range, are alone
insufficient to induce lepidocrocite transformation to mag-
netite over 63 d. These noted differences may result from
crystallite size/reactivity effects (our recrystallized lepido-
crocite was relatively large in size, Fig. 12) or a potentially
active, direct role of MRB in the lepidocrocite to magnetite
transformation.

Green rust is a reductive mineralization product in
MRB-AQDS-ferrihydrite (Fredrickson et al., 1998; Kukk-
adapu et al., 2004) and lepidocrocite systems (O’Loughlin
et al., 2007, 2010; Zegeye et al., 2007, O’Loughlin, 2008).
While green rust has been observed without AQDS (Ona-
Nguema et al., 2002; Zegeye et al., 2007); the ETM has been
a common component of media in which significant green
rust has formed. Important differences exist between these
studies in media composition including P and C; cell con-
centrations influencing aggregation state and respiration
rate [e.g., Fe(Il) and bicarbonate flux]; Fe(III) oxide prepa-
ration method and crystallite size, storage history, and
concentration; buffer use and concentration; and other
experimental variables. Consequently, the identification of
common mineral transformation pathways and the distinc-
tive role of AQDS is difficult. Moreover, green rust is not
always the final mineral product formed; and, for both fer-
rihydrite and lepidocrocite, specific conditions seem to be
required, e.g., the presence of P (Bocher et al., 2004; Kukk-
adapu et al., 2004). For lepidocrocite specifically, high cell
concentrations that promote as yet undefined aggregation
effects appear necessary for green rust formation (Zegeye
et al., 2007). Beyond this, it is perhaps significant that green
rust is most frequently observed in un-buffered systems
where pH increases to values over 8§ in consequence to iron
reduction.

Green rust formation did not occur in our experiments
with AH,DS regardless of reactant ratio. Consequently,
green rust appears to be a biogenic phase in certain settings
controlled by unique combinations of experimental vari-
ables. Whether these conditions can be achieved in natural
biogeochemical environments with significant natural pH
buffering capacity, and in the absence of a low redox poten-
tial ETM such as AQDS is uncertain. Also uncertain is
whether natural ETM, including humic substances (e.g.,
Nurmi and Tratnyek, 2002; Jiang and Kappler, 2008) and
biogenic flavins (Marsili et al., 2008; Von Canstein et al.,
2008; Ross et al., 2009) can function equally or even signif-
icantly in this regard.

5. CONCLUSIONS

Ferrihydrite is one of the most important Fe(I1I) oxides
in subsurface environments because of its common occur-
rence and high reactivity. The findings presented herein
complement other recent investigations on the reductive
transformations of ferrihydrite. While there is general con-
sensus on the nature of reductive transformation products
and some of the conditions that promote them (e.g., this pa-
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per, Hansel et al., 2005; Borch et al., 2007; Coker et al.,
2008), there is disagreement on pathways, the presence or
absence of intermediate or precursor phases, kinetic rela-
tionships, and transformation mechanisms. To large de-
gree, these disagreements result from: (i) the large number
of important influential (bio)geochemical variables and
their relevant ranges (e.g., pH, Fe(Il) concentration, fer-
rihydrite concentration and nature, carbonate concentra-
tion, presence or absence of Si, presence or absence of
ETM; etc.) and the inability to control or vary them in a
suitably robust manner, and (ii) experimental differences
and analytical methods. A truly integrative conceptual
model of ferrihydrite reductive transformation in absence
and presence of MRB will require precise control of key
geochemical parameters over a large multi-dimensional do-
main, innovative experimentation, and application of mul-
tiple complementary analytical methods over critical
timescales.
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