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Abstract
Time-resolved structural analyses of synthetic birnessite (δ-MnO2) during
reaction with both biological and abiological reactants confirmed that the evolution of the
mineral’s crystal structure during reduction and dissolution depended upon the nature of
the reactant and the fate of the reduced Mn. The first-ever real-time X-ray diffraction
(XRD) analysis of a biological-mineral reaction demonstrated that the reductive
dissolution of birnessite during direct electron transfer by total-membrane fractions of the
facultative anaerobe Shewanella oneidensis was characterized by a collapse of the
birnessite structure due to a decrease in the c unit-cell parameter. The observed structural
collapse was verified by analysis of the reaction products of batch reactions between
whole-cell cultures of S. oneidensis and birnessite. A combined XRD and X-ray
absorption spectroscopy (XAS) examination indicated that the unit-cell collapse was
caused by reduction of structural Mn4+ to Mn3+, which increased the net negative charge
on birnessite’s octahedral sheets, followed by an inferred increase in the interlayer
Na:H2O ratio. The reduced Mn2+ precipitated as rhodochrosite (MnCO3).
The reduction, chelation, and removal of Mn from the birnessite crystal structure
by bacterial siderophores did not result in a structural collapse of the mineral, despite the
large amount of Mn removed from the MnO6 octahedral sheets (up to 20 mol%). Rather,
the unit-cell parameters remained constant throughout the complete dissolution of
birnessite.
A third structural pathway was revealed during the reduction of birnessite in the
presence of dissolved transition metals. When aqueous Cr3+ was oxidized to Cr6+ by
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reduction of octahedral Mn, the birnessite crystal structure experienced a phase
transformation from triclinic to hexagonal. During this abiological reduction, the reduced
Mn remained part of the hexagonal crystal structure, occupying positions above or below
octahedral vacancies. The specialized nature of birnessite’s transformations in response
to

alternative

reduction/dissolution

mechanisms

presents

the

possibility

that

crystallographic analysis of birnessite may serve as a useful biomarker in studies of
environments where it is desirable to know whether life forms participated in mineral
redox processes.
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Chapter 1

Introduction

Manganese oxides are a diverse and environmentally significant mineral group.
More than 30 varieties are extant and they occur in a wide variety of geological
environments (Post, 1999). The diversity of the group is directly related to its high
reactivity and chemical heterogeneity. The element manganese has three common
valence states (II, III, IV) and displays considerable redox reactivity in its aqueous and
solid phases, particularly in biologically active environments (e.g. Spiro et al., 2010;
Ruebush et al., 2006). However, oxidation or reduction does not often transform all
available 2+ to 4+ or vice versa. Therefore, Mn oxide solids usually consist of mixedvalence Mn(III,IV)O6 octahedra in association with hydrated cations that balance the
charge deficit created by the substitution of trivalent for tetravalent Mn.
The MnO6 octahedra combine in one of two structures: tunnels or layers. The
tunnel structures range from 1x1 tunnels [pyrolusite; (MnO2); Baur, 1976] to 3x4 tunnels
[woodruffite; Zn1.9Mn2+0.1Mn4+5O12•4(H2O); Post et al. 2003] but are commonly
disordered and consist of a large degree of tunnel size heterogeneity (Post, 1999).
Layered Mn oxides are similarly variable. The interlayer regions can be occupied either
by (Al,Li)(OH)6 octahedral sheets [lithiophorite; LiAl2(Mn4+2,Mn3+)O6(OH)6; Post and
Appleman, 1994]. Alternatively, the interlayer can contain hydrated cations that are
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located either above vacancies in the MnO6 octahedral sheet (e.g. chalcophanite;
ZnMn3O7•3H2O; Post and Appleman, 1988), or midway between the octahedral sheets.
The mineral birnessite was first described in 1956 as a naturally-occurring, poorly
crystalline Mn oxide near the town of Birness, Scotland (Jones and Milne, 1956).
Birnessite and birnessite-like phases are typically poorly crystalline, with small crystallite
sizes and a high degree of disorder. This has necessarily made the study of the mineral’s
crystal structure difficult to determine.

Post and Veblen (1990) first described the

structure of Na-, K-, and Mg- exchanged birnessite as monoclinic using TEM and
Rietveld refinements. Subsequent research by Drits et al. (1997) and Silvester et al.
(1997) confirmed the monoclinic unit cell for birnessite sysnthesized under basic
conditions and described a hexagonal unit cell for birnessite synthesized under acidic
solutions. Post et al. (2002) used Rietveld refinement of Na-birnessite and found the
crystal structure to be triclinic, rather than monoclinic. The Ca-rich birnessite phase,
ranciéite, has a trigonal unit cell (Post et al., 2008).
The large spacing between octahedral sheets (~7 Å, or 10Å in the case of
buserite), small crystallite size, and large surface areas of natural birnessites leads to
exceptional capabilities for cation exchange and adsorption. Birnessites play host to a
wide variety of transition and alkaline metals, either by sorption onto the surface,
structural incorporation into vacant octahedral sites, or exchange into the interlayer
(Loganathan and Burau 1973; Singh and Subramanian 1984; Manceau et al. 1992;
Lopano et al. 2007, 2009; Peacock and Sherman 2007; Peacock 2009). Transuranic
radionuclides exhibit a strong affinity for birnessite (Triay et al. 1991) and recent work
on the stable isotopes of Mo, Tl, and Cu sorbed onto birnessite indicate that the mineral
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may control the extent to which isotopes of those elements fractionate between solid and
aqueous phases (Sherman et al. 2009; Peacock et al. 2009).
The redox activity of manganese, makes Mn oxide minerals especially susceptible
to alteration by reducing and oxidizing agents. In fact, the precipitation of Mn oxide
minerals may depend on the bacterial oxidation of Mn2+ to Mn3+ and Mn4+, since, while
thermodynamically favorable, this reaction is kinetically slow when prompted solely by
oxygen. Many scientists have characterized the formation of Mn oxide minerals
following the oxidation of Mn2+ by bacteria, bacterial spores, and fungi (Tebo et al. 2004;
Webb et al. 2005; Bargar et al. 2005; Villalobos et al. 2006; Spiro et al. 2010; Grangeon
et al. 2010). The reverse process – the destruction of Mn oxide minerals by biological
and abiological processes – is comparatively unexplored. Many species of bacteria are
capable of using solid-phase Mn as a terminal electron acceptor in a process known as
dissimilatory metal reduction (DMR). The electron movement from microbe to Mn oxide
significantly increases the rate of dissolution, but that rate may be dependent on the
mineral’s oxidation state (Burdige et al. 1992; Ruebush et al. 2006). In addition, it also is
likely that the mineral structure controls the rate at which bacteria can metabolize Fe and
Mn. Therefore, an in situ crystallographic examination of DMR should shed light on the
relationship between crystal structure and the kinetics of bioreduction.
This dissertation is intended to investigate the changes in the birnessite crystal
structure as it is reduced and dissolved by three mechanisms – direct electron transfer
from bacterial proteins, chelation and reduction by bacterial siderophores, and reduction
by aqueous Cr3+.

4

The second chapter, a version of which was previously published in American
Mineralogist (Fischer et al., 2008), describes the dissolution and crystal structure changes
of birnessite during reduction by direct electron transfer from bacterial proteins. Some
microorganisms have evolved the ability to utilize solid-phase metal cations as terminal
electron acceptors during respiration. The time-resolved X-ray diffraction experiments
(TR-XRD) described in this chapter confirm that the birnessite structure undergoes a
significant unit-cell collapse during the bacterial reduction. Furthermore, rhodochrosite
(MnCO3) precipitated during the experiments.
Chapter 3 describes the complete dissolution of birnessite by reduction and
chelation by the bacterial siderophore desferrioxamine B (DFOB). The goal in Chapter 3
was to quantify the dissolution rate of birnessite during chelation and reduction by
DFOB. The kinetic model proposed in the chapter indicates that the rate of dissolution is
dependent on the concentration of siderophore, but not on the pH of the reaction. In
contrast to the reduction by direct electron transfer in Chapter 2, the unit-cell dimensions
of birnessite do not change significantly during siderophore-promoted dissolution.
Rather, the dissolution is characterized by a decrease in the Mn occupancy by up to 20
mol%, which destabilizes the structure, leading to dissolution. This chapter compares the
two bacterial dissolution pathways investigated and finds a significant difference between
the purely reduction-promoted pathway and the chelation-promoted pathway. The results
of Chapter 3 will be submitted to American Mineralogist.
Chapter 4 describes the reduction and dissolution of birnessite during reduction
by aqueous Cr3+. We once again utilized TR-XRD to investigate the crystal structure
changes during reduction. In the case of the abiotic experiments, the reduction was
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characterized by a change in phase from triclinic birnessite to hexagonal birnessite. Our
structure refinements suggest that the phase transition was initiated by the migration of
Mn2+ into the interlayer following the coupled redox reaction: Cr3+ + xMn4+,3+  Cr6+ +
yMn2+. In agreement with previous experiments and theoretical calculations, the rates of
both the birnessite dissolution and phase transformation were fastest at pH = 3.2 and
slowest at pH = 5.2. Our Rietveld analyses lead us to hypothesize that, in contrast to
previous research, the transition from triclinic to hexagonal birnessite is not dependent on
the positional ordering of vacancies in the octahedral sheets but on the distribution of
cations in the interlayer. Chapter 4 will be submitted to American Mineralogist.
The last chapter supplements the experimental results in Chapters 3-4 with X-ray
absorption spectroscopy measurements of whole-cell and total membrane batch reactions.
Our XAS scans of the solids at sequential stages of reduction indicated that the residual
birnessite in the reaction mixture contained primarily Mn3+ in the octahedral sheets,
rather than Mn4+. This behavior contrasts with two other reductive-dissolution pathways
for birnessite – chelation by biologically-produced siderophores and reduction by
aqueous Cr3+. By comparing the three reduction/dissolution pathways described in the
preceding chapters, we show that the bulk crystallographic changes that accompany
dissolution are dependent on the means by which the mineral dissolves. Chapter 5 will be
submitted to Proceedings of the National Academy of Sciences.
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Chapter 2
Continuous time-resolved X-ray diffraction of the biocatalyzed reduction of Mn
oxide

Abstract

Here we report the first continuous time-resolved X-ray diffraction analysis of a
biologically mediated mineral reaction. We incubated total membrane (TM) fractions of
the facultative anaerobe Shewanella oneidensis in an anoxic environmental reaction cell
with formate (as electron donor via formate dehydrogenase) and powdered birnessite, a
layered Mn3+, 4+ oxide common to many soils. Using both synchrotron and conventional
X-ray sources, we irradiated the reaction mixtures for up to two weeks and observed
bioreduction and dissolution of birnessite and the concomitant precipitation of
rhodochrosite [Mn2+CO3] and hausmannite [Mn2+Mn3+2O4]. The high time resolution of
these experiments documented systematic changes in crystal structure during the
breakdown of birnessite and the emergence of nanocrystalline rhodochrosite. In addition,
the relative abundances of birnessite and rhodochrosite were quantified over time for
different concentrations of TM fraction, allowing for the determination of rate equations
that govern this bioreaction. Importantly, constant irradiation for two weeks did not stop
the enzymatic reaction, suggesting that enzymes may be more resilient than whole cells
when exposed to X-ray radiation.
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Introduction

Bacteria play an integral role in the redox chemistry of the Earth’s surface, and
the biologically controlled generation and destruction of minerals have influenced surface
processes since the earliest life forms emerged (Banfield and Nealson 1998; Hochella
2002, Weiner and Dove 2003). Over the last two decades researchers have documented
bacterial respiration of solids for at least seven elemental systems [S, As, Se, Fe, U, C,
and Mn (Lovley and Phillips, 1988; Myers and Nealson, 1988; Moser and Nealson 1996;
Newman et al. 1997; Fredrickson et al. 2000; Bond et al. 2002; Herbel et al. 2003)].
Most investigations of solid-phase respiration have focused on electron-transfer pathways
between the crystal surface and the bacterial membrane, while the other side of the
reaction – the evolution of the electronic state and crystallography of the solid – remains
comparatively unexamined. Determining the rates and mechanisms of biomineralization
processes requires a methodology that can record the structural evolution of nanocrystals
during rapid growth, transformation, and dissolution. In many respects, X-ray diffraction
(XRD) techniques are ideally suited to this task, especially in light of recent
developments in imaging plate cameras and the design of environmental reaction cells
that allow real-time observation of mineral reactions in the presence of fluid and gases
(Parise et al. 2000; Lopano et al. 2007).
In the past, however, the application of X-ray diffraction to biomineralization has
been thwarted by the lethal effects of intense X-rays on living systems. Doses from
primary X-ray radiation range from 103 (sealed Cu tube) to 107 (synchrotron) rad/s, and
direct exposure leads to cell death. To avoid this problem, researchers have collected
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diffraction data through brief irradiation episodes using mixtures of minerals and
radiation-resistant bacterial spores or by analyzing the end products of batch reactions
containing minerals and whole cells (Bargar et al. 2005; Setlow 2006; Coker et al. 2008).
To assess bioreactions that are characterized by rapid precipitation of nanocrystals that
structurally evolve during growth, however, continuous X-ray diffraction with high time
resolution is required. We have developed a method that allows nearly uninterrupted
collection of diffraction data during a biologically mediated reaction, and our results shed
new light on the structural transformations that occur as minerals are bacterially dissolved
and precipitated. These observations may help us understand the means by which
electrons are transferred from bacterium to mineral during the process of dissimilatory
bioreduction.
Our

studies

have

focused

on

the

reduction

of

synthetic

birnessite

[Na0.58(Mn4+1.42,Mn3+0.58)O4·1.5H2O], a layered Mn oxide found as a coating on soil
particles in both arid and temperate climates, by the dissimilatory metal-reducing bacteria
(DMRB) Shewanella oneidensis strain MR-1. Ruebush et al. (2006a, 2006b)
demonstrated that Fe and Mn oxides can be reduced in vitro by the TM fractions of S.
oneidensis by direct contact with the mineral surface. The TM fraction (composed of both
outer and cytoplasmic membranes) contains formate-dehydrogenase and the required
components for the transfer of electrons from formate (produced by catabolism of lactate)
to the solid phase. Ruebush et al. (2006a, 2006b) followed oxide dissolution through the
release of reduced Fe2+ and Mn2+ ions to solution and precipitation of a reduced
carbonate phase. The in vitro model system used was well poised for time-resolved X-ray
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diffraction (TR-XRD) analysis because it contains the complete enzymatic machinery
involved in bioreduction.

Experimental Methods and Results

We synthesized Na-birnessite after Lopano et al. (2007) using a modified version
of the protocols described in Golden et al. (1986, 1987). At room temperature, we added
a chilled solution of 0.55 M NaOH (55 g in 250 mL H2O) to 200 mL of 0.5 M MnCl2.
Prior to and throughout mixing, oxygen bubbled through the mixture via a glass frit at a
rate of 1.5 L/min. A Riteflow® flowmeter with a glass float, calibrated for use with
oxygen gas, controlled the flow rate. The reaction progressed for 5 hours before flow was
stopped. We then centrifuged the solid at 1900g for 5 minutes and decanted the
supernatant. We re-suspended the solid in DI water to remove the salts and centrifuged
again. We repeated this process 5 times and stored the resultant solid as a suspension
until needed for analysis. Prior to use in the flow-through experiments, we filtered and
air-dried the solid. We analyzed the solid using XRD and found it to be almost purely
triclinic birnessite with less than 1% hausmannite impurity.
We prepared the total membrane (TM) cell fractions used for the direct-electron
transfer experiments using the same methods described in Ruebush et al. (2006). We first
grew cultures of Shewanella oneidensis MR-1 anaerobically at 30°C. The media used
was a modified version of that used by Myers and Nealson (1988). We made the
following modifications: the fumarate electron acceptor was replaced with 50 mM ferric
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citrate; 30 mM DL-Lactate, 4 mM sodium phosphate, and 10 mM HEPES were also
added and the pH was taken to 7.4 using NaOH. We streaked Luria Broth (LB)-agar
plates with a frozen stock of S. oneidensis MR-1 from a -80°C freezer. After growth on
the LB-agar plates, cells were inoculated into 10 mL of LB broth. The cells grew in the
LB overnight (shaken at 30°C). The next morning, we centrifuged the cell suspension at
10,000g relative force for 10 min. at 4°C. We washed the resultant pellet in 0.7% saline
solution, pH 7.4, buffered by 10 mM HEPES. The washed cells were inoculated into the
Fe-citrate media, shaken at 30ºC, and grew until harvested during the mid-log growth
phase when the Fe(II)(aq) concentration reached ~40 mM, measured with Ferrozine
(Stookey, 1970). This usually occurred between 16 and 20 hours. We collected the Fegrown cells by centrifugation at 8,000g relative force for 10 min., weighed the cells and
stored them in a -80°C freezer.
We applied the EDTA-Brij-lysozyme method of Myers and Myers (1992) in the
extraction of TM fractions from the collected cell pellet. We suspended the cells in a
solution of 25% sucrose in Tris-HCl, pH = 8.0 at a ratio of 1 g of cells per 24 mL. After
homogenization with a glass homogenizer, we added the following chemicals at 15 min
intervals during gentle shaking: (1) one-tenth of the total solution of 6.4 mg/ml lysozyme
solution, (2) one-tenth of the total solution of 50 mM EDTA (for a concentration of 5
mM), (3) a 6% dilution of a 5% stock solution of Brij 58 (polyoxyethylene 20 cetyl ether)
for a final concentration of 0.3% (w/v), and (4) a 1.2% dilution of a 1M stock solution of
MgCl2 for a final concentration of 12 mM, and a few crystals of DNase I. This protocol
was the only part of the TM extraction conducted at room temperature. The separation of
the TM fraction from the rest of the lysate involved two centrifugation steps. The first
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was a slow centrifugation at 1500g relative centrifugal force for 15 min, then a fast
centrifugation of the supernatant for 2 h at 177,500g centrifugal force. We then collected
the TM pellet, re-suspended it in 10 mM HEPES buffer at pH 7.5, homogenized the pellet
with a glass homogenizer, and dialyzed in the same buffer for 6 h in a 4°C cold room.
The buffer was exchanged after 3 h. We utilized the method described by Lowry et al.
(1951), with bovine serum albumin as the standard, to determine the protein
concentration of the TM fraction. We then made 50, 100, and 150 μL aliquots and stored
the TM in a -80°C freezer until used in the experiments.
XRD experiments were performed using both synchrotron radiation (National
Synchrotron Light Source, Brookhaven National Laboratory) and a conventional sealed
Mo tube source on a Rigaku II D/MAX-RAPID microdiffractometer. The reaction cell
was modified after the Small Environmental Cell for Real-Time Studies (SECReTS)
(Parise et al. 2000). Reaction vessels consisted of 1 mm silica glass or single-crystal
sapphire capillary tubes loaded with birnessite powder (crystal size <1 μm), various
concentrations of TM fraction, and 1 M formate in 100 mM HEPES buffer at pH 7.4. The
TM fraction was isolated and purified as in Ruebush et al. (2006a). Tubes were loaded in
an anaerobic chamber and sealed with epoxy to maintain anoxia. For the synchrotron
experiments, the reaction mixtures were frozen in liquid nitrogen (77 K) immediately
after sealing and stored on dry ice (195 K) for transport to the beamline. Samples
analyzed on the in-house device were sealed and placed immediately in the
diffractometer. Because of the differences in beam intensity, diffraction patterns of the
reactant mixtures were collected every 4 min with synchrotron radiation and every 9 min
with Mo radiation (Figure 3-1).
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The biodissolution of birnessite in response to the reduction of Mn4+ to Mn3+ and
Mn3+ to Mn2+ is revealed in an abrupt loss of intensity of the (00l) peaks (within the first
minutes of reaction) and a decrease in the refined unit-cell volume for birnessite by up to
1.3%. The contraction of the unit cell is due largely to a significant decrease in the c-axis,
from 7.339(7) to 7.196(5) Å. In contrast, control experiments containing no TM produced
no shift in the (001) and (002) peak positions. The decrease in c is caused almost
exclusively by a thinning of the interlayer region in the reduced birnessite (Figure 1-2).
Interestingly, the refined occupancy of the octahedral Mn cations and of the interlayer
atoms (modeled as O to proxy for disordered H2O/Na species) (Post et al. 2003) showed
little variation as dissolution proceeded. Thus the enzymatically controlled reduction and
electron transfer through the mineral induced a decreased layer charge that leads to the
observed interlayer contraction.
As the dissolution of birnessite continued, rhodochrosite was observed to
precipitate (Figures 3-1 and 3-3). Ruebush et al. (2006a) demonstrated that dissolved
Mn2+ is released by the bioreduction of birnessite, and we interpret the appearance of
rhodochrosite as a response to saturation with respect to aqueous Mn2+ and CO3-3. The
carbonate is generated by hydration of carbon dioxide, formed from the formatedehydrogenase-catalyzed oxidation of formate. Formate is a metabolic product of lactate
(Scott and Nealson 1994), a carbon source utilized by Shewanella. The precipitation of
MnCO3 also served to remove Mn2+ from the solution, thereby facilitating the continued
reduction of Mn oxide. In one experiment, rhodochrosite precipitation ceased after 11 h
and hausmannite (Mn3O4) formed, probably due to the exhaustion of carbonate from the
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breakdown of formate. To our knowledge, this is the first evidence for the
bioprecipitation of hausmannite.
Just as birnessite exhibited structural changes during reduction and dissolution,
Rietveld analysis documented significant variations in the rhodochrosite structure as it
nucleated and grew. Whereas the a-axis remained fairly constant with time, the c-axis
decreased from 15.97 to 15.72 Å, a change of ~1.5% (Figure 3-2). The significant unit
cell contraction during the growth of the rhodochrosite crystals implies that the
coarsening of these particles from nanoscale to micrometer grains is accompanied by a
striking decrease in the Mn-O-C bond angle. Scanning electron micrographs of the initial
and final solids reveal that these euhedral rhodochrosite rhombs achieve a final size of 5
μm and were mixed with birnessite. Birnessite crystals transformed from a mix of bladed
and platy crystals to hexagonal platelets.
The time resolution of these experiments allows for the determination of the rate
of bioprecipitation of rhodochrosite (Rate – dMRhod/dt), where MRhod represents the
normalized mass abundance of rhodochrosite and was calculated by exploiting the
proportional relationship between refined diffraction scale factors and phase abundances.
All experiments revealed two distinct reaction stages. As shown by the dependence of
rhodochrosite concentrations with time (Figure 3-3), fast initial nucleation was followed
by slow growth. As expected given the high concentrations of birnessite and formate in
the starting solutions, the rates of reaction are relatively insensitive to variations in
birnessite and formate concentration. However, the rates vary with the concentration of
total membrane fraction according to the following first-order rate equation,
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where k is a rate constant and [TM] is the concentration of the total membrane in
mg/ml. Our analysis revealed that k was 6 x 10-4 mL/(mg·h) for the nucleation stage but
slowed to 1 x 10-4 mL/(mg·h) (Figure 3-3).
These experiments yield insights into the fate of Mn solids that participate in
dissimilatory metal reducing bacterial (DMRB) reactions and they suggest that Mn within
birnessite is reduced prior to dissolution, generating transient intermediate phases with a
collapsing interlayer structure. Although these experiments did not employ living
bacteria, they demonstrate that one can extract the enzymes responsible for biologically
controlled redox reactions and analyze the reaction in real time by diffraction methods.
We have shown that the enzymes continue to function at continuous high radiation doses
for periods of 2 weeks in a Mn oxide system. Daly et al. (2007) argued that the redox
cycling of Mn2+ in iodizing radiation (IR) resistant bacteria protects proteins from
oxidation, whereas the reduction of Fe3+ oxides to Fe2+ will produce reactive oxygen
species that can damage proteins. Therefore this experimental system may not be as
robust when applied to Fe oxide systems. Nevertheless, we regard TR-XRD as a novel
and robust means of interrogating bioreactions to obtain coupled insights into their
mechanisms, kinetics, and the corresponding structural changes of mineral phases
involved in the bioreaction.
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Figure 3-1: Stacked diffraction patterns showing birnessite biodissolution and rhodochrosite
bioprecipitation in a solution with 1M formate and 2.0 mg/ml TM fraction at pH 7.5. Each
diffraction pattern represents a 9 min interval. The data shown were acquired on a Mo source
diffractometer.
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Figure 3-2: Projection of the structure for starting synthetic birnessite (a). O atoms occupy the
corners of the octahedral and interlayer Na/H2O are shown as individual atoms. Changes in the c
unit cell parameter (squares) and unit cell volumes (circles) of synthetic birnessite (b) and
bioprecipitated rhodochrosite (c) as bioreduction occurred in solutions with 1 M formate at pH
7.5. Calculated errors are smaller than the symbols.
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Figure 3-3: Changes in the normalized mass abundance of rhodochrosite during bioreaction (a)
and the dependence of rhodochrosite growth rate on TM concentration (b). Normalized mass
abundances are calculated by dividing the rhodochrosite scale factor by the initial birnessite scale
factor. In (a) circles represent an experiment with 1 M formate and 2.0 mg/ml TM fraction at pH
= 7.5; squares represent an experiment with 1M formate and 5.2 mg/ml TM fraction at pH = 7.5.
In (b) circles represent initial nucleation rates (R2 = 0.9917) and squares represent steady-state
growth rates (R2 = 0.9781).
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Chapter 3

Time-resolved XRD analysis of birnessite during siderophore-promoted
dissolution

Abstract
We used time-resolved synchrotron X-ray diffraction to follow the complete
dissolution of synthetic triclinic Na-birnessite as it was dissolved by the trihydroxamate
siderophore desferrioxamine B (DFOB). Many microorganisms employ siderophores to
increase the availability of Fe, Mn, and other trace metals for metabolic processes. Our
primary goal was to quantify the DFOB-assisted dissolution rate by direct, continuous
observation of the solid phase. To our knowledge this is the first observation of mineral
dissolution using time-resolved X-ray diffraction (TRXRD). Our proposed kinetic model
indicates that the rate of dissolution is dependent on [DFOB] but not pH, and has a
reaction order of 0.505 with a rate constant of 11.2 min-1. The unit-cell dimensions of
birnessite remained constant within error throughout the dissolution process, showing at
most a 0.3% contraction of c, a slight increase in β, and a very small decrease in a.
Despite little change in unit-cell volume, a large number of vacancies were
created within the octahedral sheets, presumably due to complexation of structural Mn3+
with DFOB followed by extraction from the crystal structure. Our Rietveld analyses
reveal that DFOB-promoted dissolution must operate by a different mechanism from that
employed when bacterial membrane fractions directly transfer electrons to birnessite
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crystals. We propose that crystal structure analysis of minerals undergoing dissimilatory
metal reduction can elucidate metabolic pathways in microorganisms.

Introduction
Within the past 20 years, researchers have demonstrated that bacterial oxidation
and reduction of aqueous and solid-phase metal cations serve as a major control on the
precipitation and dissolution of minerals in soils. Sergei Winogradsky was among the
first to show that microorganisms utilize aqueous-phase inorganic ions in his seminal
studies of sulfur- and nitrogen-fixing bacteria in the 1880s. However, the ability of
microorganisms to utilize solid-phase metal cations as terminal electron acceptors was
not recognized until much later. In 1988, Lovley and Phillips first isolated bacteria
capable of reducing solid-phase Fe(III) and Mn(IV). Since then, microbial oxidation and
reduction of solid-phase cations have been demonstrated for at least seven elemental
systems: S, As, Se, Fe, U, C, and Mn (Lovley and Phillips 1988; Myers and Nealson
1988; Moser and Nealson 1996; Newman et al. 1997; Fredrickson et al. 2000; Herbel et
al. 2003).
Following the initial discoveries of Lovley and coworkers, much research has
focused on the mechanisms by which microorganisms access the redox potential stored in
solid-phase metal cations. Thus far, scientists have identified four primary pathways by
which organisms engage in dissimilatory metal reduction (DMR): 1) electron transfer
from the mineral surface to the outer membrane (OM) proteins through direct contact; 2)
cellular production of chelating agents (e.g., siderophores) that can extract metals from
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minerals and transport them to the OM; 3) cellular fabrication of low-weight molecules
that shuttle electrons from minerals to the OM; and 4) the assembly of appendages called
“microbial nanowires” that allegedly conduct electrons from the cell to the mineral
surface (reviewed in Reguera et al. 2005; Ruebush et al. 2006; Shi et al. 2007).
Although it has long been recognized that DMR leads to the formation of new
mineral phases, relatively few investigations of the role of solid-phases in microbe
metabolism have examined the evolution of the atomic structure of the solid during
DMRB. The paucity of such data is unfortunate, since biogenic reduction must induce
crystallographic changes in the mineral substrate, and it seems plausible that crystal
chemistry is a controlling factor in the rate at which DMRB can occur. As evidence,
Fischer et al. (2008) used time-resolved X-ray diffraction (TRXRD) to characterize the
reduction of synthetic Na-birnessite by total membrane fractions of Shewanella
oneidensis MR-1, and they documented a significant contraction of the birnessite unitcell during the secondary phase precipitation of rhodochrosite and hausmannite. The rate
at which the birnessite unit-cell volume contracted increased with higher concentrations
of total membrane.
For this paper, we investigated the reductive dissolution of synthetic Na-birnessite
as promoted by the trihydroxamate siderophore desferrioxamine B (DFOB). Siderophores
are biogenic chelating agents that are produced by a wide variety of microorganisms and
grasses and likely have a large influence on the cycling of Mn and Fe in soils and marine
environments (Reid and Butler, 1991; Duckworth et al. 2009; Vraspir and Butler, 2009).
Duckworth and Sposito (2007) investigated siderophore-promoted reduction of birnessite
using synthetic and biogenic phyllomanganate solids. Based on their analysis of the
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aqueous products of this reaction, they hypothesize that the dissolution mechanisms are
dependent on pH. These researchers also demonstrated that DFOB will dissolve
hausmannite and manganite via parallel reduction pathways (Duckworth and Sposito
2005, Peña et al. 2007).
Using time-resolved synchrotron X-ray diffraction, we were able to measure the
rates and mechanisms of biologically-mediated birnessite dissolution based on changes to
the solid rather than an examination of the liquid phase. We chose to analyze synthetic
Na-birnessite (Figure 3-1) during these transformations because its high degree of
crystallinity is amenable to accurate Rietveld refinement and the synthesis method is
well-known and highly reproducible (Golden et al. 1986). Synthetic Na-birnessite also is
expected to be a close structural analog to most natural birnessites (Post et al. 2003).
Birnessite is typically the most common Mn oxide mineral in soils from temperate
environments. It consists of sheets of edge-sharing MnO6 octahedra stacked along the caxis (Figure 3-1) (Post 1999). The replacement of Mn4+ by Mn3+ or vacancies induces a
net negative charge on the octahedral sheets, and that charge is balanced by hydrated
cations in the interlayer. The large spacing between octahedral sheets (~7 Å, or 10Å in
the case of buserite), small crystallite size, and large surface areas of natural birnessites
leads to exceptional capabilities for cation exchange and adsorption. Birnessites play host
to a wide variety of transition and alkaline metals, either by sorption onto the surface,
structural incorporation into vacant octahedral sites, or exchange into the interlayer
(Loganathan and Burau 1973; Singh and Subramanian 1984; Manceau et al. 1992;
Nicholson and Ely 1997; Lopano et al. 2007, 2009; Peacock and Sherman 2007; Peacock
2009). Transuranic radionuclides exhibit a strong affinity for birnessite (Triay et al. 1991;
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Duff et al. 2001, 2002; Powell et al. 2006) and recent work on the stable isotopes of Mo,
Tl, and Cu sorbed onto birnessite indicate that the mineral may control the extent to
which isotopes of those elements fractionate between solid and aqueous phases
(Wasylenki 2008; Sherman et al. 2009; Peacock et al. 2009).

Experimental Methods

Na-birnessite synthesis

We synthesized Na-birnessite after Lopano et al. (2007) using a modified version
of the protocols described in Golden et al. (1986, 1987). At room temperature, we added
a chilled solution of 0.55 M NaOH (55 g in 250 mL H2O) to 200 mL of 0.5 M MnCl2.
Prior to and throughout mixing, oxygen bubbled through the mixture via a glass frit at a
rate of 1.5 L/min. A Riteflow® flowmeter with a glass float, calibrated for use with
oxygen gas, controlled the flow rate. The reaction progressed for 5 hours before flow was
stopped. We then centrifuged the solid at 1910 rpm for 5 minutes and decanted the
supernatant. We re-suspended the solid in DI water to remove the salts and centrifuged
again. We repeated this process 5 times and stored the resultant solid as a suspension
until needed for analysis. Prior to use in the flow-through experiments, we filtered and
air-dried the solid. We analyzed the solid using XRD and found it to be almost purely
triclinic birnessite with less than 1 wt% hausmannite impurity.
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Time-resolved X-ray diffraction

We monitored the dissolution of birnessite by siderophore-containing aqueous
fluids as TRXRD flow-through experiments. For each of the five experimental runs, we
packed a 0.7 mm ID quartz capillary with approximately 0.7 mg of synthetic Nabirnessite. The capillaries were purchased from the Charles Supper Company. Cotton
plugs on either end of the solid held the birnessite powder in place during the experiment.
The capillary was set into a flow-through apparatus modeled after the SECReTs cell (Lee
et al. 1998, 2000; Parise et al. 2000) and modified to eliminate the metal content of the
apparatus after Wall et al. (2010). As a strong metal chelator was used in these flowthrough experiments, the elimination of all metal in the flow-through apparatus was
deemed essential. The variety of siderophore used for all experiments was the
trihydroxamate siderophore desferrioxamine-B (DFOB), specifically the desferrioxamine
mesylate salt with the chemical formula C25H48N6O8·CH4O3S. We purchased the sample
from the Sigma-Aldrich Co. and the chemical was stored at -20°C until used to make the
solutions. All solutions were made by dissolving the appropriate amount of DFOB in
deionized ultra-filtered water purchased from Fisher Scientific. We conducted two
experiments at pH = 7.5, at 10 and 1 mM [DFOB] and three experiments at pH = 6.0, at
8, 1, and 0.1 mM [DFOB]. Ionic strength was held constant by the addition of 0.1 M
NaCl; pH was achieved by addition of 10, 1 or 0.1 N NaOH, and we buffered the
solutions with 20 mM HEPES (pH = 7.5) or MES (pH = 6.0) buffer. The conditions of
the reactions were set specifically to match those presented by Duckworth and Sposito
(2007).
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In each experiment, we placed the DFOB solution in a bottle and back-pressured
the bottle with He gas. The solution was then forced through tubing into the capillary,
where it reacted with the birnessite (Fig. 3-2). During the reaction, we collected X-ray
diffraction patterns every 70 s on a MAR-165 CCD for 3 to 15 hours, depending on the
length of each experiment. All TRXRD experiments were carried out at the Advanced
Photon Source at Argonne National Laboratory, beamline 13-BMC with wavelengths
0.833326 or 0.828409 Å. The drop rate of each experiment was monitored and controlled
to be 1 drop/60 s. During each exposure, the sample rotated through a 30° phi angle. We
corrected for preferred orientation of the sample through a combination of specimen
rotation, use of a capillary sample holder, and full intensity integration of the diffraction
rings. We integrated each diffraction pattern through use of GSE_Shell (Dera 2009),
which automates integration of the FIT2D program (Hammersley et al. 1996), using a
polarization factor of 0.9. The detector-sample distance was approximately 95mm for
nearly all experiments, which allowed a 2θ range between 3.5° and 40°. The series of
time-resolved XRD patterns collected during the dissolution experiment at pH 6.5, 1.0
mM [DFOB] is shown in Figure 3-3.

Structure Refinement

We performed Rietveld structure refinements (Rietveld 1969) using the EXPGUI
interface (Toby 2001) of the General Structure Analysis System (GSAS) developed by
Larson and Von Dreele (1994). The initial structural parameters for refinement of
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unreacted Na-birnessite came from the triclinic structure described in Post et al. (2002).
A Shifted Chebyschev function with up to 26 terms fit the background intensities for the
X-ray diffraction patterns. A pseudo-Voigt profile function as parameterized by
Thompson et al. (1987), with asymmetry corrections by Finger et al. (1994), and the
microstrain anisotropic broadening terms of Stephens (1999) modeled the peak profiles.
In the initial stages of each refinement, we varied only the background, scale
factor, and unit-cell parameters. Due to difficulties modeling the (001) diffraction peak,
we selected the data between 10 and 37.441 °2θ for analysis. After we refined the
position of the O atom in the octahedral sheets, we then allowed the position of the
interlayer Na/H2O (modeled as O after Post et al. 2003) atoms to vary using the starting
position of Post et al. (2003). The occupancies of the octahedral Mn and interlayer sites
were refined, followed by the isotropic atomic displacement factors. Once these factors
were determined for birnessite at the start of the experiments, the temperature factors
were fixed for Mn because they often refined to less than zero. However, the isotropic
temperature factors for the interlayer sites were allowed to vary throughout the series of
refinements. Lastly, the 15 microstrain profile parameters were refined iteratively through
at least 4 and up to 10 iterations. During each pattern refinement, we applied soft
constraints to the Mn-O distances (constrained to 1.90 Å with a standard deviation of
0.05 Å). We set the initial bond constraint weight at 5 and reduced the factor for
subsequent iterations until they were no longer used in the last stages of profile
refinement.
The χ2 values for refinements ranged from 0.0139 to 2.065 depending on the
amount of birnessite remaining at the end of each dissolution experiment (Tables 3-1, 3-
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2). Small differences in unit cell parameters of unreacted birnessite likely were due to the
use of two separate preparations of synthetic birnessite. For many of the experiments,
especially those in the middle-to-late stages of dissolution, a large amorphous
contribution, primarily from water, generated very high background intensities (Figure 32, 3-4). Thus, the estimated standard deviations (e.s.d.) in our patterns were unreasonably
large and the weighting factors unreasonably small, leading to χ2 values that consistently
fell below unity (Tables 3-1, 3-2). Nevertheless, the goodness-of-fit parameters and
difference plots attest to the overall accuracy of the refined structure models (Figure 3-4).
Examples of Rietveld refinements for early, middle, and late-stage birnessite dissolution
are shown in Figure 3-4. Refinement results for selected experiments are presented in
Tables 3-1 and 3-2; atom positions are included in Tables 3-3 and 3-4; and a summary of
bond distances for one experiment is presented in Table 3-5.

Results and Discussion

Siderophore-promoted dissolution kinetics
All experiments at high (7.5) and low (6.0) pH continued until the birnessite
within the X-ray window of the capillary dissolved completely (Figure 3-2). Analysis of
the effluent showed no residual solid, indicating that the cotton plugs successfully
prevented any solids from escaping the capillary during reaction. Thus, the disappearance
of birnessite can be attributed to siderophore-promoted reductive dissolution. To our
knowledge, this is the first time-resolved X-ray diffraction experiment that followed the
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complete dissolution of a mineral species. The dissolution of birnessite occurred as
quickly as 3 hours for the high concentration solutions (8.0 mM) and required up to 20
hours for low concentration solutions (0.1 mM). Rietveld refinements of the diffraction
patterns allowed us to quantify the degree of dissolution as a function of time for each
experiment. The scale factors that were calculated for each refinement are proportional to
the mass of diffracting material interrogated by the X-ray beam. Consequently, the initial
scale factor calculated for the unreacted birnessite at the start of each experiment
provided a baseline against which scale factors from succeeding refinements could be
normalized. A ratio of the scale factor at any time t to the scale factor at time t=0
provides the percentage of remaining birnessite, and these relationships for each of the 5
experiments are represented in Figure 3-4. For all the data presented from Rietveld
refinements the calculated errors are smaller than the symbols, but we recognize that
errors calculated by the GSAS program are smaller than the true errors (Post and Bish
1989).
For each dissolution experiment, the amount of diffracting birnessite decreased
linearly with time (Figure 3-4). The rates varied from a high of 0.91 wt%birn·min-1 for
the experiment at pH = 7.5 and 8.0 mM [DFOB] to a low of 0.09 wt%birn·min-1 for the
experiment conducted at pH = 6.0 and 0.1 mM [DFOB]. The rates and R2 values
calculated from linear fitting of the dissolution data are included in Table 3-6.
Not surprisingly, the dissolution rates increased with increasing concentrations of
siderophore. In contrast, the rates did not vary greatly with a change in pH from 7.5 to
6.0 (Figure 3-4). The lack of pH dependence for the kinetics of ligand-promoted
dissolution of synthetic birnessite is consistent with previous results for ligand-promoted
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dissolution of other Mn oxide minerals as measured by the release of aqueous Mn species
(Duckworth and Sposito 2005; Duckworth and Sposito 2007; Peña et al. 2007). However,
those authors report an increase in overall dissolution rate in birnessite at pH 6.0 relative
to pH 7.5, and they propose that a different reductive dissolution mechanism is operative
when pH falls below 7.0. As our direct measurements of the mineral reactants revealed
no significant differences in the dissolution rates at pH 6.0 and pH 7.5, our data provide
no support for their model.
A rate law for siderophore-promoted dissolution can be determined from the
dependence of the negative log of the dissolution rate on the negative log of [DFOB] . A
linear fit (Fig. 3-5) yields an R2 of 0.9461 and the equation
.

(1)

This equation can be rewritten as
(2)
where k is the rate constant and the exponent is the reaction order. For this rate equation,
k = 11.2 min-1 and the order of the reaction is 0.505. That the reaction order is less than
unity with respect to the concentration of [DFOB] indicates that the dissolution of
birnessite is only partly dependent on the concentration. An inspection of the rate data
(Figure 3-4, Table 3-6) shows a 5-fold rate increase between a [DFOB] of 0.1 mM and of
1.0 mM (from 0.09 to 0.5 wt%birn·min-1). On the other hand, we observed a much
smaller rate increase between the experiments conducted at 1.0 mM and at 8.0 mM (0.5 to
0.87 wt%birn·min-1). It is probable that once a DFOB concentration threshold is attained,
the number of reaction sites on the birnessite crystal surfaces limits the reaction rate.
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Structural changes in birnessite during siderophore-promoted dissolution
Unit-cell variations in response to dissolved siderophore.

The primary unit cell

parameters of synthetic Na-birnessite did not significantly change throughout dissolution
(Table 3-1, Figure 3-6). The largest changes occurred in the experiment with 0.1 mM
[DFOB] at pH 6.0. In that experiment, the c-axis decreased only by 0.18% from 7.343(1)
Å to 7.330(2) Å, accompanied by a decrease in β from 103.177(7)° to 102.85(2)°. These
changes amount to a total decrease in the unit cell volume of only 0.34 Å3 from 105.79(3)
Å to 105.45(7) Å or a total maximum unit-cell contraction of only 0.3%.
Previous investigators of siderophore-promoted dissolution of Mn oxide minerals
argued that a disparate dissolution pathways predominates when pH falls below 7.0
(Duckworth and Sposito 2005; Duckworth and Sposito 2007; Peña et al. 2007). These
authors assert that at high pH, dissolution proceeds by the bonding of DFOB to
octahedral Mn3+ in birnessite followed by selective extraction of Mn3+. Alternatively, at
low pH, dissolution occurs by reduction of solid-phase Mn4+ to Mn3+ and Mn3+ to soluble
Mn2+ -- similar to the mechanism associated with electron transfer by direct contact of a
bacterial membrane (Fischer et al. 2008). Thus, if the model of Duckworth and Sposito
(2007) is correct, then one might expect that the crystal structure will evolve along
different pathways when birnessite dissolves at pH 7.5 and at pH 6.0.
Although the absolute changes in various unit cell parameters are miniscule, there
does appear to be a slight difference in the unit cell parameters between experiments
conducted at pH 6.0 and those at pH 7.5. These differences appear strongest with respect
to c and β. In all experiments conducted at pH 6.0, c and β both decreased slightly as
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dissolution progressed. In contrast, within the error of our analyses, these unit cell
parameters remained constant when birnessite was dissolved by DFOB at pH 7.5.
Consequently, we did detect a very small difference in the behavior of the unit-cell
parameters as a function of pH. However, even the largest of these unit-cell parameter
changes are insignificant when compared to the changes in Na-birnessite unit-cell
parameters during membrane-mediated dissolution, as previously presented in Fischer et
al. (2008) and expanded below.

Unit-cell variations in response to cell membrane contact. During membranemediated dissolution, total membrane fractions of Shewanella oneidensis directly transfer
electrons to the Mn cations in birnessite through direct contact between the outer
membrane proteins and the birnessite crystal surfaces. When membranes reductively
dissolve birnessite, the birnessite c-axis decreases by more than four times as occurs
during siderophore-promoted dissolution at pH 6.0, from 7.348(5) Å to 7.240(5) Å, or a
decrease of 0.108 Å (or 1.4%) (Figs. 3-7). Furthermore, β increases as c decreases during
membrane mediated dissolution, leading to a significant decrease in the d-spacing of the
birnessite (00l) peaks (Figure 3-8). During siderophore-promoted dissolution, β decreased
slightly with the small decrease in c. These effects offset each other and the interlayer
spacing remained constant throughout dissolution (Figure 3-8).
It is clear from the raw data and the refined results that dissolution via directcontact electron transfer differs in its crystallographic expression from that of dissolution
during siderophore-birnessite interaction, regardless of the pH. We therefore hypothesize
that purely reductive dissolution during direct electron transfer to oxidized Mn in
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birnessite (Mn3+, Mn4+) is associated with a collapse of the birnessite structure that is not
apparent in the siderophore-promoted dissolution pathway at high pH (7.5), and is only
marginally apparent at low pH (6.0). The crystallographic changes induced by
siderophore-promoted dissolution at pH 6.0 are much more similar to siderophorepromoted dissolution at pH 7.5 than to the purely reductive dissolution pathway of
membrane-mediated electron transfer dissolution.

Decreases in Mn occupancy during dissolution. The similarities between siderophorepromoted dissolution at different pH also are observed in the behavior of the atomic
structure. The refined occupancies of the Mn within the octahedral sheets, for example,
decreased during siderophore-promoted dissolution for all experiments (Figure 3-9). In
the last stages of dissolution, the Mn occupancy reached as low as 80% and ranged to a
high of 88%. These refined occupancies represent undissolved birnessite in the X-ray
beam in the moments immediately prior to dissolution, yet still clutching to crystallinity.
The birnessite structure is therefore viable at vacancy concentrations up to and including
13-20%. When that value is exceeded, the structure disintegrates. Perhaps significantly,
this concentration of vacancies is close to the fraction of octahedral Mn vacancies
reported for precipitation of a biogenic phyllomanganate in Villalobos et al. (2006). A
recent paper by Grangeon et al. (2010) reported that birnessite precipitated from fungi
can contain up to 30% octahedral vacancies, although that birnessite had hexagonal
symmetry, which may be able to support a larger number of octahedral vacancies.
The decrease in Mn occupancies coincides with a slight decrease in the average
Mn-O bond distance. In the experiment at pH 6.0 and 0.1 mM [DFOB], the average Mn-
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O bond distance decreased from 1.931 to 1.905 Å. Post et al. (2003) used the average
Mn-O bond distances to estimate the Mn3+/Mn4+ ratio in birnessite. Using the reported
values of Shannon (1976) for Mn4+-O (1.89 Å) and Mn3+-O (2.005 Å) bond lengths, we
calculated the ratio of Mn3+ to Mn4+ in the residual birnessite during dissolution. At the
beginning of the experiment, the average Mn-O bond distance of 1.931 Å corresponds to
a Mn occupancy of approximately 36% Mn3+. The average Mn-O distance of 1.905 Å at
the end of the experiment indicates an Mn3+ occupancy of only 13%. We interpret this
result as the first crystallographic evidence that siderophores dissolve birnessite via the
selective loss of Mn3+ from the octahedral sheets by ligand formation.
This observation implies that during siderophore-promoted dissolution, Mn3+ is
removed from the structure more rapidly than reduction of Mn4+ to Mn3+ can replace it.
Mn3+ exhibits a strong Jahn-Teller distortion when it is coordinated by 6 oxygen anions,
and in birnessite these Jahn-Teller distortions in the Mn3+O6 octahedra lead to an
elongation parallel to a. Consequently, Drits et al. (1997) propose that the birnessite aaxis should increase with increasing concentrations of Mn3+ in the octahedral sheets. By
extension, as the amount of Mn3+ in the octahedral sheets decreases during ligandpromoted dissolution, we would expect to observe a decrease in a for all dissolution
experiments. Inspection of Tables 3-2 and 3-3 reveals that a decreases by ~0.001 Å over
the course of dissolution; this trivial contraction is close to the probable error of our
reported axial dimensions. Consequently, our results do not support the inference of Drits
and co-workers, and we infer that the triclinic distortions that divert synthetic Nabirnessite from the hexagonal holotype do not derive from Jahn-Teller effects.
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We utilized Pauling’s Second Rule – which states that a structure is stable when
the sum of the strengths of the electrostatic bonds that reach an anion equal the charge of
the anion (Pauling 1929) – to evaluate the degree of instability created by the removal of
Mn from the birnessite crystal structure. We began with two presumptions – that the
cationic and anionic charges are balanced in the starting birnessite (with the inclusion of
Na+ as the interlayer cation); and that based on our refinements, the Mn occupancy in the
starting birnessite is 1.0 and consists of 36% Mn3+ and 64% Mn4+. In the triclinic
birnessite structure (Fig. 3-1), Mn cations are octahedrally coordinated to O anions, as are
the interlayer Na+ ions. In turn, O3- ions are tetrahedrally coordinated between three Mn
atoms and the interlayer cation. The valence of the Mn cations and the number of
vacancies control the degree of stability of the triclinic birnessite structure. In unreacted
triclinic birnessite, each O3- is coordinated on average to two Mn4+, one Mn3+ and one
Na+ cation. The positive and negative charges are balanced, and Pauling’s Rule is
satisfied. In birnessite that is near disintegration, however, the O3- is coordinated by
octahedral vacancies. We present a Pauling’s rule analysis (Fig 3-10) for both the
unreacted triclinic birnessite and the vacancy-laden triclinic birnessite just prior to
dissolution using the refined number of vacancies and the Mn3+:Mn4+ ratios calculated
from our refined bond lengths. The charges balance for unreacted birnessite, but at
vacancy levels of 20%, the charge deficit on each O3- is 0.655 electron valence units.
The dissolution of the birnessite structure at this vacancy concentration suggests that the
structure destabilizes beyond this threshold.
Fischer et al. (2008, Chapter 4) conducted Rietveld refinements as triclinic
birnessite was dissolved by TM fractions and whole-cell cultures of Shewanella
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oneidensis. In that reduction scenario, the number of vacancies created by reduction was
found to be zero within the error of the refinements (see also Chapter 4). Whereas in
siderophore-promoted dissolution, the reduction of Mn4+ to Mn3+ occurs more slowly
than the extraction of Mn3+, the opposite is true in membrane-mediated dissolution. The
persistent Mn occupancy near unity in birnessite experiencing reductive dissolution by
membranes implies that the rate of reduction from Mn4+ to Mn3+ occurs more rapidly than
the rate of the reduction of Mn3+ to Mn2+, since Mn2+ is expelled from the octahedral
sheet.

Evolution of the interlayer during siderophore-promoted dissolution. The charge
deficit produced by selective extraction of Mn3+ by DFOB can be accommodated either
by protonation of the octahedral oxygen or by an increase in the concentration of the
interlayer cations. X-ray diffraction cannot directly reveal which of these mechanisms is
operational. H is not detectable because of its small X-ray scattering factor, and it is not
possible to distinguish interlayer Na from its coordinating water molecules because the
X-ray scattering factors for Na and O are similar.
Fourier syntheses of the birnessite interlayer offer some evidence for a change in
the interlayer configuration, but not necessarily an increase in cation concentration to
offset the charge. We created difference electron Fourier (DELF) maps of the birnessite
interlayer at various stages of siderophore-promoted dissolution (Figure 3-10). When Mn
occupancies are greater than 90% and only 20% of the birnessite has dissolved, the
configuration of the interlayer cations has not appreciably departed from the starting
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birnessite. Our DELF maps remain indistinguishable from the interlayer DELF maps of
synthetic Na-birnessite presented by Post et al. (2002) and Lopano et al. (2007, 2009).
However, once the reaction progressed to the point where the Mn occupancies fell
below 10%, an elongation in the interlayer electron density contours parallel to b became
apparent (Fig. 3-12). This elongation increased as dissolution proceeded and the
octahedral Mn occupancies decreased. Near the end of the dissolution process, the
interlayer cations resolved into two sites separated by 1.5 Å along b. Although the DELF
maps in Fig. 3-12 correspond to experimental conditions of 8.0 mM [DFOB] and pH 6.0,
DELF maps from other experiments showed a similar behavior.
It should be noted that Post et al. (2002) and Lopano et al. (2007) inferred a slight
splitting of the Na/H2O interlayer species along b based on ellipsoidal rather than circular
electron density contours calculated in their DELF analyses. Therefore, the change in
cation configuration observed during our dissolution experiments represents a continued
displacement of positive charge away from the inversion center in the b direction. We
infer that this positional disordering reflects an effort to maintain charge balance as the
deficit in the octrahedral sheet is increasingly delocalized with the loss of Mn3+. Efforts
to refine the structure with ions placed on the split sites did not yield an improved
refinement. However, the refined occupancies of single interlayer sites fell from 0.528(8)
to 0.471(13), supporting delocalization of the interlayer cation.

Evolution of the interlayer during membrane-promoted dissolution.

We also

constructed DELF maps for the birnessite interlayer during the membrane-mediated
dissolution process. These maps, shown in Figure 3-12, revealed little or no change in the
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interlayer configuration during dissolution, despite the dramatic structural collapse as
membrane-mediated reductive dissolution proceeded (Fischer et al. 2008). We
hypothesize that this disparity arises from differences in the mechanisms by which
siderophores and cell membranes effect dissolution.
Whereas siderophores pluck Mn3+ cations from the octahedral sheets, cellular
outer membrane proteins reduce Mn4+ to Mn3+ and Mn3+ to Mn2+, and Mn2+ is known to
leave the structure as an aqueous cation (Ruebush et al. 2006). It is possible, however,
that some Mn2+ enters the birnessite interlayer, by analogy with the transformation of
triclinic Na-birnessite to hexagonal H-birnessite (Lanson et al., 2000). The displacement
of Mn2+ to the interlayer likely would lead to the observed collapse of the birnessite
structure if it is accompanied by the loss of interlayer Na.
The unit-cell parameters of birnessite are a function of the ionic radii, charge, and
hydration radii of the interlayer cations (Kuma et al. 1994). Lopano et al. (2007)
documented that the substitution of Ba2+ for Na+ leads to a decrease in the birnessite
interlayer d-spacing because of its divalent charge, despite its larger ionic and hydration
radii. Admittedly, the static DELF maps calculated for cell membrane-mediated
dissolution provide no support for the appearance of Mn2+ in the interlayer, even though
it is certain that aqueous Mn2+ is generated during this reaction based on the precipitation
of rhodochrosite (Fischer et al. 2008). Nevertheless, the reduction of Mn4+ to Mn3+ in the
residual solid will increase the charge on the octahedral sheets, and it is possible that a
small percentage of Mn2+ is replacing the Na+ in the birnessite interlayer, enhancing the
unit cell contraction.
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Conclusions
The crystallographic evolution of birnessite during dissolution strongly depends
on the dissolution mechanism. Direct reductive dissolution of structural Mn during
membrane protein electron transfer results in a collapse of birnessite along c (Fischer et
al. 2008, Figure 3-7). In contrast, dissolution of birnessite during reaction with biogenic
siderophores is characterized by the creation of vacancies in the MnO6 octahedral sheets,
and a rearrangement of the birnessite interlayer cation configuration, but no significant
change in the birnessite unit cell parameters.
Although previous researchers hypothesized that siderophore-promoted birnessite
dissolution proceeds through different pathways depending on pH (Duckworth and
Sposito 2007), our study offers no evidence to support a pH dependence. We note,
however, that the complete dissolution of birnessite by DFOB in our experiments
indicates that siderophores must catalyze the reduction of Mn4+ to Mn3+ in addition to
extracting Mn3+ from the crystal structure, although likely at a much slower rate. At both
acidic and alkaline pH, the rate of chelation and removal of Mn from the structure far
outpaces the rate of Mn reduction.
The large number of octahedral vacancies produced in birnessite during
siderophore-promoted dissolution may influence the cycling of metals in the ocean.
Siderophores are produced by marine microorganisms (Reid and Butler, 1991; Vraspir
and Butler, 2009) and the sorption of metals above or into octahedral vacancies occurs
for some elements (e.g. Ni, Peacock and Sherman, 2007; Cu, Sherman et al. 2009, etc.).
However, it may be difficult to ascertain the difference between vacancies created by
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precipitation of Mn oxides and those created by dissolution. It is conceivable, on the
other hand, that the level of vacancies in birnessite may be an indication of the
mechanism of microbial activity in the vicinity of the mineral.
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Figure 3-1: Projection of the structure of starting synthetic birnessite projected along the
b-axis. O atoms are shown at the corners of the octahedral and interlayer Na/H2O are
shown as individual atoms.
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Figure 3-2: Schematic of the time-resolved X-ray diffraction setup (after Parise, et al. 2000). The
solution under pressure is passed through the tubing into the sample, where it reacts with the
birnessite in the quartz capillary. The X-rays impinge on the sample during the reaction and
diffract. The detector, a MAR-165 CCD, collects the diffracted X-rays for further processing and
analysis.
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Figure 3-3: Series of selected XRD patterns showing the dissolution of birnessite as it reacts with
DFOB from 5-35 °2θ. The x-axis represents the scattering angle, the y-axis is intensity and the zaxis (into the page) is time (h). The experiments shown were conducted with [DFOB]=1.0 mM
and pH=7.5. Every fifth pattern is shown and each pattern represents 30 seconds of exposure
time. Stacked diffraction patterns from the other four experiments show similar results.
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Figure 3-4: Observed (black crosses), calculated (red line), background (green line), difference
curve (blue line), and reflections (black dashes) for dissolving triclinic birnessite: (A) 80% of
initial birnessite present, (B) 50% of initial birnessite present, (C) 15% of initial birnessite
present. Percentages are calculated as the ratio of the refined scale factor to that of the refined
scale factor for unreacted birnessite. The birnessite 002 peak is labeled in each pattern. Notice the
increase in the background, which leads to the anomalously low χ2 values for the refinements
(Table 3-4).
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Figure 3-5: Percentage of birnessite remaining as calculated by dividing the scale factor for each
diffraction pattern by the initial scale factor of the starting birnessite pattern. Data represented by
circles are from experiments conducted at pH = 6.0, various concentrations. Data represented by
squares are from experiments conducted at pH = 7.5, various concentrations.
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Figure 3-6: Negative logarithm of the birnessite dissolution rate (in wt%birnessite·min -1) plotted
against the negative log of the siderophore concentration. A linear fit of the data yields the
equation y = 0.505x - 1.0504 with an R2 value of 0.9461.
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Figure 3-7: Changes in unit cell parameters of birnessite during siderophore-promoted
dissolution. The unit cell volume, c-axis, β-angle, and a-axis are shown. In each graph, the unit
cell parameter is plotted against the fraction of birnessite remaining in the selected dissolution
experiment. Circles with crosses represent the experiment at pH 6.0, 8.0 mM [DFOB]. Open
circles represent the experiment at pH 6.0, 1.0 mM [DFOB]. Closed circles represent the
experiment at pH 6.0, 0.1 mM [DFOB]. Open squares represent the experiment at pH 7.5, 8.0
[DFOB] and closed squares are for the experiment at pH 7.5, 1.0 mM [DFOB]. Calculated errors
provided by GSAS are smaller than the symbols.

60

Figure 3-8: Refined values of the birnessite c-axis for all birnessite dissolution experiments.
Fraction birnessite remaining is calculated by normalizing refined scale factors to the initial scale
factor of unreacted birnessite for each experiment. Open circles are from total-membrane fraction
reduction experiments and closed squares represent siderophore-promoted dissolution
experiments.

61

Figure 3-9: Magnified views of stacked X-ray diffraction patterns showing the birnessite (001)
and (002) peaks. The top patterns are from a total-membrane fraction mediated dissolution
experiment. Notice the shift in the (001) and (002) peaks to higher 2θ values early in the
experiment. The diffraction hump to the left of the (002) peak is an incoming rhodochrosite peak.
The lower patterns are from a siderophore-promoted dissolution experiment at pH 6.0, where the
(001) and (002) peaks do not noticeably shift.
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Figure 3-10: Evolution of the Mn occupancy in the birnessite octahedral sites with extent of
dissolution for all siderophore-promoted dissolution experiments. Circles with crosses represent
the experiment at pH 6.0, 8.0 mM [DFOB]. Open circles represent the experiment at pH 6.0, 1.0
mM [DFOB]. Closed circles represent the experiment at pH 6.0, 0.1 mM [DFOB]. Open squares
represent the experiment at pH 7.5, 8.0 [DFOB] and closed squares are for the experiment at pH
7.5, 1.0 mM [DFOB]. Calculated errors provided by GSAS are smaller than the symbols. Mn
occupancies that refined as greater than 1.000 were set to 1.000 and not refined.
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Figure 3-11: Pauling’s 2nd Rule analysis of unreacted triclinic birnessite (top) and triclinic
birnessite nearing disintegration (bottom). In stable triclinic birnessite, the O3- anion is
coordinated by Na+, Mn3+, and 2 Mn4+ cations. In birnessite nearing termination, up to 20% of the
O3- coordination is composed of vacancies. The increase in the Mn4+:Mn3+ does not make up for
the loss of positive charge. The structure is unstable and at some point, between 12% and 20%
octahedral vacancies, the structure collapses and the mineral dissolves.
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Figure 3-12: Difference electron Fourier (DELF) maps of the birnessite interlayer region at
varying degrees of siderophore-promoted birnessite dissolution: (a) 81% of initial birnessite
remaining, (b) 25% of initial birnessite remaining, (c) 10% of initial birnessite remaining, and (d)
3% of initial birnessite remaining.
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Figure 3-13: Difference electron Fourier (DELF) maps of the birnessite interlayer region at
varying degrees of unit-cell contraction during total-membrane fraction mediated reduction: (a)
unreacted birnessite, (b) after 35% of the total unit cell contraction, (c) after 62% of total unit cell
contraction, and (d) after 91% of total unit cell contraction.

66
Table 3-1: Final Rietveld refinement parameters for siderophore-birnessite dissolution experiment
at pH = 6.0, 0.1 mM [DFOB]. The percent birnessite remaining for the refinements shown is at
the top of each column.
Percent birnessite remaining
Space Group
Unit cell
a (Å)
b (Å)
c (Å)
 (º)
β(º)
γ (º)
V (Å3)
Refinement
No. of diffraction points
No. of reflections
Diffraction Range (2θ)
No. of variables
R(F2)
Rwp
χ2

80%

50%

15%

CĪ

CĪ

CĪ

5.1843(5)
2.8543(3)
7.343(1)
90.525(7)
103.177(7)
89.99(1)
105.79(3

5.1786(6)
2.8523(3)
7.331(1)
90.48(2)
102.99(1)
90.14(1)
105.52(4)

5.172(1)
2.8526(5)
7.330(2)
90.34(2)
102.85(2)
89.81(2)
105.45(7)

1378
49

1378
49

1378
49

10.000-37.441
59
0.0205
0.009
0.577

10.000-37.441
59
0.0432
0.0053
0.2741

10.000-37.441
59
0.0126
0.0141
2.065
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Table 3-2:
Final Rietveld refinement parameters for siderophore-birnessite dissolution
experiment at pH = 7.5, 1.0 mM [DFOB]. The percent birnessite remaining for the refinements
shown is at the top of each column.

Percent birnessite remaining

80%

50%

15%

Space Group

CĪ

CĪ

CĪ

a (Å)

5.1692(8)

5.1694(7)

5.168(1)

b (Å)

2.8467(4)

2.8462(4)

2.8435(6)

c (Å)

7.314(2)

7.312(2)

7.313(3)

 (º)

89.48(1)

89.47(1)

89.59(3)

β(º)

103.149( )

103.17(1)

103.24(1)

γ(º)

90. 78(8)

90.236(9)

90.34(1)

V (Å3)

104.80(5)

104.75(5)

104.60(8)

1250

1250

1250

38

38

38

Unit cell

Refinement
No. of diffraction
points
No. of reflections

Diffraction Range (2θ)
No

10.000-35.009

10.000-35.009

10.000-35.009

of variables

59

59

59

R(F2)

0 0112

0.0158

0.0018

Rwp

0.0094

0.0043

0.0013

χ2

0.4788

0.1315

0.0139
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Table 3-3: Atomic coordinates and isotropic displacement factors for synthetic Nabirnessite during various stages of siderophore-promoted dissolution. The data presented
are from an experiment with 0.1 mM [DFOB] at pH = 6.0.
Site

Uiso × 102

birnessite

occupancy

(Å2)

remaining

factor

Percent

80%

50%

15%

Atom

Mn

x

0

y

0

z

0

0.957(9)

0.74(10)

O

0.3772(5) 0.004(3)

0.1301(5)

1.0

Na/H2O

0.476(4)

0.485(2)

0.572(1)

10.565(6)

0.90(1)

0.4(1)

Mn

0

0.168(2)

0

0

3.7(2)

O

0.3693(8) 0.003(4)

0.1308(7)

1.0

3.5(2)

Na/H2O

0.513(6)

0.508(4)

0.55(1)

7.8(5)

0

0.83(2)

0.2(2)
3.7(3)

Mn

0

0.173(2)

0

O

0.3689(9) 0.010(2)

0.1251(9)

1.0

Na/H2O

0.459(5)

0.489(5)

0.63(2)

0.202(3)

10.41(2)
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Table 3-4: Atomic coordinates and isotropic displacement factors for synthetic Nabirnessite during various stages of siderophore-promoted dissolution. The data presented
are from an experiment with 1.0 mM [DFOB] at pH = 7.5.
% birnessite

Atom

x

y

z

remaining

Site

Uiso ×102

occupancy

(Å2)

factor
80%

50%

15%

Mn

0

0

0

0.954(9)

1.33(13)

O

0.3760(8)

-0.004(4)

0.1295(7)

1.0

4.14(15)

Na/H2O

0.518(5)

0.160(3)

0.522(3)

0.502(14)

9.8(7)

Mn

0

0

0

0.950(8)

1.4(1)

O

0.3762(7)

-0.006(2)

0.1300(6)

1.0

4.2(1)

Na/H2O

0.516(5)

0.160(3)

0.526(3)

0.55(1)

10.0(7)

Mn

0

0

0

0.81(2)

0.9(5)

O

0.380(1)

-0.045(4)

0.133(1)

1.0

4.0(5)

Na/H2O

0.524(7)

0.178(4)

0.526(4)

0.45(2)

6.7(2.4)
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Table 3-5: Selected bond distance values for synthetic Na-birnessite during three stages
of siderophore-promoted dissolution. The data shown are from an experiment with 0.1
mM [DFOB] with pH = 6.0.
% birnessite

80%

50%

15%

Mn-O1

1.972(3)×2

1.926(4)×2

1.921(5)×2

Mn-O1

1.914(7)×2

1.923(9)×2

1.908(6)×2

Mn-O1

1.910(6)×2

1.919(9)×2

1.884(6)×2

1.932

1.922

1.908

O1-O1

2.8544(3)×2

2.8524(4)×2

2.8526(4)×2

O1-O1

2.9586(3)×2

2.9592(4)×2

2.9575(6)×2

O1-O1

2.9599(3)×2

2.9527(4)×2

2.9501(6)×2

O1-O1

2.545(7)

2.574(9)

2.499(10)

O1-O1

2.513(10)

2.461(16)

2.442(12)

O1-O1

2.520(10)

2.463(14)

2.395(12)

O1-H2O/Na

2.570(16)

2.635(29)

2.70(4)

O1-H2O/Na

2.792(16)

2.762(30)

2.80(4)

H2O/Na- H2O/Na

2.8444(3)×2

2.8524(4)×2

2.8526(4)×2

H2O/Na- H2O/Na

2.9586(3)×2

2.9527(4)×2

2.9575(6)×2

H2O/Na- H2O/Na

2.9599(3)×2

2.9592(4)×2

2.9501(6)×2

remaining

<Mn-O>
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Table 3-6: Rates of siderophore-promoted birnessite dissolution for five experiments
conducted at pH = 6.0 or 7.5 and [DFOB] of 8.0, 1.0, or 0.1 mM.
Experiment

Rate

parameters

(wt% birn·min-1)

R2

pH = 6.0,
8.0 mM [DFOB]

-0.87

0.9785

pH = 6.0,
1.0 mM [DFOB]

-0.5

0.971

pH = 6.0,
0.1 mM [DFOB]

-0.09

0.976

pH = 7.5,
8.0 mM [DFOB]

-0.91

0.94

pH = 7.5,
1.0 mM [DFOB]

-0.34

0.9451
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Chapter 4

Time-resolved XRD of birnessite reduction by trivalent chromium

Abstract
We used time-resolved X-ray diffraction to examine the reductive dissolution of
birnessite by aqueous Cr3+. We performed eight experiments with [Cr3+] equal to 0.05,
0.01, and 0.001 M at pH 3.2, 4.4 and 5.2. As the birnessite dissolved, it underwent a
phase transformation from triclinic to hexagonal symmetry. Our structure refinements
suggest that the phase transition was initiated by the migration of Mn2+ into the interlayer
following the coupled redox reaction: Cr3+ + xMn4+,3+  Cr6+ + yMn2+. In agreement
with previous experiments and theoretical calculations, the rates of both the birnessite
dissolution and phase transformation were fastest at pH = 3.2 and slowest at pH = 5.2.
Our results support previous hypotheses that the reaction kinetics are controlled by the
precipitation of chromium hydroxide hydrate, which forms readily at high pH.

In

addition, we propose that the structure of the mineral and the valence state of the Mn in
the octahedral sheets play an important role in controlling the rate of reductive
dissolution. In contrast to assertions by other researchers, we also hypothesize that the
transition from triclinic to hexagonal birnessite is not dependent on the positional
ordering of vacancies in the octahedral sheets but on the distribution of cations in the
interlayer.
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Introduction
Chromium metal is commonly employed as an additive that hardens steel and
protects it from corrosion (i.e. stainless steel), and it also is a critical ingredient in many
industrial dyes (Nriagu 1988). When native Cr is released into soils under oxidizing
conditions, it poses a serious threat to human health. Hexavalent chromium (Cr6+) is a
toxin with high mobility in groundwater, and it acts as a mutagen, teratogen, and
carcinogen in algae, bacteria, and animals (Hueper, 1966; Nieboer and Shaw 1988; Wong
and Trevors 1988; Sedman et al. 2006). In contrast, the reduced form of chromium, Cr3+,
is relatively insoluble at neutral pH and may have an important function in maintaining
glucose levels in animals (Mertz 1998; da Silva and Williams 2001).
Mn oxides are the only minerals known to oxidize Cr3+, and as such, they are the
dominant control on the cycling of hexavalent chromium in nature. Although Cr6+ was
long considered a contaminant with exclusively anthropogenic origins near industrial
sources, geochemists now recognize that Cr6+ can occur at harmful levels when natural
Cr interacts with Mn oxides in soils. For example, Fantoni et al. (2002) explain the high
concentration of Cr6+ (up to 73 ppb) in groundwater near La Spezia, Italy as a product of
the natural oxidation of the Cr-rich ophiolites in the area by Mn oxides. Similarly, Oze et
al. (2007) report that Cr3+ within chromite [FeCr2O4], the primary Cr ore mineral, was
oxidized by the Mn oxide birnessite to Cr6+, generating Cr6+ concentrations in
groundwater that exceed EPA standards, even in areas far from industrial point sources.
More recently, Fandeur et al. (2009) observed oxidized Cr in a lateritic regolith exclusive
to areas with high Mn oxide concentrations.
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The ability of Mn oxides to increase the kinetics of Cr oxidation has inspired a
wide range of Mn-Cr redox studies that measure the rates of Cr3+ oxidation upon reaction
with various Mn oxides – pyrolusite (Eary and Rai 1987; Guha et al. 2001; Weaver and
Hochella 2006), lithiophorite (Weaver and Hochella 2006); hydrous Mn oxide (Landrot
et al. 2010), synthetic Mn2O3 (Rophael and Boulis, 1982), cryptomelane (Weaver and
Hochella 2006; Feng et al. 2007), manganite (Weaver and Hochella 2006), hausmannite
(Weaver and Hochella 2006; Feng et al. 2007), todorokite (Feng et al. 2006; Feng et al.
2007), romanechite (Weaver and Hochella 2006), and birnessite (Fendorf et al. 1992;
Fendorf and Zasoski 1992; Nico and Zasoski 2000; Feng et al. 2006; Weaver and
Hochella 2006; Feng et al. 2007; Dai et al. 2009). Comparative studies reveal that of all
Mn oxide phases, the phyllomanganate birnessite will oxidize Cr3+ to Cr6+ most rapidly
(Weaver and Hochella 2006; Feng et al. 2007).
The Cr oxidation reaction occurs via the coupled redox reaction: Cr3+ +
xMn4+,3+  Cr6+ + yMn2+. In this paper, we examine the effects of Cr-induced reduction
on the crystal structure of birnessite. By using time-resolved X-ray diffraction to analyze
the reduction of Mn in birnessite by dissolved Cr3+, we can for the first time identify the
crystallographic barriers that limit the rate of Cr oxidation. The Mn-Cr redox reaction is
most thermodynamically favorable at high pH, but, consistent with previous studies, our
kinetic analyses demonstrate that the Cr3+ oxidation rate reaches a maximum at pH 3.03.5, and the rate constant decreases at higher pH. Two explanations have been proposed
for this phenomenon: 1) the precipitation of Cr hydroxide species on the birnessite
surface (Fendorf et al. 1992; Fendorf and Zasoski, 1992); and 2) sorption and
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competition for reactive surface sites by reduced Mn2+ and oxidized Cr6+ at the surface
(Amacher and Baker 1982; Weaver and Hochella 2006; Dai et al. 2009). We will
address these hypotheses in light of our XRD results.

Experimental Methods

Na-birnessite synthesis

We synthesized Na-birnessite after Lopano et al. (2007) using a modified version
of the protocols described in Golden et al. (1986, 1987). At room temperature, we added
a chilled solution of 0.55 M NaOH (55 g in 250 mL H2O) to 200 mL of 0.5 M MnCl2.
Prior to and throughout mixing, oxygen bubbled through the mixture via a glass frit at a
rate of 1.5 L/min. A Riteflow® flowmeter with a glass float, calibrated for use with
oxygen gas, controlled the flow rate. The reaction progressed for 5 hours before flow was
stopped. We then centrifuged the solid at 1910 rpm for 5 minutes and decanted the
supernatant. We re-suspended the solid in DI water to remove the salts and centrifuged
again. We repeated this process 5 times and stored the resultant solid as a suspension
until needed for analysis. Prior to use in the flow-through experiments, we filtered and
air-dried the solid. We analyzed the solid using XRD and found it to be almost purely
triclinic birnessite with less than 1% hausmannite impurity.
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Time-resolved X-ray diffraction

We monitored the transformation of birnessite by Cr3+-containing aqueous
fluids as TRXRD flow-through experiments. For each of the eight experimental runs, we
packed a 0.7 mm ID quartz capillary with approximately 0.7 mg of synthetic Nabirnessite. The capillaries were purchased from the Charles Supper Company. Cotton
plugs on either end of the solid held the birnessite powder in place during the experiment.
The capillary was set into a flow-through apparatus modeled after the SECReTs cell (Lee
et al. 1998, 2000; Parise et al. 2000) and modified for capture of the eluate as reported in
Wall et al. (2010) (Fig. 4-1).
All solutions were made by dissolving the appropriate amount of CrCl3 purchased
from Sigma-Aldrich in deionized ultra-filtered water purchased from Fisher Scientific.
Each solution also contained 0.01M NaNO3. The pH of each solution was adjusted using
either 1 or 0.1 N NaOH or HCl. We conducted three flow-through experiments at pH 3.4
with 0.001, 0.01, and 0.05 M [Cr3+]; three experiments at pH 4.4 with 0.001, 0.01, and
0.05 M [Cr3+], and two experiments at pH 5.2 with 0.01 and 0.001 M [Cr3+]. For the six
experiments at pH 3.2 and 4.4, the solutions were clear and green in color. At pH = 5.2,
the solutions were somewhat cloudy due to the precipitation of nanoparticulate Cr(OH)3.
In each experiment, we placed the Cr3+ solution in a nalgene bottle and
back-pressured the bottle with He gas. The solution was then forced through tubing into
the capillary, where it reacted with the birnessite (Fig. 4-1). During the reaction, we
collected X-ray diffraction patterns every 30-70 s with a MAR-165 CCD for 20 minutes
to 4 hours, depending on the length of each experiment. All TRXRD experiments were
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carried out at the Advanced Photon Source at Argonne National Laboratory, beamline
14-BMC with wavelengths 0.83332 or 0.82653 Å. The flow rate of each experiment was
monitored and controlled to be 1 drop/60 s. During each exposure, the sample rotated
through a 30° phi angle. We corrected for preferred orientation of the sample through a
combination of specimen rotation, use of a capillary sample holder, and full intensity
integration of the diffraction rings. We integrated each diffraction pattern using GSEShell (Dera, 2009) which automates integration of the FIT2D program (Hammersley et
al. 1996), using a polarization factor of 0.9. The detector-sample distance was
approximately 95 mm for all experiments, which allowed a 2θ range between 3.5° and
40°. The series of time-resolved XRD patterns collected during the dissolution
experiment at pH 4.4, 0.001 M [Cr3+] is shown in Figure 4-2.

Structure Refinement

We performed Rietveld structure refinements (Rietveld 1969) using the EXPGUI
interface (Toby 2001) of the General Structure Analysis System (GSAS) developed by
Larson and Von Dreele (1994). The initial structural parameters for refinement of unreacted triclinic Na-birnessite came from the triclinic structure described in Post et al.
(2002). Structural parameters for the hexagonal reduced birnessite phase are from Heaney
(Heaney et al. 2003) based on the hexagonal structure presented in Lanson et al. (2000).
Sample structures of triclinic birnessite and hexagonal birnessite based on our Rietveld
refinements are shown in Figures 4-3 and 4-4. A linear interpolation function with up to
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20 terms fit the background intensities for the X-ray diffraction patterns. A pseudo-Voigt
profile function as parameterized by Thompson et al. (1987), with asymmetry corrections
by Finger et al. (1994), and the microstrain anisotropic broadening terms of Stephens
(1999) modeled the peak profiles.
For the triclinic phase, we first refined the position of the O atom in the octahedral
sheets, and we then allowed the position of the interlayer Na/H2O (modeled as O after
Post et al. 2002) to vary. The occupancies of the octahedral Mn and interlayer sites were
refined, followed by the isotropic atomic displacement factors. Once these factors were
determined for birnessite at the start of the experiments, the temperature factors were
fixed for Mn because they often refined to less than zero. However, the isotropic
temperature factors for the interlayer sites were allowed to vary throughout the series of
refinements. Lastly, the 15 microstrain profile parameters were refined iteratively through
at least 4 and up to 10 iterations. During each pattern refinement, we applied soft
constraints to the Mn-O distances (constrained to 1.90 Å with a standard deviation of
0.05 Å). We set the initial bond constraint weight at 5 and reduced the factor for
subsequent iterations until they were no longer used in the last stages of profile
refinement.
For the hexagonal phase refinements, we similarly began by refining the O and
Mn atomic positions and Mn occupancies in the octahedral sheets, then the isotropic
displacement factors. We then refined the position and occupancy factors for the
interlayer Mn cations. Lastly, we refined the positions and occupancies of the interlayer
Na/H2O (modeled as O). Rietveld refinements for diffraction patterns during the triclinichexagonal phase transformation were attempted but ultimately unsuccessful. Although
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the transition from the triclinic to the hexagonal structure was evident from the
disappearance of the (200) peak, the similarity of the triclinic and hexagonal unit cell
dimensions rendered Rietveld analysis unfeasible. Tables 4-1 and 4-2 contain the refined
atomic positions, atomic occupancies, and unit cell dimensions for the triclinic and
hexagonal birnessite phases.
The χ2 values for the refinements of the triclinic phase ranged from 1.992 for
patterns before the phase transformation to 2.782 for the patterns near the beginning of
the transformation. The χ2 values for refinements of the hexagonal phase ranged from
1.506 for refinements well after the phase transformation had taken place to 2.515 after
the end of the phase transformation. For patterns during the phase transformation, least
squares calculations diverged. Examples of refined patterns for triclinic and hexagonal
birnessite are shown in Figure 4-5.
Because we were unsuccessful at obtaining adequate Rietveld fits for diffraction
patterns during the triclinic to hexagonal phase transformation, we estimated the relative
amounts using a simulated Reference Intensity Ratio method. We simulated the
diffraction patterns for both the triclinic and hexagonal birnessite phase using the
program CrystalDiffract .The crystal structures for the end-member birnessite phases
were obtained from Rietveld analyses of our data. Once the simulated patterns were
imported into CrystalDiffract, we created a calibration curve based on the ratio of
intensities of the triclinic (001) peak to the hexagonal (001) peak as a function of the
weight percent of each phase.

CrystalDiffract reports simulated mixtures based on

volume percent of mixtures, and we applied the appropriate conversions to weight
percent to generate the calibration curve.
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We decomposed overlapping (001) peaks using a profile fitting tool in the Jade
Program (Materials Data, Inc.) for selected patterns. Using the relative contributions to
the (001) peak intensity from the triclinic and hexagonal phases, the RIR calibration
curve allowed us to calculate the concentrations of triclinic and hexagonal birnessite in
each pattern. Kinetic analyses of the change in concentration of triclinic birnessite as a
function of time for a given pH and [Cr3+] allowed us to develop rate constants for the
Cr3+-induced triclinic-hexagonal phase transformation.

Results

Symmetry change from triclinic to hexagonal
Triclinic Na-birnessite transformed to a structure with hexagonal symmetry after
reacting with dissolved Cr3+ for all of the pH and aqueous Cr concentrations analyzed
(Figure 4-2). Whereas triclinic Na-birnessite is characterized by octahedral sheets with
fully occupied Mn sites (Post and Veblen 1990; Lanson et al. 2002; Post et al. 2002), the
hexagonal phase contains Mn vacancies in the octahedral sheets, with reduced Mn2+
situated next to the vacancies in the interlayer (Drits et al. 1997; Lanson et al. 2000). The
presence of interlayer Mn2+ between the hydrated interlayer Na cations and the basal
oxygen anions of the octahedral sheet increases the interlayer thickness.

Rietveld

analyses of X-ray diffraction patterns for end-member triclinic and hexagonal birnessite
are shown in Figure 4-5, and the final refined parameters are presented in Tables 4-1 and
4-2. Because of the expansion along c, the transformation from triclinic to hexagonal
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symmetry is characterized by a shifting of the (00l) peaks to a lower 2 angle. The
transformation also is indicated by the loss of characteristic triclinic birnessite peaks (for
example, d-spacings of 2.53 Å, 2.16 Å, and 1.83 Å), and the appearance of characteristic
peaks for the hexagonal phase (d-spacings of 2.34 Å, 2.05 Å, and 1.73 Å).
In three of the experiments (pH 3.2 and 0.01 M [Cr3+]; pH 3.2 and 0.05 M [Cr3+];
pH 4.4 and 0.05 M [Cr3+]), the phase transformations began within the first minute and
the entire transformation was completed in less than 25 minutes after the introduction of
the aqueous Cr3+ solution. In the remaining five experiments, the reaction proceeded over
longer time scales, allowing us to monitor structural changes in the triclinic phase before
the transformation. The refinements for each of these five experiments prior to
transformation reveal subtle but consistent modifications of the triclinic unit cell. In each
case, a decreased by an average of 0.02 Å (= 0.4%); c decreased by an average of 0.011
Å (= 0.015%); and the β angle decreased by greater than 0.5º (= 0.48%). Although the
decreases in c and β offset each other with respect to the basal d-spacing, the unit-cell
volume decreased in each case by approximately 0.5 Å3 (= 0.47%). Furthermore, in every
experiment, the Mn occupancy within the octahedral sheets decreased by as much as
5.5%, as was observed at pH 3.2 and 0.001 [Cr3+].
Once triclinic Na-birnessite began transforming to the hexagonal phase, our
efforts at Rietveld analysis were defeated by overwhelming correlations in the unit-cell
parameters, which are very similar for the two phases. For three experiments (pH 3.2 and
0.001 M [Cr3+]; pH 4.4 and 0.001 M [Cr3+]; pH 5.2 and 0.001 M [Cr3+]), we allowed the
reaction to continue past the transition in order to monitor the evolution of the hexagonal
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phase. In each case, c increased with time, by as much as 0.047(5) Å (= 0.65%) for the
experiment at pH 5.2 and 0.001 M [Cr3+]. The Mn occupancy in the octahedral sheets
decreased with extent of reaction in each case. In the experiment at pH 3.2 and 0.001 M
[Cr3+], the Mn occupancy decreased from 0.907(17) to 0.800(14) after 30 minutes of
continued reaction. Similarly, for the experiment at pH 4.4 and 0.001 M [Cr3+], the
occupancy decreased from 0.921(20) to 0.713(11). In all experiments, a remained
constant within error.
Lanson et al. (2002) have previously reported that triclinic birnessite will
transform to hexagonal symmetry when pH is sufficiently low. We performed control
experiments with birnessite in solutions that were acidified by HCl to pH 3.0, 4.5, and 5.0
without the presence of dissolved Cr3+, and we observed a transformation to hexagonal
symmetry only in solutions at the lowest pH. Consequently, it was clear that Cr3+
reduction of the Mn in birnessite was responsible for the phase transition at higher pH.
The Rietveld refinements for these experiments also revealed a surprising result –
the refined scale factors of birnessite increased slightly after the phase transformation.
The scale factor is proportional to the amount of diffracting material in the X-ray path,
and we consistently observed that the scale factor for the triclinic phase decreased once
the reaction began but that the scale factor for the hexagonal phase increased after it first
appeared, often attaining slightly higher values than the starting scale factor for triclinic
birnessite. We note too that these changes were accompanied by an overall decrease in
the intensity of the birnessite (001) reflections through the triclinic-hexagonal phase
transition, but a sharpening and increase in intensity of higher-angle reflections (Fig. 48).
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The inference that we draw from the behavior of the scale factors is that birnessite
may leach up to 30 mol% Mn during Cr3+-induced reduction, but the framework does not
deconstruct when it transforms to the hexagonal phase.

We attribute the transient

decrease in scale factor to the phase transition itself. As triclinic birnessite transforms to
the hexagonal phase, the number of coherent scattering units (i.e., unit-cells of triclinic
birnessite) falls to 10 or fewer, and the broadened interference function leads to a
decrease in total peak intensity.

As the hexagonal phase nucleates and grows, the

interference function sharpens, and the total peak intensity resumes its initial level. This
transformation mechanism is consistent with the delamination-reassembly model of
Lopano et al. (2009).

Kinetic analysis of the phase transition

The pseudo-first order rate equations in Table 4-4 are based on the following
balanced general reaction equations (following the discussion in Feng et al., 2006)
3MnO2 + 2Cr(OH)2+ + 2H+ → 3Mn2+ + 2HCrO4- + 2H2O

(1)

3MnO2 + 2CrOH2+ → 3Mn2+ + 2HCrO4-

(2)

or

The time-resolved nature of our experiments allowed us to extract rate parameters for the
transition from triclinic to hexagonal birnessite as a function of pH and [Cr3+] – that is to
say, pseudo-first order rate equations with respect to Cr3+ and pH under the assumption
that the concentration of triclinic birnessite is equivalent at the beginning of each

84

reaction. Pseudo-first order rate equations are used in this case to isolate the effect of the
change of one of the components in the reactions while holding the other components
constant. For example, a generalized rate equation could be written as
R = k[MnO2]n1 [Cr(OH)2+]n2 [H+]n3

(3)

where R is the rate of reaction, n1, n2, and n3 are the experimentally determined reaction
orders with respect to the component, and k is the experimentally determined rate
constant. Note that reaction stoichiometry can be related to reaction order only for
elementary reactions. In the experiments presented here, the pH was held constant for
different concentrations of Cr3+, and, conversely, [Cr3+] was held constant for different
values of pH. Figure 4-8 shows the decreasing concentration of triclinic birnessite over
time upon continued reaction with dissolved Cr3+. In each experiment, the change in
concentration was nearly linear with time.

In addition, the rate of transformation

increased as the [Cr3+] increased for each of the pH conditions we analyzed. However,
the rate of transformation decreased with increasing pH. Rates of transformation are
tabulated in Table 4-3, and all follow the general pseudo-first order rate equation of
R = k'[H+ or Cr3+]n

(4)

where R is the reaction rate, n is the reaction order with respect to either [H+] or [Cr3+],
and k' is the rate constant in units of min-1.
This analysis allowed us to determine the dependence of the rate of
transformation on the pH and [Cr3+]. In Figure 4-9, the calculated rates of transformation
are plotted against concentration for each pH (3.2, 4.4, 5.2) and the rates plotted against
pH for each [Cr3+] (0.05 M, 0.01 M, and 0.001 M). The experimentally determined rate
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constants and reaction orders are shown in Table 4-4. The highest rate constant was
determined for the reactions at pH = 3.2, for which the dependence of the rate on [Cr 3+]
was strong (4.10 min-1) and the pseudo-first order reaction order was 0.887. The
dependence on concentration was considerably lower for the reactions at pH = 4.4 (0.147
min-1) and weaker still for the reaction at pH = 5.2 (0.029 min-1). The rates for the
reactions conducted for our lowest concentration of Cr3+ ( [Cr3+] = 0.001 M) were not
significantly correlated to the pH, with a low R2 value of only 0.651 (Fig. 4-9). These
reactions also yielded the lowest reaction order (0.057). However, higher Cr3+
concentrations (0.05 M, 0.01M) showed a greater dependence on pH (rate constants of
1.33 min-1 and 3.10 min-1).
During the reactions at high pH (5.2), we identified a second precipitate that
formed prior to the onset of the phase transformation. The solid precipitate was a dark
bluish-gray and was intermixed with the black birnessite. The phase was abundant
enough to yield distinctive diffraction peaks with d-spacings of 4.61, 4.99, and 3.35 Å.
We identified these peaks as either chromium hydroxide [Cr(OH)3] or chromium
hydroxide hydrate [Cr(OH)3•3H2O], which are structurally similar. This observation is
consistent with Fendorf et al.’s (1992) results using electron diffraction (ED) and energy
dispersive X-ray spectroscopy (EDS). Their ED analysis identified a precipitate with 6fold symmetry and d-spacings consistent with Cr(OH)3•nH2O. In addition, their EDS
analysis returned a Cr:O ratio of 1:3.
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Discussion
Initiation of the Symmetry Change
Lanson et al. (2000) investigated the transformation of triclinic Na-buserite to
hexagonal H-birnessite in low pH solutions, and they argue that the symmetry change is
caused by the transfer of reduced Mn from the octahedral sheet into the birnessite
interlayer.

In agreement with Drits et al. (1997), these authors propose that the

movement of Mn into the interlayer is caused by destabilization of Mn3+ in triclinic
birnessite at low pH, although the reason for that destabilization is not clear. In their
model for hexagonal H-birnessite, the interlayer Mn3+ and Mn2+ cations are situated over
vacancies in the octahedral sheets.
According to Lanson et al. (2000), the symmetry of the birnessite structure is
controlled by Jahn-Teller distortions that characterize the MnO6 octahedra. In their
powder X-ray diffraction analysis of Na-birnessite, Post and Veblen (1990) demonstrated
that individual birnessite octahedra exhibit a strong anisotropy in Mn-O bond distances,
with two long Mn-O bonds (of 1.97 Å) and four shorter equatorial Mn-O bonds (of 1.92
Å). Their Rietveld refinements revealed that this anisotropy arises from the Jahn-Teller
distortions associated with octahedral Mn3+, which comprises ~25% of the total Mn in
Na-birnessite. Lanson et al. (2000) suggest that the difference between hexagonal and
triclinic birnessite is the presence or absence of aligned Jahn-Teller distorted MnO6
octahedra in the basal sheets. A strong correlation in the orientations of the distorted
octahedra lowers the symmetry from hexagonal to triclinic.
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In the research presented here, we observed that reduction of octahedral Mn by
Cr3+ was indeed accompanied by a 5.5 % decrease in the Mn occupancy of the octahedral
sheets in Na-birnessite, and this loss occurred prior to the phase transition to hexagonal
birnessite. We further infer from the expansion of the distance between octahedral sheets
in hexagonal birnessite relative to triclinic birnessite that Mn2+ is migrating from the
octahedral sheet to an interlayer site.

This conclusion is supported by our refined

hexagonal birnessite structures that situate Mn atoms at [0, 0, 0.70(4)], with occupancies
of 0.12(1).
Nevertheless, we differ from Lanson et al. (2000) in assigning the creation of
octahedral vacancies – and the concomitant loss of Jahn-Teller distortion – as the
underlying cause of the phase transformation from triclinic to hexagonal. In Fischer et al.
(Chapter 2), we investigated the siderophore-promoted dissolution of triclinic Nabirnessite, and demonstrated that the selective removal of most of the Mn3+ in the
octahedral sheet does not induce a change in symmetry from triclinic to hexagonal.
Instead, we suggest that the configuration of interlayer cations and water molecules is
what ultimately determines whether the symmetry of birnessite is triclinic or hexagonal.

Implications for the rate of aqueous Cr6+ production

Previous work. Over the past three decades, many studies have focused on the fate of
the aqueous species involved in the Mn(s)-Cr(aq) redox reaction (Schroeder and Lee
1975; Basak and Malati 1977; Rophael and Boulis 1982; Amacher and Baker 1982; Eary
and Rai 1987; Johnson and Xyla 1991; Fendorf and Zasoski 1992; Silverster et al. 1995;
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Kim and Moon 1998; Chung 1998; Weaver and Hochella 2005; Dai et al. 2009; Landrot
et al. 2010). However, very little attention has been paid to the impact on the structure of
the solid Mn oxide phase as it is reduced by Cr3+. Exceptions to this observation would
include the work of Fendorf et al. (1992), who conducted high-resolution transmission
electron microscopy on Cr-reduced birnessite and found an alteration from needles of
birnessite to a “convoluted mass” after the reaction. Likewise, Rophael and Boulis
(1982) analyzed the XRD patterns of Mn2O3 and Mn3O4 before and after their reaction
with Cr3+ and found that some peaks disappeared in XRD patterns of reduced Mn2O3
whereas new peaks appeared in XRD patterns of reduced Mn3O4. The phase changes
associated with these reactions were not specified.
Perhaps the most commonly observed behavior reported with respect to the
kinetics of Cr-induced Mn oxide reduction is that an initial stage of rapid oxidation of
Cr3+ to Cr6+ is followed by a sharp decrease in the oxidation rate (Schroeder and Lee
1975; Basak and Malati 1977; Rophael and Boulis 1982; Amacher and Baker 1982; Eary
and Rai 1987; Johnson and Xyla 1991; Fendorf and Zasoski 1992; Silverster et al. 1995;
Kim and Moon 1998; Chung 1998; Weaver and Hochella 2005; Dai et al. 2009; Landrot
et al. 2010). Due to variations in experimental parameters, the rate constants reported by
these studies vary, but they all describe the same two-step reaction.
Several explanations have been put forward to account for this phenomenon.
Amacher and Baker (1982) and Dai et al. (2009) argue that the reaction products Mn2+
and Cr6+ compete with Cr3+ for reactive sites on the birnessite surface, thereby reducing
the opportunity for Cr3+ to engage in the redox reaction. However, Fendorf et al. (1993)
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discount this explanation, as they demonstrated that pre-sorbed Mn2+ and Cr6+ on the
surface of birnessite does not hinder the continued oxidation of Cr3+.
A second explanation for the step-wise rate decrease focuses on the relatively
rapid rate of reduction of Mn3+ to Mn2+ relative to the reduction of Mn4+ to Mn3+. As the
concentration of Mn3+ in the octahedral sheets of birnessite diminishes, the slower
reaction of Mn4+ to Mn3+ becomes the rate-limiting step (Tan et al. 2009). In support of
this hypothesis, Nico and Zasoski (2000) showed that the sequestration of reactive Mn 3+
in δ-MnO2 (birnessite) by pyrophosphate dramatically reduced the rate of Cr3+ oxidation.
Likewise, Weaver and Hochella (2005) report that, with some exceptions, Mn oxides
with higher concentrations of Mn3+ and Mn2+ are more reactive than minerals containing
primarily Mn4+.
Thirdly, Fendorf et al. (1992), Chung (1998), and Feng et al. (2007) have
proposed that precipitation of a Cr (hydr)oxide precipitate on the surface of birnessite
crystals limits access of aqueous Cr3+ to the birnessite surface.

This study. We argue that the structural changes driven by Cr3+-mediated
reduction of birnessite are important because the crystallography can control the rates of
the reduction reaction and, therefore, the production of aqueous Cr6+ in groundwaters.
The primary goal of our research was to obtain X-ray diffraction data with high time
resolution during the reaction of birnessite with dissolved Cr3+ in the hope that it would
quantitatively link the reaction kinetics with changes in the crystal structure.
Our results indicate clearly that Cr (hydr)oxides can precipitate during Cr3+mediated reduction of birnessite, and they constrain the conditions under which this
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reaction is expected to occur.

Consequently, we expect that the third mechanism

proposed above is operative in some groundwater environments and not in others. In
addition, our XRD data provide a connection between the reduction of Mn4+,3+ to Mn2+
and a change in crystal structure, and we propose that this structural transition can
integrate our understanding of the first and second mechanisms described above. Here,
we will consider the role of Cr (hydr)oxide precipitation first and then discuss the
importance of Mn redox state.
In our diffraction experiments, the rate dependence of reactions at low pH (3.2)
was strongly correlated to the Cr3+ concentration in the reaction solution (k = 4.10 min-1),
but the reactions at pH = 4.4 and 5.2 were much less so (k = 0.15 and 0.03 min-1
respectively). The phase transformation at pH = 3.2 also proceeded more rapidly than the
reactions at higher pH. This result is consistent with a consideration of the oxidation
potential of Cr in the presence of Mn oxide minerals. As shown in the calculated ΔE'
versus pH diagram from Feng et al. (2006), the Cr oxidation potential reaches its
maximum value at pH  3.2, and it decreases at higher pH. According to these authors,
oxidation of Cr3+ is thermodynamically favored at pH = 3.2, with the primary aqueous
Cr3+ species being Cr(OH)2+ (Rai et al. 1987; Feng et al. 2006) (Fig. 4-10). Therefore, the
strong dependence of birnessite reduction on the concentration of Cr3+ at pH 3.2 is not
surprising.
At pH = 4.4, the solution lies close to the equilibrium boundary between
Cr(OH)2+(aq) and Cr(OH)3(sol) (Fig. 4-10). X-ray diffraction patterns of our solutions at
pH = 4.4 did not reveal any evidence for precipitation. In contrast, at pH = 5.2, the
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solution chemistry falls well within the stability field of Cr(OH)3(sol) as predicted by
Feng et al. (2006). X-ray diffraction patterns of these birnessite-fluid mixtures clearly
revealed peaks that could be attributed to chromium hydroxide [Cr(OH)3] or chromium
hydroxide hydrate [Cr(OH)3•3H2O].

Consequently, we concur with prior authors

(Fendorf et al. 1992, Chung 1998, and Feng et al. 2007) who have attributed the slow rate
of transformation at pH = 5.2 to the lower concentrations of aqueous Cr3+ and the
precipitation of Cr(OH)3 on birnessite surfaces, thereby inhibiting access to octahedral
Mn. However, we expect that Cr hydroxide precipitation is less likely in solutions that
are more acidic than pH 5.
We now will address the effect of the triclinic-hexagonal phase transition on the
rate of Cr3+ oxidation. As was noted earlier in this paper, Amacher and Baker (1992) and
Dai et al. (2009) have argued that reduced Mn2+ can sorb onto the surface of a Mn oxide
and thereby inhibit continued reduction by Cr3+. Our Rietveld refinement data show that
in hexagonal birnessite, cations partially occupy interlayer sites that lie above and below
the octahedral sheet (Fig. 4-4, Table 4-1). Like Lanson et al. (2002), we interpret these
sites as reduced Mn cations that have migrated out of the octahedral sheet to occupy
positions adjacent to the resultant vacancies.
In line with studies showing that Mn3+ reduction proceeds at a faster rate than the
reduction of Mn4+ (e.g., Nico and Zasoski 2000; Tan et al. 2009), we suggest that the
interlayer Mn2+ cations in hexagonal birnessite are drawn primarily from the reservoir of
octahedral Mn3+. Consequently, it seems reasonable to presume that the periodic
positioning of Mn2+ interlayer cations could sterically inhibit access of Cr3+ to octahedral
Mn for further reduction. Whereas triclinic birnessite contains between 25% and 36%
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Mn3+ (Post et al. 2002; Lanson et al. 2002; Chapter 2), in hexagonal birnessite, most of
the residual Mn is tetravalent, which may further account for the decreased rate of
dissolution.
Consequently, we suggest that the two-step reaction rate during Cr3+-induced
reduction of birnessite is correlated with the transition from triclinic to hexagonal
birnessite.

Triclinic birnessite would be rapidly oxidized because of its high

concentration of octahedral Mn3+ and the absence of Mn2+ in the interlayer, but when all
of the triclinic birnessite is converted to hexagonal birnessite, the rate of the reaction
would be expected to slow considerably. Manceau and colleagues have published a
series of studies revealing that several other transition metals will favor the formation of
hexagonal birnessite from 10-Å monoclinic Na-buserite (Drits, V.A. et al. 2002; Lanson
et al. 2002; Manceau et al. 2002), and the role of birnessite structural symmetry seems
likely to be an important factor in the ability of birnessite to control the cycling of many
heavy metals in groundwater solutions.

Conclusions
Although some researchers have previously studied the solid phase
products of Mn oxide minerals after reduction by aqueous Cr3+ (Rophael and Boulis
1982; Fendorf et al. 1992; Weaver and Hochella, 2005; Feng et al. 2006), this is the first
attempt to study the evolution of the crystalline phase during the reaction. Our results
show that a phase transformation from triclinic birnessite to hexagonal birnessite is
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caused by the reduction of octahedral Mn and the re-ordering of the birnessite interlayer
as reduced Mn2+ is displaced to the interlayer.
Our data also support previous assertions that the slowing in the reaction rate is
dependent on three factors: (1) interference by sorbed Mn2+; (2) more rapid reduction of
Mn3+ relative to Mn4+; and (3) the precipitation of Cr(OH)3 on the birnessite surface,
although the latter was only observed for reactions at pH = 5.2. We suggest that the
crystallographic phase transformation is intimately convolved with (1) and (2) above, and
that once triclinic birnessite is completely transformed to the hexagonal phase, the
generation of Cr6+ is significantly slowed.
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Figure 4-1: Schematic of the time-resolved X-ray diffraction setup (after Parise, et al.
2000). The solution under pressure is passed through the tubing into the sample, where it
reacts with the birnessite in the quartz capillary. The X-rays impinge on the sample
during the reaction and diffract. The detector, a MAR-165 CCD, collects the diffracted
X-rays for further processing and analysis.
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Figure 4-2: Time-resolved diffraction patterns showing the triclinic to hexagonal
birnessite phase transformation induced by Cr3+ reduction of structural Mn. The data
shown are from the experiment containing 0.001 M Cr3+ at pH = 4.4. Each exposure
lasted 30 seconds during which the capillary was rotated 30º. Every fifth exposure is
shown.
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Figure 4-3: Structure of triclinic birnessite based on Rietveld refinements of synthetic
birnessite produced using the method of Golden et al. (1986, 1987). The MnO6 are shown
in pink and the red spheres are interlayer Na+ or H2O. Image generated using
CrystalMaker®: a crystal and molecular structures program for Mac and Windows.
CrystalMaker Software Ltd, Oxford, England (www.crystalmaker.com)
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Figure 4-4: Structure of hexagonal birnessite based on Rietveld refinements of the
reaction product of synthetic triclinic birnessite with aqueous Cr3+. The MnO6 octahedra
are shown in pink and the red spheres are interlayer H+, Na+, or H2O. The pink spheres in
the interlayer are reduced Mn cations sitting above or below vacancies in the octahedral
sheets. Image generated using CrystalMaker®: a crystal and molecular structures program
for Mac and Windows. CrystalMaker Software Ltd, Oxford, England
(www.crystalmaker.com).
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Figure 4-5: Observed (black crosses), calculated (red line), background (green line), difference
curve (blue line), and reflections (black dashes) for dissolving triclinic birnessite: (A) Triclinic
Na-birnessite before the Cr-reduction induced phase transformation to (B) hexagonal birnessite
after the phase transformation.
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Figure 4-6: Selected reflections for triclinic (t) and hexagonal (h) birnessite at the onset of the
phase transformation. The data shown is from the experiment at pH 3.2, 0.01 M [Cr3+], but is
typical of all experiments. Each diffraction pattern represents a 30 second exposure and
the patterns were collected immediately after one another. The total time shown in the
four diffraction patterns above is, therefore, 2 minutes. Notice the rapid disappearance of
the triclinic (200) reflection, indicating loss of 4-dimensional order in the a direction.
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Figure 4-7: High-angle reflections of hexagonal birnessite after the phase transformation from
triclinic birnessite. The pattern in red is from an exposure approximately 30 minutes after the
completion of the phase transformation. The green pattern was taken more than four hours later.
Note that the green peaks are sharper and more intense, contributing to the increase in the refined
scale factor well after the phase transformation.
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Figure 4-8: Fraction of triclinic birnessite remaining plotted as a function of time for the eight
reduction experiments conducted (at pH = 3.2, 4.4, 5.2) during the phase transition to hexagonal
birnessite.
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Figure 4-9: Plots of the rate of transformation against the [Cr3+] for all experiments (top) and
rate of transformation plotted against pH for all [Cr 3+] (bottom). The y-intercept of these plots is
equivalent to the log of the rate constant in the equation –d(tri)/dt = k[A]x, where –d(tri)/dt is the
rate at which triclinic birnessite transforms to hexagonal birnessite, A is either the [Cr 3+] or the
pH and x is the calculated reaction order. The calculated rate constants are in the lower right of
each graph.
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Figure 4-10: Phase diagram of Cr3+ species after Feng et al. (2006) and Rai et al. (1987). The
red squares indicate the solution conditions for each experiment.
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Table 4-1: Atomic positions, site occupancy factors and isotropic displacement factors
for refined triclinic and hexagonal birnessite.
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Table 4-2: Refined unit cell parameters and refinement goodness-of-fit parameters for
triclinic and hexagonal birnessite.
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Table 4-3: Rates of the Cr3+ reduction induced phase transformation from triclinic
birnessite to hexagonal birnessite for eight experiments conducted at pH = 3.2, 4.4 or 5.2
and [Cr3+] of 1.0, 10.0, or 50.0 mM.
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Table 4-4: Experimentally determined rate equations for the transformation of triclinic
birnessite to hexagonal birnessite.
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Chapter 5

Variations in birnessite dissolution pathways during biotic and abiotic
reduction

Abstract
We have explored changes in the crystal structure of the layered Mn oxide
birnessite in response to biological reduction by whole-cell cultures of the facultative
anaerobe Shewanella oneidensis strain MR-1. We conducted batch reactions containing
mixtures of the whole-cell cultures and birnessite, and we analyzed the solid-phase
reaction products using both X-ray diffraction (XRD) and X-ray absorption spectroscopy
(XAS). The XRD results indicate that the birnessite unit-cell contracted by up to 1.1 Å3,
due primarily to a decrease in c by more than 1.0 Å. Rhodochrosite (MnCO3) was
precipitated after the reduction of Mn4+,3+ to Mn2+. These results were identical to those
obtained when birnessite was reduced only in the presence of total-membrane (TM)
fractions of Shewanella, thereby validating the use of TM fractions as a proxy for whole
cells in time-resolved experiments. Our XAS scans of the solids at sequential stages of
reduction indicated that the residual birnessite in the reaction mixture contained primarily
Mn3+ in the octahedral sheets, rather than Mn4+. This behavior contrasts with two other
reductive-dissolution pathways for birnessite – chelation by biologically-produced
siderophores and reduction by aqueous Cr3+. For the first time for any mineral system,
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we have shown that the bulk crystallographic changes that accompany dissolution are
dependent on the means by which the mineral dissolves.

Introduction
Redox cycling of Mn by soil micro-organisms leads to the precipitation and
dissolution of a host of Mn oxide minerals that typically are poorly crystalline, finegrained, and highly reactive (Post 1999). The Mn oxides produced in these environments
are often described as vernadite, a birnessite-like Mn oxide with extreme disorder in the
stacking of the octahedral sheets (Post 1999). These minerals have a large capacity for
cation exchange (e.g., Lopano et al. 2007), metal sorption (e.g., Manceau et al. 2002),
structural incorporation of metals (e.g., Peacock and Sherman, 2007) and rapid redox
reactivity (e.g. Landrot et al. 2010). Consequently, the rates at which these minerals are
produced and destroyed – and the structural changes that occur during these processes –
are of vital importance for modeling the fate of transition metals and radionuclides that
are dissolved in groundwater.
Many scientists have characterized the formation of Mn oxide minerals following
the oxidation of Mn2+ by bacteria, bacterial spores, and fungi (Tebo et al. 2004; Webb et
al. 2005; Bargar et al. 2005; Villalobos et al. 2006; Spiro et al. 2010; Grangeon et al.
2010). The reverse process – the destruction of Mn oxide minerals by biological and
abiological processes – is comparatively unexplored. Many species of bacteria are
capable of using solid-phase Mn as a terminal electron acceptor in a process known as
dissimilatory metal reduction (DMR). The electron movement from microbe to Mn oxide
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significantly increases the rate of dissolution, but that rate may be dependent on the
mineral’s oxidation state (Burdige et al. 1992; Ruebush et al. 2006). In addition, it also is
likely that the mineral structure controls the rate at which bacteria can metabolize Fe and
Mn. Therefore, an in situ crystallographic examination of DMR should shed light on the
relationship between crystal structure and the kinetics of bioreduction.
In our previous research, we examined the various mechanisms by which
birnessite (the most common Mn oxide in nature) is structurally altered and dissolved by
total membrane fractions of Shewanella oneidensis, by the siderophore desferrioxamine
B, and by dissolved aqueous Cr3+ (Fischer et al. 2008, Chapter 2, Chapter 3). For this
paper, we investigated birnessite dissolution during direct electron transfer from wholecell cultures of Shewanella oneidensis using a batch reaction protocol in combination
with X-ray diffraction (XRD). In addition, we employed X-ray absorption spectroscopy
(XAS) to monitor the evolution of the valence state of Mn when reduction was mediated
by both whole cells and total membrane fractions of S. oneidensis. Taken together, our
analyses demonstrate that the changes in crystal structure incurred during birnessite
dissolution strongly depend on the dissolution pathway. To our knowledge, this effort
represents the first success in correlating bulk crystallographic alterations with the mode
of dissolution in any mineral system. We hypothesize that the specificity of the structural
change may serve as a biomarker for mineral dissolution.

Experimental Methods

Na-birnessite synthesis
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We synthesized Na-birnessite after Lopano et al. (2007) using a modified version
of the protocols described in Golden et al. (1986, 1987). At room temperature, we added
a chilled solution of 0.55 M NaOH (55 g in 250 mL H2O) to 200 mL of 0.5 M MnCl2.
Prior to and throughout mixing, oxygen bubbled through the mixture via a glass frit at a
rate of 1.5 L/min. A Riteflow® flowmeter with a glass float, calibrated for use with
oxygen gas, controlled the flow rate. The reaction progressed for 5 hours before flow was
stopped. We then centrifuged the solid at 1910 rpm for 5 minutes and decanted the
supernatant. We re-suspended the solid in DI water to remove the salts and centrifuged
again. We repeated this process 5 times and stored the resultant solid as a suspension
until needed for analysis. Prior to use in the flow-through experiments, we filtered and
air-dried the solid. We analyzed the solid using XRD and found it to be almost purely
triclinic birnessite with less than 1% hausmannite impurity.

Whole cell-birnessite and total-membrane batch reactions

We prepared the total membrane (TM) cell fractions used for the direct-electron
transfer experiments by the same methods described in Ruebush et al. (2006). We first
grew cultures of Shewanella oneidensis MR-1 anaerobically at 30°C. We used media
modified from that used by Myers and Nealson (1988). We made the following
modifications: 1) the fumurate electron acceptor was replaced with 50 mM ferric citrate;
2) 30 mM DL-Lactate, 4 mM sodium phosphate, and 10 mM HEPES were added to the
medium; and 3) the pH was increased to 7.4 using NaOH. We streaked Luria Broth (LB)agar plates with a frozen stock of S. oneidensis MR-1 from a -80°C freezer. After growth
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on the LB-agar plates, these cells inoculated 10 mL of LB broth. The cells grew in the LB
overnight (shaken at 30°C). The next morning, we centrifuged the cell suspension at
10,000g relative force for 10 min. at 4°C. We washed the resultant pellet in 0.7% saline
solution, pH 7.4, buffered by 10 mM HEPES. The washed cells inoculated the Fe-citrate
media and grew until harvested during the mid-log growth phase when the Fe(II)(aq)
concentration reached ~40 mM, measured with Ferrozine (Stookey, 1970). This usually
occurred between 16 and 20 hours. We collected the Fe-grown cells by centrifugation at
8,000g relative force for 10 min., weighed the cells and stored them in a -80°C freezer.
We applied the EDTA-Brij-lysozyme method of Myers and Myers (1992) in the
extraction of TM fractions from the collected cell pellet. We suspended the cells in a
solution of 25% sucrose in Tris-HCl, pH = 8.0 at a ratio of 1 g of cells per 24 mL. After
homogenization with a glass homogenizer, we added the following chemicals at 15 min
intervals during gentle shaking: (1) one-tenth of the total solution of 6.4 mg/ml lysozyme
solution, (2) one-tenth of the total solution of 50 mM EDTA (for a concentration of 5
mM), (3) a 6% dilution of a 5% stock solution of Brij 58 (polyoxyethylene 20 acetyl
ether) for a final concentration of 0.3% (w/v), and (4) a 1.2% dilution of a 1M stock
solution of MgCl2 for a final concentration of 12 mM, and a few crystals of DNase I. This
protocol was the only part of the TM extraction conducted at room temperature. The
separation of the TM fraction from the rest of the lysate involved two centrifugation
steps. The first was a slow centrifugation at 1500g relative centrifugal force for 15 min,
then a fast centrifugation of the supernatant for 2 h at 177,500g centrifugal force. We
then collected the TM pellet, re-suspended it in 10 mM HEPES buffer at pH 7.5,
homogenized the pellet with a glass homogenizer, and dialyzed in the same buffer for 6 h

120

in a 4°C cold room. The buffer was exchanged after 3 h. We utilized the method
described by Lowry et al. (1951), with bovine serum albumin as the standard, to
determine the protein concentration of the TM fraction. We then made 50, 100, and 150
μL aliquots and stored the TM in a -80°C freezer until used in the experiments.
The total-membrane fraction aliquots used in the XAS experiments for this paper
were from the same preparation as was used in Fischer et al. (2008). The whole cell
cultures used here were from a different growth batch, but they were grown under the
same conditions. We attempted to maintain a consistent level of protein mass between the
total-membrane fraction experiments and whole-cell experiments. According to Ruebush
et al. (2006), the total-membrane preparation described here yields 8.75 x 10-11 mg of
protein/cell. In the TM batch experiments described here, we used 2.0 mg/ml of TM,
which equates to 2.29 x 1011 cells for a 10 ml suspension. When growing the cells for the
whole-cell experiments, we used the conversion factor in Ruebush et al. (2006) of 108
cells per mL of media to grow our cells in 2.3 L of media, yielding 2.3 x 10 11 cells. We
then resuspended the pellet in 10 mL of 1 M Na-formate, and 0.1 M HEPES buffer at pH
= 7.5. We then mixed 10 1.0 mg aliquots of this suspension with 10 1.0 mg portions of
synthetic triclinic birnessite in 1.5 mL Eppendorf tubes and allowed them to incubate in
an anaerobic chamber for 1 to 48 hours. After the specified time, we centrifuged the
samples and collected the solid phase for analysis with either XRD or XAS as described
below.
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X-ray diffraction

We placed the reacted birnessite powders in 1.0 mm silica-glass capillaries, and
we analyzed them using a closed-source conventional sealed Mo X-ray tube on a Rigaku
II D/MAX-RAPID microdiffractometer with an image plate detector. The samples were
exposed for 15 minutes using a 0.3 mm collimator at 50 kV and 40 mA. The resulting
full-circle diffraction patterns were integrated using a step size of 0.02 and converted to
files suitable for Rietveld refinement.
We performed Rietveld structure refinements (Rietveld 1969) using the EXPGUI
interface (Toby 2001) of the General Structure Analysis System (GSAS) developed by
Larson and Von Dreele (1994). The initial structural parameters for refinement of unreacted triclinic Na-birnessite came from the triclinic structure described in Post et al.
(2002). A linear interpolation function with up to 20 terms fit the background intensities
for the X-ray diffraction patterns. A pseudo-Voigt profile function as parameterized by
Thompson et al. (1987), with asymmetry corrections by Finger et al. (1994), and the
microstrain anisotropic broadening terms of Stephens (1999) modeled the peak profiles.
We first refined the position of the O atom in the octahedral sheets, and we then allowed
the position of the interlayer Na/H2O (modeled as O after Post et al. 2002) to vary. The
occupancies of the octahedral Mn and interlayer sites were refined, followed by the
isotropic atomic displacement factors. Once these factors were determined for birnessite
at the start of the experiments, the temperature factors were fixed for Mn because they
often refined to less than zero. Lastly, the 15 microstrain profile parameters were refined
individually through at least 4 and up to 10 iterations. During each pattern refinement, we
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applied soft constraints to the Mn-O distances (constrained to 1.90 Å with a standard
deviation of 0.05 Å). We set the initial bond constraint weight at 5 and reduced the factor
for subsequent iterations until they were no longer used in the last stages of profile
refinement.
The χ2 values for refinements ranged from 0.0139 to 0.0402. For each of the
samples, a large amorphous contribution, primarily from water, generated very high
background intensities. Thus, the estimated standard deviations (e.s.d.) in our patterns
were unreasonably large and the weighting factors unreasonably small, leading to χ 2
values that consistently fell below unity. Nevertheless, the goodness-of-fit parameters and
difference plots attest to the overall accuracy of the refined structure model.

X-ray absorption spectroscopy

We performed X-ray Absorption Spectroscopy (XAS) at the Advanced Photon
Source, beamline 20-BM-B. We operated the system in transmission mode at the Mn Kedge utilizing an ionization chamber with a 14-element Ge detector. For the whole-cell
experiments, we used Mn foil as a standard to align the scans using the ATHENA
interface to the IFFEFIT EXAFS analysis software (Newville 2001; Ravel and Newville
2005). We then aligned the scans of the total-membrane experiments to the whole-cell
experiments. The solid samples collected from the Eppendorf tubes were evenly spread
on squares of Whatman® 42 ashless filter papers. As little as four and as many as 16
squares were stacked on top of each other to ensure the sample was evenly distributed
within the X-ray beam and to ensure sufficient transmission. The filter squares containing

123

the sample were placed between two pieces of Kapton tape and placed in the sample
holder. We conducted triplicate scans for each sample and collected data from 6388 eV to
7509 eV, which contains the Mn K absorption edge (Fig. 5-2).
After data collection, we analyzed the patterns using the ATHENA software
package (Newville, 2001; Ravel and Newville 2005). After we aligned the scans and
removed the background, we performed two sets of linear combination fits. We
conducted the first set of linear combination fits using only the unreacted birnessite and
rhodochrosite as end-members. We then conducted a second set using a three-member
system of unreacted birnessite, rhodochrosite and Mn2O3 as standards. The goodness-offit parameters for both the TM and whole cell XAS analyses are shown in Table 5-1.

Results

X-ray diffraction

Rietveld analyses of the X-ray diffraction patterns revealed that the birnessite
crystal structure undergoes a significant distortion in response to reduction by whole cell
cultures of Shewanella oneidensis MR-1. This distortion is almost exclusively
characterized by a decrease in c, and that in turn leads to a considerable decrease in the
unit-cell volume. Specifically, the c axis decreased from 7.32(5) Å for unreacted
birnessite to 7.23(3) Å after 48 hours of reaction. The unit-cell volume likewise
decreased from 105.5(8) Å3 for the unreacted birnessite to 104.4(6) Å3 after 48 hours.
The magnitudes of the decreases in c and unit-cell volume are almost identical to those
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observed by time-resolved XRD experiments in which birnessite was dissolved by totalmembrane fractions of S. oneidensis (Fischer et al. 2008) (Fig 5-1). Changes in the other
unit-cell parameters were insignificant compared to those observed for the c-axis. In both
the whole-cell batch reactions and the time-resolved total-membrane fraction
experiments, the refined Mn occupancies decreased. In the whole-cell batch reactions, the
refined occupancies decreased from 0.989(1) for the initial, unreacted birnessite to a
minimum of 0.90(3) after 36 hours of reaction.
As in the case of the total-membrane reduction experiments, rhodochrosite
precipitated almost immediately after the initiation of the run. Within one hour of the
whole-cell batch reactions, the abundance of rhodochrosite refined to 5.2 wt%. However,
we observed no significant change in the unit-cell dimensions of rhodochrosite as it
precipitated from solution. In contrast, our synchrotron time-resolved XRD analysis of
rhodochrosite revealed a unit-cell contraction of 3.1Å3 when the total-membrane fraction
served as the reductive agent. We speculate that our failure to observe a change in the
rhodochrosite cell parameters can be attributed to the lower time- and spatial resolution
of the in-house XRD system in comparison with the synchrotron data.

X-ray absorption spectroscopy

X-ray absorption data for the total membrane-fraction batch reactions, whole-cell
batch reactions and selected Mn standards are shown in Fig. 5-2. In both the TM and
whole cell experiments, the initial absorption edge shifted from 6559.8 eV for the nonreacted birnessite to 6550.7 eV for the reaction product after more than 18 hours.
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Although the energy of the absorption edge shifted to match that of rhodochrosite, the
extended X-ray absorption profile for the final reaction product did not offer a close
match to that of a rhodochrosite standard. The rhodochrosite pattern exhibited a broad but
distinct peak at 6562 eV, and this peak was absent from all of the patterns collected
during our bioreduction of birnessite. Instead, our experimental spectra revealed a
secondary peak at 6559 eV.
We performed two types of linear combination fits for the XAS patterns. We
conducted the first linear combination fits with only the unreacted birnessite and
rhodochrosite standards as the possible end members (Fig. 5-3, Table 5-1). For the
whole-cell experiments, this analysis yielded an increase in the amount of rhodochrosite
at a rate of approximately 3.27% min-1. For the total-membrane fraction reduction
experiments, rhodochrosite appeared to increase at a similar rate (3.64% min-1) for the
first 11 h, and then to slow to 0.37% min-1 after 11 hours. This latter behavior is similar
to that observed for rhodochrosite precipitation in the time-resolved XRD experiments
described in Fischer et al. (2008), where rhodochrosite precipitation grew at a fast initial
rate and then retarded during a “coarsening” stage. Because this linear fit was conducted
with only birnessite and rhodochrosite as the components in the system, the birnessite
dissolution mirrored the precipitation of rhodochrosite.
Our second approach to linear combination fitting included unreacted birnessite,
rhodochrosite, and Mn2O3, which served as a proxy for the Mn3+ component in reduced
birnessite (Table 5-2, Fig. 5-4, 5-5). In the whole-cell experiments, the contribution to the
fit of the unreacted birnessite standard decreased consistently throughout the experiment
to a low of 6.1% after 15.7 hours of reaction. The contribution of the Mn2O3 standard

126

increased to a peak of 56.7% after 7.0 hours, and then decreased to 39.5% after 18.3
hours. The linear fit wt% of rhodochrosite increased throughout the experiments to a high
of 55.9% after 15.7 hours. We observed similar behavior in the linear fits for the
experiments involving the total-membrane mediated reduction experiments. The linear fit
contribution of birnessite decreased to zero after 17 hours of reaction. Mn2O3 increased to
a high of 55.0% after 8.0 hours, and then decreased subsequently. Rhodochrosite again
increased throughout to a high of 66.8% after 14.0 hours.
Tables 5-1 and 5-2 show the data for the linear combinations we attempted. We
have also reported the χ2 values of the various fits performed. For the fits that included
only the unreacted birnessite and rhodochrosite, the χ2 values ranged from a low of 0.042
for XAS data very near the unreacted birnessite end-member to a high of 4.420 near the
end of the total-membrane fraction reduction experiments. Except for one instance, the χ2
values were lower for linear combination fits that included the Mn2O3 standard, often
significantly so (e.g., from χ2 = 3.028 to 0.363 for a total-membrane reduction sample at
11.0 hours). Although an additional fitting parameter necessarily improves the match,
based on the degree of improvement and the reasonableness of the result, we infer that
Mn3+ should be included in an analysis of our XAS data.
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Discussion

Objectives
Multi-cellular organisms and bacteria living in aerobic locations benefit from the
abundance and accessibility of oxygen as a terminal electron acceptor during respiration.
Bacteria living in anoxic environments have necessarily evolved metabolic pathways
capable of utilizing solid-phase metals as receptors for their excess electrons. Fe and Mn
oxides are the most common of these electron sinks, and since 1988, when Lovley and
Phillips isolated a microbe capable of using Fe and Mn oxides as electron acceptors,
researchers have identified scores of bacterial species that engage in dissimilatory metal
reduction (DMR).
Most DMR research has focused on the biological side of the process – how
electrons are transferred from mineral surfaces across cell membranes.

An equally

important question left unanswered is how mineral species evolve during reduction and
dissolution. We have analyzed crystal structure changes in synthetic triclinic Nabirnessite during reduction by whole-cell cultures and total-membrane fractions of the
facultative anaerobe Shewanella oneidensis. Our goals for this research were twopronged. First, we sought to prove that the total membrane fractions extracted from S.
oneidensis according to the protocol developed by Ruebush et al. (2006) behave in a
fashion that is functionally identical to living whole cells of S. oneidensis. If the TM
fraction induces a crystallographic response that is indistinguishable from that of living
whole cells, then the use of TM fractions as a proxy for whole cells in analyzing
mineralogical bioreduction is validated. The benefit of Ruebush et al.’s approach is that

128

TM fractions retain their functionality under conditions that are lethal to whole bacterial
cells (e.g., after freezing and when exposed to synchrotron X-ray radiation).
Consequently, TM fractions can be applied in experimental approaches that are not
tractable with whole cells.
Our second and broader objective was to compare the changes in the crystal
structure of birnessite as the mineral dissolves in response to different reductants –
specifically, direct electron transfer during microbial adsorption, chelation of structural
Mn by microbial siderophores, and acceptance of electrons from a dissolved metal
species (Cr3+). Here we intended to determine whether the dissolution of a mineral in
response to the same stimulus – in this case, reduction of solid-state Mn4+,3+ to aqueous
Mn2+ – proceeds according to a single structural mechanism, or whether the bondbreaking that accompanies dissolution is particular to the dissolution agent. We will
address these objectives in turn.

Crystallographic Effects of Whole Cell and Total Membrane Reduction
In Fischer et al. (2008), we examined the crystallographic effects of electron
transfer mediated by total membrane fractions of Shewanella oneidensis to the surface of
triclinic Na-birnessite, and we reported a decrease in the c-axis of birnessite from
7.339(7) Å to 7.196(5) Å. In addition, we observed the crystallization of rhodochrosite as
the birnessite was reduced. As described in the Results section above, in the current
study we have shown that living whole cells induce the same response. The similarity in
the transformation of Na-birnessite by the total membrane fractions and to the whole cells
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of S. oneidensis convinces us that the total membranes function as the whole cells do with
respect to the transfer of electrons from an electron donor to the mineral phase.
Thus, for both the TM experiments described in Fischer et al. (2008) and for the
whole-cell investigations reported here, direct contact of the cell membrane proteins to a
birnessite crystal surface promotes the transfer of electrons from the membrane to the
surface. In turn, octahedral Mn4+ is reduced to Mn3+, and this change in Mn valence state
induces a unit-cell contraction of 1.3 vol% (Fischer et al. 2008). In our previous work, we
postulated that the increasing ratio of Mn3+ to Mn4+ with continued bioreduction
increases the net negative charge of the octahedral sheets, and that the excess charge is
balanced by an increase in the ratio of Na+ to H2O in the interlayer. Because these
experiments were performed with Na-formate as the electron donor, dissolved Na+ was
readily available to diffuse from the host solution to the birnessite interlayer.
The results of the experiments reported here confirm our supposition that the ratio
of Mn3+:Mn4+ in the octahedral sheets of birnessite steadily increases with prolonged
exposure to whole cells of Shewanella oneidensis. As seen in Fig. 5-2, in XAS scans
from batch reactions of birnessite reduction experiments using both total membrane
fractions and whole cell cultures of S. oneidensis, the peak of the birnessite absorption
edge shifted to a lower energy (6550.7 eV) at the same time that the peak of the
rhodochrosite absorption edge first appeared. As the reaction proceeded, the birnessite
absorption peak persisted at 6550.7 eV.
We interpret this peak shift, together with the dramatic improvement when we
included Mn2O3 as a proxy for Mn3+ in our linear combination fit, as evidence that the
octahedral Mn in birnessite becomes reduced to Mn3+ in the residual birnessite. That
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octahedral Mn3+ is further reduced to an aqueous Mn2+ species is revealed by the
formation of rhodochrosite, which rapidly precipitates when dissolved Mn2+ reacts with
CO33- derived from reacted formate. Significantly, Rietveld analyses reported in Fischer
et al. (2008) for total membrane fractions and in this paper for whole cells indicate that
reduction is not accompanied by the creation of octahedral vacancies – the maximum
concentration of vacancies created in the TM experiments was 0.03(2), which is less than
the error for this parameter in GSAS analysis.
At the same time, we cannot attribute the contraction of the unit-cell to changes in
the positions of the interlayer atoms. Difference electron Fourier syntheses of both timeresolved and batch reactions showed little change in the ordering of the interlayer cations
as reduction of the Mn cations in the octahedral sheet proceeded (Chapter 2, Fig. 5-6).
This behavior stands in contrast to that observed during siderophore-promoted dissolution
of birnessite, in which case we documented an increased splitting of the interlayer
cationic site, although the ellipsoid remained oriented in the same direction.
The Na-birnessite interlayer presented in Post et al. (2002) includes a slightly split
site centered at (0.526 0.177 0.502) that is partially occupied by Na+ and H2O. The
similarity in the X-ray scattering factors for Na+ and O made it impossible to distinguish
these atoms. Post et al. report that the occupancy of this interlayer site refines as 0.586,
well below unity, when it is modeled entirely as O. Our refinements indicate a similar
degree of partial occupancy (between 0.624(6) and 0.753(2)). Consequently, the
replacement of interlayer water by Na is structurally plausible, but it would be revealed
only indirectly through X-ray diffraction as distortions to the crystal structure. We
interpret the contraction of the c-axis as such a distortion. An increase in the negative
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charge of the octahedral sheets following reduction of Mn4+ to Mn3+ provoked the
exchange of dissolved Na+ for interlayer H2O, increasing the positive charge of the
interlayer. That increase in electrostatic attraction pulled the octahedral sheets closer to
the interlayer sites, and the interlayer spacing diminished.

Comparison of birnessite dissolution pathways

The series of reductive dissolution experiments that we present here and in
Chapters 2 and 3 allow us to address a question that has not been satisfactorily resolved
prior to this work:

Is it possible to discern the agent of dissolution through bulk

crystallographic analysis? In other words, is the mode of atomic deconstruction always
identical for a given type of mineral dissolution process, or does dissolution leave
specific signatures that reveal the mediating agent?
As described above, our time-resolved X-ray diffraction experiments using
dissimilatory metal reducing bacteria consistently showed that birnessite dissolution is
preceded by layer collapse. In the case of siderophore-promoted dissolution, however,
the birnessite unit-cell dimensions remained stable throughout the dissolution process,
even to the point of complete disappearance of the birnessite (Chapter 2, Fig. 5-8). On the
other hand, the chelation and removal of octahedral Mn, while not altering the unit-cell
dimensions, did create a large number of vacancies within birnessite’s octahedral sheets,
with up to 20% of the total manganese removed. The refined Mn-O bond distances
indicated that Mn3+ was preferentially removed from the birnessite structure, leaving an
octahedral layer filled primarily with Mn4+ and octahedral vacancies.
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Although it is true that reduction of structural Mn by bacterial electron transfer
also removed Mn from the octahedral sites, the method of removal does not produce
vacancies. Instead of preferentially removing Mn3+ from the structure, bacterial
membranes are “equal-opportunity” reducers. Because the value of Mn4+:Mn3+ in stable
triclinic birnessite is approximately 2:1, the rate of reduction of Mn4+ to Mn3+ exceeds the
rate of the reduction of Mn3+ to Mn2+. In bacterially-mediated reduction, this disparity
results in a unit-cell collapse.

The removal of Mn3+ during siderophore-promoted

dissolution also results in a large decrease in the net charge of the mineral’s octahedral
sheets, yet still we observed no decrease in the unit-cell dimensions. We hypothesized
that the observed splitting of the interlayer cationic sites compensated for the increased
concentration of vacancies (Chapter 2), keeping the unit cell dimensions constant
throughout dissolution.
Reduction of birnessite in the presence of dissolved transition metals revealed yet
a third structural pathway. When aqueous Cr3+ is oxidized to Cr6+ by reduction of
octahedral Mn in birnessite, the birnessite crystal structure undergoes a phase
transformation from triclinic to hexagonal (Chapter 3, Fig. 5-9). As with siderophorepromoted dissolution, the reaction created octahedral vacancies in the birnessite structure.
But unlike birnessite reduction by cell membranes or siderophores, when aqueous Cr3+
reduced octahedral Mn, the reduced Mn species did not escape the birnessite crystal
structure, either as a secondary-phase precipitate (rhodochrosite) or via chelation. Rather
the Mn migrated from the octahedral sheets to the birnessite interlayer, where it occupied
positions above or below the octahedral vacancies (Chapter 3).
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Consequently, it appears that the primary difference in these three cases involves
the fate of the reduced Mn. The three reductive-dissolution scenarios for birnessite are
represented schematically in Figs. 5-7, 5-8, 5-9, and 5-10. The specificity of these
dissolution pathways present the possibility that biologically induced dissolution may be
distinguished from abiotic dissolution simply through a crystallographic analysis of the
partially dissolved mineral phase. Therefore, for studies of environments where it is
desirable to know whether life forms participated in mineral redox dissolution processes
(e.g., extraplanetary soils or ancient Earth environments), crystallographic analysis of Mn
oxides may provide a robust biomarker.
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Figure 5-1: Changes in the c-axis (top) and unit cell volume (bottom) of synthetic triclinic
birnessite as whole cells (blue circles) and total membrane fractions (red squares) of
Shewanella oneidensis MR-1 utilized the oxidized Mn as a terminal electron acceptor.
Although the absolute values of each are different because of different birnessite preps,
the magnitude of the change is equivalent in each case, implying similar processes.
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Figure 5-2: X-ray absorption spectroscopy scans for Mn standards (top), whole cellreduction batch reaction products (middle), and total membrane-reduction batch reaction
products (bottom).
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Figure 5-3: Two-component linear combination fits of XAS data from both the totalmembrane fraction reduction experiments (red squares) and whole-cell reduction
experiments (blue circles). The rhodochrosite wt. % is plotted for both sets of batch
reactions.
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Figure 5-4: Linear combination fit of XAS data for whole-cell reduction batch reactions
using three end-members, unreacted birnessite (black circles), Mn2O3 (blue circles), and
rhodochrosite (red circles).
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Figure 5-5: Linear combination fit of XAS data for total-membrane reduction batch
reactions using three end-members, unreacted birnessite (black circles), Mn2O3 (blue
circles), and rhodochrosite (red circles).

144

Figure 5-6: Difference electron fourier (DELF) maps of the birnessite interlayer calculated
by GSAS during whole-cell reduction of birnessite. Other than a slight reorientation of the
elongation of the atomic site, there is little change in the electron density of the birnessite
interlayer.
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Figure 5-7: Schematic of the proposed crystal structure alteration in birnessite during
direct contact electron transfer during bacterial metabolic processes. The reduction of
structural Mn4+ to Mn3+ increases the net negative charge on the octahedral sheets (shown
in blue with red Mn cations). This increase in negative charge is balanced by an increase
in the Na+:H2O (Na+ shown in green) ratio of interlayer cations. The crystal structure
responds by contracting to the new unit cell dimensions. Mn2+created by this reduction is
removed from the birnessite structure by precipitation of rhodochrosite.
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Figure 5-8: Schematic of the proposed crystal structure alteration in birnessite during
siderophore-promoted dissolution. In this case, the siderophore chelates the structural Mn
and removes it from the system, ultimately resulting in complete dissolution of the
mineral. We propose that the creation of vacancies in the octahedral sheets (up to 20%) is
unsustainable due to a violation of local electroneutrality. Despite this loss of Mn, the
unit cell dimensions of the birnessite do not change during the entire course of
dissolution. DELF maps (chapter 2) of the interlayer indicate that the net negative charge
increase on the octahedral sheets caused by the loss of Mn, may be counterbalanced by a
slight re-arrangement of the cations in the interlayer. The siderophore image is from
Domagal-Goldman et al. (2009).
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Figure 5-9: Schematic of the proposed crystal structure alteration in birnessite during
reaction with aqueous Cr3+. In the model presented here, Cr3+ reduces the structural Mn4+
and Mn3+, leading to the oxidized Cr6+ anion, chromate. The reduction of octahedral Mn
leads to the production of Mn2+. Unlike the cases of biological electron transfer or
chelation, the reduced Mn is not removed from the system, rather it occupies locations in
the birnessite interlayer above or below octahedral vacancies. This re-ordering of the
birnessite interlayer induces a phase transformation from the triclinic birnessite structure
to the hexagonal structure.
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Figure 5-10: Changes in the birnessite structure as the result of various reduction and
dissolution mechanisms. In both cases where the triclinic birnessite is reduced and
dissolved via a biological mechanism (electron transfer from membrane proteins;
reduction and chelation with siderophores), the birnessite maintained triclinic symmetry.
In the last case, where no means of Mn removal existed, the reduced Mn entered the
birnessite interlayer and stabilized a new phase, hexagonal birnessite.
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Table 5-1: Linear combination fits for XAS birnessite whole-cell (top) and totalmembrane (bottom) batch-reaction data using birnessite and rhodochrosite as the endmember patterns.
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Table 5-2: Linear combination fits for XAS birnessite whole-cell (top) and totalmembrane (bottom) batch-reaction data using birnessite, rhodochrosite, and Mn2O3 as the
end-member patterns.
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Appendix

“Slices of Time: Time Scales of the Environments” – The script of a
collaborative movie production on the time scales of environmental processes

Introduction
To fulfill the departmental and program requirements of a science communication
activity, I worked with Charles Anderson, the Visualization and Outreach Specialist for
the Center for Environmental Kinetics Analysis (CEKA), fellow Geosciences graduate
student Andrew J. Wall, and a host of faculty and students to produce a movie that
explores the range of time scales over which environmental processes occur. The movie,
called “Slices of Time: Time Scales of the Environment” examines the topic of acidic
water drainage from pyrite-rich rocks exposed during coal mining processes that are
widespread in Pennsylvania. The movie’s concept, formulated over four years by a panel
of producers was to examine the process of acid mine drainage at 11 time scales spanning
33 orders of magnitude, from attoseconds to hundreds of millions of years. The overall
plan we devised was to utilize visualizations of actual data developed by members of
CEKA to illustrate to a general audience the processes that take place on a wide range of
time scales. The actual movie can be found and downloaded for free at the following
website: http://www.ceka.psu.edu/slices_of_time/index.html.
Although tens of people donated time, funding, and energy to the project, most of
the work in putting the movie together was done by Charles Anderson. Susan Brantley,
the director of CEKA was the movie’s executive producer. Tim Fischer, Andy Wall,
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Susan Anderson, and Charles Anderson plotted the movie, wrote the script, and recorded
and produced the dialogue. What follows is the final script for the movie.

Slices of Time Script
Written by: Tim Fischer, Andy Wall, Susan Anderson, Charles Anderson

Opening
Wide shot
1: (stuffy shirt)
Western Pennsylvania coal country.

A pristine stream flows through the forested landscape…

2:
Cut of just stream
…Wait…pristine? The rocks are orange

1:
You know what? You’re right… It looks like this stream has been affected by Acid Mine
Drainage.

2:
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Acid mine drainage? That’s when water from abandoned coal mines flows over rocks
producing acidic water. This releases iron into the stream…

1:
…and explains the orange rocks. The water in this stream is actually quite toxic. But
what you see in front of you is only a small part of the story…there is much more than meets the
eye.

2:
In fact, there are processes in our environment that take millions of years to occur, as well
as those that happen millions of times a second. All of which are related in some way to this
scene. We just can’t notice them.

1.
But we need to understand them. And so, we’re going to take a journey, looking at all the
slices of time that go into this polluted stream.

2.
On our journey, we will use THESE clocks to help us keep track of time. Each of these
them accurately represents time. Even the clocks that appear to be still are in fact moving…

1.
…while some are moving so quickly, they are blurred. Let’s highlight the seconds clock
The seconds clock is rotating one revolution per second.
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2:
The microsecond clock is moving 1 million times faster… that’s why it’s blurred.

1:
Nanoseconds…
Each clock is rotating 1000 times faster than the one before it….

2:
Picoseconds….Femtoseconds…

1:
and
Attoseconds.

2:
This clock is revolving 1 trillion million times per second. That’s a 1 with 18 zeros after
it. That is really fast.

1:
Now that we know about the clocks, we can begin our journey. We’ll start by looking at
the source of acid mine drainage pollution, the mineral pyrite. You might know this as fool’s
gold. It’s common in coal country.

2:
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The break down of pyrite causes the pollution that we see in our stream. So what we are
going to do is to slow things down and take a really close look at how that happens.

Microseconds
2:
Here is the surface of the mineral pyrite magnified more than 100 million times.

1.
Over microseconds, we can watch the pyrite breaking down. In this time-lapse view we
can actually see pits form and grow larger.

2:
But to understand how the pits form we need to look even closer. We need to see what’s
going on with the atoms.

1:
And to do this we have to zoom in again and slow down things even more. We need to
slow down another 1000 times. Notice the changing clocks.

Nanoseconds
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2:
Here we’re looking at a group of atoms, the red and white water molecules are attacking
the surface of the pyrite.

1:
It only takes nanoseconds to release an Fe atom from the pyrite. That is really fast, a
billionth of a second. But because atoms are so small, this has to happen over and over, to break
down enough of the surface to cause the pits that we just saw.

Picosecond
2:
If we slow things down another 1000 times we see the motion of water molecules around
the pyrite. This motion, which happens over picosends provides a constant supply of water
molecules to attack the pyrite. Without this motion, the pyrite would stop dissolving.

1.
At this point, we’ve already slowed things down one trillion times. But believe it not,
there are things going on here that are even faster. Let’s focus on a single water molecule.

Femtoseconds
1:
We have slowed things down another 1000 times to look at the motion of this water
molecule, this is H – 2 - O .
….(space)
2:
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The white hydrogen atoms vibrate around the red oxygen atom. This oscillation happens
in mere femtoseconds… or a quadrilltionth of a second.

Attoseconds
1:
Finally we reach attoseconds, our fastest time step! We now have slowed down 1 trillion
million times. Remember that’s a 1 with 18 zeros!!!

2:
Electrons are swarming around an atom’s nucleus. We are looking at the fundamental
building block of every THING, including you.

Zooming back to seconds

1:
As we speed back up to normal time…we are reminded that these activities go unnoticed,
but still lead to our polluted stream… they just happen too fast for us to observe.

1:
Attoseconds…
The motion inside atoms

2:
Femtoseconds…
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The vibration of water molecules

1:
Picoseconds…
The motion of water around pyrite

2:
Nanoseconds…
Water’s assault on pyrite

1:
Microseconds…
Growing pits on the surface

2:
And finally, what we CAN see, the flowing of the polluted stream… but our journey is
not over. We’ve only examined half of our time slices.

Clocks highlighted again
1:
To know the full story… we must look at things that take place over minutes, years,
thousands of years, …pause…, even hundreds of millions of years.

2:
But wait most of these clocks aren’t even moving!
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1:
They are! But they’re just moving very slowly. If we sat and watched this clock for a
hundred millions years, it would only go around once.

2:
That’s a lot of sitting.

1:
Sure is… So then we just need to speed things up so we don’t need to wait that long. But
before we do that, there is one more part of the story that we can watch at normal speed.

Minutes
2:
In just minutes, we can significantly change the Earth…

“fire in the hole, BOOM”.

1:
At this coal mine they use this large dragline to get at the coal. This digging also
uncovers pyrite that was formed along WITH the coal. And when that happens, the pyrite
becomes open to attack by water and air. <as we have seen> Modern coal mining operations like
this one, work hard to prevent pollution.

2:
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But in the past, coal mines were not as careful to prevent pollution from pyrite. That’s
why we have things like our polluted stream.

Transition
2:
Ok, so now we need to go faster. Let’s speed things up about 100 thousand times so we
can watch what happens over years.

Years
1:
Once pollution is released, it can move quickly in streams, lakes, oceans….. or slowly in
water underground.

2:
True! This red plume of pollution takes years to move through the ground. Even though
it moves slowly, sometimes it can be a big problem because it’s hard to see where the pollution is.

Thousand years

1:
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If we don’t dig up the pyrite, it gets uncovered slowly through the natural break down of
rocks. That takes 1000’s of years to happen, so we need to speed things up again to actually see
it.

Spin clocks, fade into rock

1:
Over thousands of years rocks breakdown naturally. We call this weathering.

2:
Weathering starts at the surface and works towards the inside. Over time the core of
original rock is getting smaller and smaller. Though you don’t see it here, pyrite minerals slowly
breakdown with the rest of the rock.

100 Thousand years
1:
We just saw how one rock breaks down. Over time weathering combines with erosion to
drastically change whole landscapes.

2:
But this happens ever slower still.

Though this landscape seems unchanging, when we speed things up, we see that things
really ARE changing as weathering and erosion carves into land.
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transition
1:
Let’s take a closer look, now.

2:
Good idea, that way we can learn where coal and pyrite come from in the first place.

1:
But we’ll also speed things up AGAIN, because it takes millions of years for this to
happen.

Millions of years
1:
Coal formation takes millions of years. Here we see a swamp where plants live and
die… building up layers and layers of dead plant material. Over millions of years, drastic
changes to the earth’s surface can cause the swamp to get flooded and buried.
(pause)
2:
Once it’s buried, the dead plant material gets heated and squeezed changing it into coal.
And often pyrite is formed right along with the coal.

100’s of millions of years
1:
We’ve reached the other end of our story. By speeding things up another 100 times, we
can watch the entire surface of the Earth change.
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2:
Over 100’s of millions of years, the Earth’s surface, which to you or me appears stable…
changes dramatically. Watch how the continents evolve over time.
(pause)
1:
This is what we call plate tectonics and it is <ultimately> responsible for the shape of the
world you see around you.

Zoom back to …
2:
We have completed our journey through time. As we move back to normal time, we are
reminded of all the things that happen too slowly to notice.

1:
Hmmm….100’s of millions of years.
Movement of the earth’s plates

2:
Millions of years
Formation of coal beds

1:
100 of thousands of years
The carving of landscapes
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2:
Thousands of years
Weathering of rocks

1:
Years
Pollution moving through the ground.

2:
Minutes
Human changes to the landscape

Stream shot
1:
What seemed like a simple stream, we now know is much more complex. It is a result of
many things. Some too fast to see…

2.
Others too slow to notice

But each one of them critical to understanding complex environmental problems like our
polluted stream.

VITA
TIMOTHY B. FISCHER
Education:
Ph.D. Geosciences/Biogeochemistry, Pennsylvania State University
May, 2011
Dissertation title:
Structural transformations of birnessite (δ-MnO2) during
biological and abiological reduction
B.S. Geology cum laude, University of Arizona
2005
B.A. History Northwestern University
1997
Selected Publications and Conference Abstracts:
Fischer, T.B., Heaney, P.J., Post, J.E., Brantley, S.L. and Tien, M. (2009) Using Time-Resolved
Synchrotron XRD and XAS to Analyze Mn Oxide Dissolution in Response to Biotic and
Abiotic Stimuli. 19th Annual Goldschmidt Conference, Davos, Switzerland.
Fischer, T.B., Heaney, P.J., Jang, J.-H., Ross, D.E., Brantley, S.L., Post, J.E. and Tien, M. (2008)
Continuous time-resolved X-ray diffraction of the biocatalyzed reduction of Mn oxide.
American Mineralogist, 93, 1929-1932.
Fischer, T.B., Heaney, P.J., Brantley, S.L., Post, J.E. and Tien, M. (2008) Continuous TimeResolved X-Ray Diffraction of the Biological Reduction of Mn Oxides and Secondary
Phase Precipitation. Geological Society of America Joint Annual Meeting, Houston, TX.
Heaney, P.J., Post, J.E., Fischer, T.B., Hummer, D.R., Lopano, C.L. and Wall, A.J. (2008)
Applications of time-resolved synchrotron X-ray diffraction to cation exchange, crystal
growth and biomineralization reactions. Mineralogical Magazine, 72, 179-184.
Fischer, T.B., Heaney, P.J., Brantley, S.L. and Tien, M. (2007) The kinetics of biologicallymediated mineral oxide reduction and biomineralization using time-resolved X-ray
diffraction. 17th Annual Goldschmidt Conference, Cologne, Germany.
Selected Honors and Awards:
Peter Deines Memorial Lecturer
Geological Society of America Graduate Research Grant
American Federation of Mineralogical Societies Grant
P.D. Krynine Memorial Fund Grant, Pennsylvania State University
Penn State/NASA Space Grant Graduate Research Fellowship,

2011
2009
2008
2007
2006-2008

Synergistic and Outreach Activities:
Co-producer/co-scriptwriter of “Slices of Time”, an interactive 4-D movie focusing on timescales of environmental geochemistry (for a story see: http://live.psu.edu/story/36339).
Served on Environmental Chemistry Student Symposium organizational board (2005-2008).
Graduate Student Association representative for Geosciences Department (2005-2009).
Teaching Experience:
1/09-5/09: Teaching Assistant, Transmission Electron Microscopy (MATSE 511B), Penn State
University
1/08-5/08: Teaching Assistant, Physical Geology (GEOSC 020), Penn State University
8/07-12/07: Teaching Assistant, Earth Materials (GEOSC 201), Penn State University
8/05-12/04: Undergraduate Preceptor, Petrology, University of Arizona

