American Mineralogist, Volume 91, pages 489-502, 2006

Structural model for the biogenic Mn oxide produced by Pseudomonas putida
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ABSTRACT

X-ray diffraction (XRD) and Mn K-edge extended X-ray absorption fine structure (EXAFS) spec-
troscopy were combined to elaborate a structural model for phyllomanganates (layer-type Mn oxides)
lacking 3D ordering (turbostratic stacking). These techniques were applied to a sample produced
by a common soil and freshwater bacterium (Pseudomonas putida), and to two synthetic analogs,
8-MnO, and acid birnessite, obtained by the reduction of potassium permanganate with MnCl, and
HCI, respectively. To interpret the diffraction and spectroscopic data, we applied an XRD simulation
technique utilized previously for well-crystallized birnessite varieties, complementing this approach
with single-scattering-path simulations of the Mn K-edge EXAFS spectra. Our structural analyses
revealed that all three Mn oxides have an hexagonal layer symmetry with layers comprising edge-
sharing Mn*Og octahedra and cation vacancies, but no layer Mn**Oy octahedra. The proportion of
cation vacancies in the layers ranged from 6 to 17%, these vacancies being charge-compensated in the
interlayer by protons, alkali metals, and Mn atoms, in amounts that vary with the phyllomanganate
species and synthesis medium. Both vacancies and interlayer Mn were most abundant in the biogenic
oxide. The diffracting crystallites contained three to six randomly stacked layers and have coherent
scattering domains of 19-42 A in the ¢* direction, and of 60-85 A in the a-b plane. Thus, the Mn
oxides investigated here are nanoparticles that bear significant permanent structural charge resulting

from cation layer vacancies and variable surface charge from unsaturated O atoms at layer edges.
Keywords: Geomicrobiology, Pseudomonas putida, Mn oxide, XAS, biogenic Mn oxide, XRD

data, crystal structure, new minerals

INTRODUCTION

Manganese 2+ oxidation occurs primarily through biological
mediation in the oxic and oxic/anoxic transition zone of aqueous
environments (Tipping et al. 1984; Nealson et al. 1988; Tebo
1991; Ghiorse and Ehrlich 1992; Bartlett and James 1993; Wehrli
etal. 1995; Tebo et al. 1997; Harvey and Fuller 1998; Tebo and
He 1999; Marble et al. 1999; Morgan 2000; Kay et al. 2001).
The oxidation products are mainly insoluble Mn** oxides of the
birnessite family (i.e., hydrous phyllomanganates) comprising
edge-sharing MnOg octahedra with high negative permanent
structural charge, due principally to vacant cation layer sites,
and correspondingly high cation sorption capacities (Chukhrov
et al. 1985; Strobel et al. 1987; Drits et al. 1997 Silvester et al.
1997; Lanson et al. 2000; Bilinski et al. 2002). Todorokite, a Mn
oxide with tunnel structure, has also been found associated with
birnessites in natural settings, but, since the latter are believed
to be precursors to formation of the former (Golden et al. 1987;
Shen et al. 1993; Tian et al. 1997; Ching et al. 1999; Luo et
al. 1999; Feng et al. 2001), todorokite is probably not a direct
product of microbial oxidation.

Natural Mn oxides often are poorly crystalline solids (Tipping
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etal. 1984; Friedl et al. 1997; McKeown and Post 2001 ; Bilinski
et al. 2002; Manceau et al. 2003, 2004), and few structural inves-
tigations of them have been performed (Chukhrov et al. 1985,
1989; Manceau et al. 1992; Gorshkov et al. 1992). Mineralogical
techniques that rely on the presence of long-range order, such as
X-ray and electron diffraction, have been applied mainly to syn-
thetic analogs of natural birnessites, most often with an enhanced
three-dimensional (3D) ordering (Holland and Walker 1996; Drits
etal. 1997; Silvester et al. 1997; Lanson et al. 2000, 2002a; Post et
al. 2002; Jurgensen et al. 2004). These techniques have revealed
the presence of two layer symmetries, orthogonal (a > bV/3) as
in triclinic Na-bearing birnessite (Lanson et al. 2002), hereafter
referred to as NaBi, and hexagonal (a = bV3) as in H-bearing
birnessite (Lanson et al. 2000), hereafter referred to as HBI,
depending on the predominant origin of the layer charge (Mn**
for Mn** substitution, or vacant Mn** sites within the octahedral
sheet, respectively). HBi is formed under acidic pH conditions
(Silvester et al. 1997). It has the hexagonal unit-cell parameters a
=4940 A, b=aN3=2.852 A, c=7.235A, 0.= B =y=90°, with
0.833 Mn ions and 0.167 cation vacancies per layer octahedron,
and 0.167 interlayer Mn?*** jons located above or below layer
vacancies in a triple-corner sharing configuration. The vacancies
are long-range ordered, in that they appear in every third row of
Mn cations along [100], with half of the Mn sites along these rows
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being vacant (Drits et al. 1997). Water molecules associated with
interlayer Mn cations provide for strong hydrogen bonds between
the layers (Lanson et al. 2000).

Villalobos et al. (2003) characterized a set of analogs of
natural birnessites showing a limited 3D ordering, including a
biogenic Mn oxide produced in culture by a common soil and
freshwater bacterium, Pseudomonas putida. Based on compari-
son of their layer symmetry, Mn oxidation numbers, and other
physicochemical properties, all of the Mn oxides investigated
appeared to be more structurally related to hexagonal HBi than
to the triclinic NaBi variety. Also, the biogenic Mn oxide was
concluded to have reactive and structural properties intermediate
between those of the synthetic e-disordered phyllomanganates -
MnO,and acid birnessite, which are formed through the reduction
of permanganate with MnCl, or HCI, respectively. More recently,
Jurgensen et al. (2004) studied the structure of the Mn oxide
produced by another bacterium species (Leptothrix discophora)
by X-ray absorption fine structure (XAFS) spectroscopy and X-
ray diffraction (XRD). They found that this compound consists
of single octahedral-layer microcrystals composed of Mn*,
Mn*, and Mn** similarly to triclinic NaBi. They also identified
the possible location of some Mn octahedra in corner-sharing
configuration with those from the layer plane, as in HBi.

The birnessite samples previously studied by Villalobos et al.
(2003) appear to have simple layer structures made up almost
entirely of Mn* octahedra, their complexity arising from the
presence of layer vacancies and lack of 3D ordering. In the pres-
ent paper, we extend our previous work with a detailed structural
investigation of the same samples using quantitative XRD and
extended XAFS (EXAFS) spectroscopy. To interpret the XRD
data, we applied a simulation technique utilized previously for
birnessites with an enhanced 3D ordering (Manceau et al. 1997;
Drits et al. 1998a; Lanson et al. 2000, 2002a, 2002b), comple-
menting this approach with single-scattering-path analyses of
Mn K-edge EXAFS spectra.

EXPERIMENTAL METHODS

Synthesis and characterization of Mn oxide samples

The biogenic Mn oxide and its two synthetic analogs were prepared using
methods described in Villalobos et al. (2003). Briefly, the biogenic Mn oxide was
produced in cultures of Pseudomonas putida strain MnB1 provided by Dr. B.M.
Tebo (Scripps Institution of Oceanography). Bacteria were grown at 27 °C to the
stationary phase of growth in a liquid suspension rich in nutrients and in the pres-
ence (or absence, for a cell control sample) of total [Mn*] = 1.0 mM. A sample of
the biogenic oxide was cleaned of organic material by gradual iterative oxidation
using 0.2% NaOCl reagent, taking care not to oxidize Mn** or Mn** in the sample.
8-MnO, was prepared using a “redox” method with stoichiometric amounts of
KMnO, and MnCl, reagents (Catts and Langmuir 1986; Mandernack et al. 1995;
Luo and Suib 1997; Luo et al. 2000). Physicochemical characterization of the
sample (Villalobos et al. 2003) indicated a composition exclusively of Mn** and
a highly pH-dependent cation sorption capacity. Acid birnessite was prepared by
reducing KMnO, with concentrated HCI at boiling temperature (McKenzie 1971).
The solids were oven-dried overnight at 70 °C, except for acid birnessite, which
was freeze-dried, and a sample of uncleaned biogenic oxide, which was washed,
centrifuged, and left as a wet paste for in-situ EXAFS spectroscopy.

Thermogravimetric analyses (TGA) were performed to determine the water
content on ca. 20 mg of the dried samples except for the uncleaned biogenic
oxide. The weight loss was measured by heating the samples on a Pt tray from
room temperature to ca. 250 °C at a rate of 10 °C/min (SDT 2960 apparatus from
TA Instruments). Alumina powder was used as reference material for weight loss
calibrations. Two peaks were obtained in plots of weight/temperature differentials
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vs. temperature for all samples. They were decomposed using Galactic Grams 32
(vol. 6) software to determine the fractions of loosely bound (removed at <80 °C)
and strongly sorbed water (released between 80-250 °C—H,O content in Table 1),
but excluding structural water bound to interlayer Mn cations. Duplicate analyses
per sample were performed, and the results obtained were used to constrain the
water contents in the XRD simulations.

X-ray diffraction

Dry samples were crushed in an agate mortar, and powder XRD patterns (CuKo.
radiation, L = 1.5418 A) were collected with a Bruker D5000 powder diffractometer
equipped with a Kevex Si(Li) solid-state detector. Intensities were measured at
0.04 °20 intervals with 40 s counting time per step.

Simulations of XRD patterns were performed following the trial-and-error
procedure developed by Drits and Tchoubar (1990), and applied previously to
both natural and synthetic birnessites (Chukhrov et al. 1985; Manceau et al. 1997,
Drits et al. 1998a; Lanson et al. 2000, 2002a, 2002b). Details on the programs
used to simulate XRD patterns and on the fitting procedure are given by Drits and
Tchoubar (1990), Drits et al. (1998a), and Plangon (2002). As the main features
of XRD profiles recorded for the three samples resemble those reported by Drits
et al. (1997) for turbostratic birnessite, the experimental patterns were divided for
the simulations in two angular domains containing different families of reflections.
In the low-angle region (5-30 °26 CuKo.—d-spacing >10 to 3.0 A), 001 reflec-
tions were calculated to assess the validity of the lamellar structure proposed by
Villalobos et al. (2003) for the synthetic oxides. In addition, the simulation of 00/
reflections allowed quantification of the extent of coherent scattering domains
(CSDs) along the axis perpendicular to the a-b plane (c¢* axis) using a lognormal
distribution of CSD sizes parameterized by an average number of layers (N ,, Drits
etal. 1998b). In the high-angle range (32-75 °26 CuKo.—d-spacing 2.80-1.27 A),
the 207,11/ and the 02/, 31/ reflections (Miller indexing based on a C-centered unit
cell) were calculated to determine the structure of both the octahedral layer and
the interlayer region (atomic coordinates and occupancies of the different sites).
CSDs in the a-b plane were assumed to have a disk-like shape whose average
radius was constrained by fitting the first of the two high-angle maxima. For all
samples, the background was assumed to decrease linearly over the angular range
considered. The average Mn oxidation number along with the alkali metal and
structural water content of the samples were used to constrain initial assumptions
about the stoichiometry of interlayer species in the simulations. Quality of fit was
assessed over the 34-75 °26 CuKo. range assuming the commonly employed Ry,
factor, and comparing it to the statistical error associated with measured intensities
(Rgyp) (Howard and Preston 1989).

EXAFS spectroscopy

Manganese K-edge EXAFS spectra were measured at room temperature on
wiggler beamline 4-3 at the Stanford Synchrotron Radiation Laboratory in transmis-
sion mode. A Si(220) crystal pair was used to create monochromatic X-rays and
a Pt-coated mirror was used to reject harmonic X-rays. A 1 mm vertical entrance
slit located 17.2 m from the source was used to improve the energy resolution by
reducing the beam divergence on the monochromator. Dry Mn oxide samples were
mixed with LiCO; [Mn oxide:LiCO; (w/w) = 1:10], to ensure an absorbance of
the edge jump of 1 to 1.5, then mounted on 1 mm thick Teflon holders in 25 x 3
mm slots. Raw biogenic oxide with cellular material was centrifuged and mounted
directly as wet paste into these holders. Samples were held in place with Kapton tape
X-ray windows. Spectra were acquired over the energy range 6400 to 7400 eV, with
typically two to three runs per sample performed, each run taking approximately 30
min. Either a permanganate solid (Mn’*) (absorption edge jump at 6543 eV set at the
maximum of the first derivative of the edge), or a Mn metal foil (absorption edge
jump at 6539 eV) were used to calibrate the monochromator before every sample

TABLE 1. Physicochemical properties of the Mn oxides investigated

Mn oxide H,O content Average Structural
(Yow/w) Mn oxidation Alc*/Mnyg
(£0.02) number (mol%)t
(£0.02)t
BiogenicF 10.0 3.90+0.05 (pH 8.1) 16.7£0.3
Acid Birnessite 7.5 3.96 (pH 5.6) 20.4+£0.8
4-MnO, 15.8 4.02 (pH 8.1) 25.3+ 0.1

* Alc refers to the alkaline counterion, which is K* for acid birnessite and Na*
for the others.

1 From Villalobos et al. (2003).

$From Pseudomonas putida.
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run. No beam-induced changes in Mn oxidation state were observed.

The EXAFS data analysis was performed in the single-scattering approximation
using homemade software for data normalization and Fourier transformation, and
WinXAS (Ressler 1998) for spectral simulations. Fourier transformations were
done on the entire k¥ (k) curves shown in the Results section with a Kaiser-Bessel
window (T = 3). Transformation from reciprocal (k) to real (R) space produces
radial structure functions (RSFs) with peaks corresponding to average absorber-
backscatterer distances, but deviating from the true R distance by AR due to a
phase shift. Spectral simulations were performed on Fourier-filtered data using
Mn-O and Mn-Mn phase shift and amplitude functions calculated with FEFF v.
7 (Zabinsky et al. 1995) for the A-MnO, reference (Thackeray et al. 1993). The
Mn-O and Mn-Mn FEFF files were tested on the spectrum of the reference, and
good agreement was found between EXAFS and crystallographic values. AE, the
difference between the experimental (taken to be the half-edge jump point) and
theoretical origins for the energy scale (E), was treated as a single adjustable param-
eter for all sets of backscattering atoms, and S3, the amplitude reduction factor, was
calibrated using A-MnO,. Since the EXAFS analysis in the present work is limited
to single-scattering-path calculations, any interpretation of long distance Mn-Mn
pairs shells (R + AR > 3.5 A), which requires full multiple-scattering calculations,
is semi-quantitative. Below this distance, multiple scattering (MS) contributions
are negligible (see Fig. 15 of Manceau et al. 1998).

RESULTS AND DISCUSSION

XRD patterns

Figure 1 shows a maximum of four major XRD peaks for the
Mn oxide samples studied, whose positions and relative intensi-
ties closely resemble those reported by Drits et al. (1997) for
turbostratic birnessite. From this positive comparison it is pos-
sible to hypothesize that the two peaks occurring at ~7.3-8.0 and
3.6-3.8 A correspond to 001 and 002 basal reflections, although
they do not strictly define a rational series. In addition, these
reflections are significantly shifted as compared to the positions
of 00/ reflections commonly reported for birnessite samples. The
two peaks observed at higher angles (2.42-2.44 and 1.41-1.42
A) likely correspond to 20,11 and 02,31 bands, respectively,
choosing a C-centered layer cell. The ratio of the d values of
the two bands (1.720-1.725) is close to the 1.732 = V3 value
expected for layers having a hexagonal symmetry. These bands
do not show significant modulations of the hkl reflections, and
instead exhibit a strong asymmetry on their high-angle side.

7.3A

Acid birnessite

Diffracted intensity (a.u.)

Biogenic oxide

Cell material

5 10

15 20

25 30 35 40 45 50 55 60 65 70 75 80
Position (°26 CuKa)
FIGURE 1. Experimental XRD patterns of the Mn oxide samples.
(a) acid birnessite, (b) 8-MnO,, (c) biogenic oxide with cell material,
(d) cell material without the biogenic oxide.

This profile shape is characteristic of lamellar compounds with
a turbostratic stacking, i.e., lacking well-defined displacement/
rotation between successive layers (Brindley 1980). A broad
“hump” is however visible at ca. 50-55 °26 CuKo:. for all three
samples (Fig. 1). In comparison to the acid birnessite (Fig. 1a),
the first two maxima at ~8 and 3.8 A for 0-MnO, are broadened
(Fig. 1b), and also significantly shifted relative to their ideal
positions for a «7 A» lamellar compound. The broadening of
the basal reflections of 8-MnQO, extends to the 20,11 and 02,31
bands, and the broad “hump” between 50 and 55 °20 CuKo. has
a different shape from that of the acid birnessite pattern. The
two low-angle maxima of the pattern for the biogenic oxide
are at ~7.6 and 3.8 A, and have a shape intermediate between
those of the two previous samples (Fig. 1¢). The biogenic oxide
pattern exhibits an additional shoulder on the low-angle side of
the 3.8 A maximum. This shoulder arises from the contribution
of dead cells to the diffracted intensity, as shown on the XRD
pattern from the bacteria alone (Fig. 1d). The admixture of
bacterial cells does not modify significantly the pattern from
the biogenic oxide component in the high-angle region. The
two 20,11 and 02,31 bands are still observed for the biogenic
oxide, but the high-angle tail of the former is less pronounced
than in the two other samples, and the hump is slightly shifted
to higher 26 values.

Simulations of the low-angle region (5-30 °26 CuKa)

One objective of these simulations was to verify if the ob-
served non-rationality and the significant positional shift of the
two diffraction maxima observed in this low-angle range was
related to the small dimensions of the CSDs along the ¢* direction
as described by Drits and Tchoubar (1990) for layer silicates.
Calculations were performed assuming a lamellar structure for all
three oxides considered. Elementary birnessite layers consist of
the sheet of Mn octahedra itself, which possibly contains vacant
layer sites, and of associated interlayer species, which include
interlayer Mn and alkali cations, and coordinated H,O molecules
(see Eq. 1 below). Atomic coordinates along the ¢* direction were
equal to those determined from the analysis of 4k bands. Upon
fixing these values, the amplitude, width, and position of the
experimental diffraction peaks in this region essentially depend
on the size of the CSDs along ¢* and, therefore, on the number
of layers in the diffracting crystallites.

Although the fits to the experimental data are not perfect, the
main features of the diffraction patterns were fairly reproduced
by the simulations (Fig. 2). In particular, for all three samples the
calculated positions, widths, and relative intensities were similar
to the experimental data, thus providing strong support for the as-
sumed lamellar structure of the unknowns (Villalobos et al. 2003).
For the biogenic sample, the scattering from dead bacterial cells
was not included in the calculation and, hence, only the high-angle
contribution of the 002 peak was reproduced. The average sizes of
the CSDs estimated from the models equal 2.6 layers (~1.9 nm)
for 3-MnQ,, 2.8 layers (~2.0 nm) for the biogenic oxide, and 5.8
layers (~4.2 nm) for the acid birnessite (Table 2).

Simulations of the high-angle region (>30 °260 CuKa)

The successful simulation of the low-angle peaks supports
our indexing of the high-angle reflections as 20,11 and 02,31
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bands. As compared to equivalent reflections for hydrous layer
silicates (Manceau et al. 2000a, 2000b), the profiles of the 20,11
reflections are modulated and their shapes are different from one
sample to another, indicating a variation of the structure factors,
and hence of the sample structures. As will be shown below,
these modulations can be used to determine both the layer and
interlayer structures of the phyllomanganate samples despite the
absence of any 3D ordering.
For all simulations the generic structural formula,

H,(Na,K),H,O.Mni;**[Mn{*, [1]O, ey

was assumed, where interlayer species are written to the left
of the square brackets and tc refers to interlayer Mn in triple
corner-sharing positions above or below cation vacancies ((J) in
the layer (enclosed in square brackets, except for the O atoms).
The stoichiometric coefficients were calculated from the average
Mn oxidation number and the alkali metal content determined
previously (Villalobos et al. 2003), and from the water content
determined by TGA (Table 1). Parameters refined in the XRD
simulations include the unit-cell dimensions in the a-b plane,
from the position of the two high-angle maxima, and the amount
of vacant layer sites, the amount and position of interlayer Mn
cations, the positions of interlayer alkali cations and of associ-
ated H,O molecules, and the size of the CSDs in the a-b plane.
All sample spectra were simulated assuming a hexagonal layer
symmetry and choosing a C-centered unit cell with parameters b
=2.838 A,a=bV3=4916A, Y=90°, and a basal d(001) distance
of 7.20 A. No parameters were used to define the layer-stack-
ing mode, as layer stacking is random with Wy, the occurrence
probability of random displacement/rotation between adjacent
layers, being equal to 100%. Optimal parameters obtained from
the simulations shown in Figure 3 are listed in Tables 2 and 3,
and selected interatomic distances are reported in Table 4.

Acid birnessite a

Diffracted intensity (a.u.)

c

5 10 15 20 25 30 35
Position (°26 CuKo)

FIGURE 2. Comparison between experimental (plus sign symbols)
and calculated (solid line) XRD patterns for the various Mn oxide
samples. Structural parameters used for calculations are listed in Tables
2 and 3. Calculations are limited to the 00/ reflections occurring below
35 °20 CuKo. (a) acid birnessite, (b) 8-MnO,, (¢) biogenic oxide with
cell material. The lower gray trace in ¢ is the experimental XRD pattern
for cell material without the biogenic oxide.
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8-MnQO,. Since the average Mn oxidation number measured
for this oxide is 4.0 (Table 1), the layer charge deficit was as-
sumed to arise only from vacant layer sites. The optimal model
had 6% octahedral vacancies, and did not contain interlayer Mn

TABLE2.  Optimum structural parameters used for the simulation of the
three experimental X-ray diffraction profiles (cf. Figs. 2 and 3)

Atom 5-MnO, Acid birnessite Biogenic oxide

a(A) 4916 4916 4916

b (A) 2.838 2.838 2.838

d(001) (A) 7.20 7.20 7.20

Average CSD size

(along the c* axis) 2.6 5.8 2.8

Average CSD size

(in the a-b plane) 60 70 85

Notes: Optimal values were determined by trial-and-error fitting of the experi-
mental XRD patterns. a and b parameters were determined from the simulation
of the hk bands whereas the ¢ parameter was estimated from the simulation
of the 00/ reflections. Coherent scattering domain (CSD) sizes along c* are
expressed as number of layers, whereas the average radius of the CSDs in the
a-b plane is expressed in A. The latter values have been determined by fitting
the 20,11 band.

TABLE 3A. Optimum structural parameters used for the simulation of
8-MnO, X-ray diffraction profile (cf. Fig. 3a)

Atom X y [4 Occ. X y 4 Occ.
Mnjayer 0 0 0 094 - - - -

Olayer 0.333 0 1.00 1.00 -0333 0 -1.00 1.00
Mniseriayer = - - 0.00 - - - 0.00
HyOintertayer  — - - 0.00 - - - 0.00
Naierayer ~ 0.225 0 360 0.04 -0225 0 -3.60 0.04
Najeraer —0.1125 03375 3.60 0.04 -0.1125-0.3375 360 0.04
Najperayer ~ 0.1125 03375 -3.60 0.04  0.1125-0.3375-3.60 0.04
HyOhntertayer  0.225 0 360 012 -0225 0 -360 0.12
HyOintertayer =0.1125  0.3375 3.60 0.12 -0.1125-0.3375 3.60 0.12
H,Ointertayer 01125 0.3375 -3.60 0.12  0.1125 -0.3375-3.60 0.12

Notes: Optimal values were determined by trial-and-error fitting of the experi-
mental XRD patterns. x and y coordinates are expressed as fractions of the aand
b parameters, respectively. Coordinates along the c* axis, {, are expressed in A to
emphasize the thickness of layer and interlayer polyhedra. Un-refined thermal
B factors are 0.5 for Mnjye, 1.0 for Ojyer and Mnjyieriayen and 1.5 for interlayer H,O
molecules associated with Mnjyeages and 2.0 for other interlayer species (alkali
cations and H,O molecules)

TABLE 3B. Optimum structural parameters used for the simulation of
acid birnessite X-ray diffraction profile (cf. Fig. 3b)

Atom X y [4 Occ. X y [4 Occ.
Mnye 0 0 0 088 - - - -

Olayer 0333 0 1.00 100 -0.333 0 -1.00 1.00
Mnisteriager O 0 215 004 O 0 -2.15  0.04
HOier.  -0.333 0 335 012 0333 0 -335 0.12
Kinterlayer  —0.203 0 360 003 0.203 0 -3.60 0.03
Kinterlayer  —0.4167 0.125  3.60  0.03 -0.4167 -0.125 3.60 0.03
Kinterlayer 04167 0.125 -3.60 0.03 04167 -0.125 -3.60 0.03
Hy0neer. 0200 O 360 0.09 -0.200 0 -3.60 0.09
H:Oiper.  =0.100 0300 3.60 0.09 -0.100 -0.300 3.60 0.09
H,O0inter. 0.100 0300 -3.60 0.09 0.100 -0.300 -3.60 0.09

TaABLE 3¢. Optimum structural parameters used for the simulation of
the biogenic oxide X-ray diffraction profile (cf. Fig. 3c)

Atom X y C Occ. X y { Occ.
Mnge 0 0 0 0833 - - - -
Olayer 0333 0 1.00 100 -0333 O -1.00 1.00
Mninteriayer O 0 215 00833 0 0 -2.15 0.0833
HOpper. =0.333 0 335 025 0333 0 -335 0.25
Najerayer 0.225 0 360 004 -0225 O -3.60 0.04
Najperayer =0.1125 03375 360 0.04 -0.1125 -0.3375 3.60 0.04
Naierayer 0.1125 0.3375 -3.60  0.04 0.1125 -0.3375 -3.60 0.04
HOper. 0225 0 360 0.2 -0225 O -3.60 0.12
H,Oier. —0.1125 0.3375 3.60 0.12 -0.1125 -0.3375 3.60 0.12
H:Oper. 01125 0.3375 -3.60 0.12 0.1125 -0.3375 -3.60 0.12




VILLALOBOS ET AL.: STRUCTURAL MODEL FOR THE PSEUDOMONAS PUTIDA Mn OXIDE 493

(tc = 0). Accordingly, the layer charge deficit was compensated
by interlayer Na, whose fraction was constrained to be four times
the refined fraction of vacant layer sites. The amount of interlayer
H,O was assumed to be three times the amount of interlayer Na
(Post and Veblen 1990), leading to a water content (12.7%) con-
sistent with the TGA value (15.8%), although somewhat smaller.
Thus, the structural formula corresponding to the optimum fit
shown in Figure 3a (Ry, = 10.7%, Ry = 3.5%) is:

Nay 54(H,0)0.72[Mngs L6610, 2

The coordinates of Na and H,O are (0.225, 0, 1/2), and
equivalent positions (Table 3a and Fig. 4), and the distance
between water molecules and nearest layer O atoms (O, is
2.65 A, which is favorable to the formation of strong H-bonds
(Table 4).

Acid birnessite. The average Mn oxidation state of slightly
lower than 4.0 (Table 1) suggests the occurrence of Mn3* cations,
most likely above/below vacant layer sites, since the layer has
an hexagonal symmetry. Thus, the amounts and positions of
interlayer Mn were optimized during the simulations, together
with the amount of octahedral vacancies. The amount of inter-
layer H,O was linked to that of alkali cations, as for the 5-MnO,
simulation, and their positions were also optimized. The refined
structural formula, which yielded the optimum match between
the calculated scattering profile and data shown in Figure 3b (R,
=9.3%, Ruy = 2.8%), is:

Ho.06Ko,15(H20)0.5aMn755(H,0)0 24[Mn s, [ o.1210, 3

This sample has a higher amount of vacant layer sites (0.12
per octahedron) than 3-MnO,, and only two-thirds of the octa-
hedral vacancies (0.08 per octahedron) are capped on one side
by octahedrally coordinated interlayer Mn** cations (Fig. 4).
The stoichiometric coefficient of Mn** is about half that of HBi
(Lanson et al. 2000). The average Mn oxidation degree (3.92)
determined by XRD agrees fairly well with the value determined
by wet chemistry (3.96 = 0.02, Villalobos et al. 2003), which
provides confidence in the overall consistency of our structural
approach. The remaining layer charge is balanced by interlayer
K* cations and protons (0.18 and 0.06 per octahedron, respec-
tively), the alkali metal content (K/Mn = 0.19) being consistent
with the K/Mn molar ratio measured by wet chemistry (0.20 +
0.008, Villalobos et al. 2003). The amount of structural water
(9.6%) is consistent with the TGA value (7.5%, Table 1), al-
though somewhat larger. The position of the water molecules

TaBLE 4. Typical inter-atomic distances calculated from the opti-
mum atomic coordinates

Atomic pair 3-MnO, Acid birnessite Biogenic oxide
MNiyerOyer ~ 1.920 A 1.920 A 1.920 A
Mninter~Otayer - 2.00 A 2.00 A
Mnjpe-H,0 - 2.03A 2.03A
*AlCiner-Olyer ~ 2.65 A 297A 2.65A
*AlceH,0  2.838A 2.93x1/2.99%2/3.02x2 A 2.838A
HoOuner Oayer 265 A 268 A 2.65A

* Alc;, refers to the alkaline interlayer counterion, which is K* for acid birnessite
and Na* for the other samples. Inter-atomic distances from interlayer species to
Opyer are calculated with respect to a unique layer, without adjacent layer whose
actual position is unknown as a result of the turbostratic stacking.

(0.200, 0.0, 0.5—and equivalent positions; Table 3b) is close to
that determined for 3-MnO, (0.225, 0.0, 0.5), and again leads
to a short <H,0-O,,.> distance (2.68 x&) that is favorable to the
formation of strong H-bonds with O,,,... However, the assump-
tion of a common position for K* and H,O did not yield optimal
fits to the XRD pattern (R, = 10.3%). Best agreement between
calculation and experiment was obtained with K* at (-0.203, 0.0,
0.5) - and equivalent positions, which is above or below empty
tridentate cavities of the layer surface at 2.97 A from Ouyer- K
atoms are slightly shifted in the a-b plane from the center of the
cavity in the direction of the nearest Oy,ye-O),yer €dge of the Mn
layer (Fig. 4). This position is close to that refined by Gaillot et
al. (2003) (-0.229, 0.0, 0.5) for a birnessite single crystal hav-
ing 11% octahedral vacancies, of which two thirds were capped
on one side by Mn** cations. The similar layer and interlayer
structures found in the disordered birnessite synthesized at room
temperature, and in the single crystal form synthesized at 800 °C
suggest common structural principles despite the differing condi-
tions of formation of the two species.

Biogenic oxide

Asnoted above, X-ray scattering from bacterial cells does not
produce any significant modulations of the diffracted intensity
over the analyzed angular range (Fig. 1d) and, consequently,
all experimental features were interpreted as arising from the
manganate admixture. As compared to the two previous samples,
this oxide has an even lower Mn oxidation state (3.90 + 0.05,
Table 1), thus suggesting a higher content of interlayer Mn, and
possibly also of octahedral vacancies. Also, this sample has a
lower alkali/Mn ratio (0.167 + 0.003), which suggests a higher
proportion of vacant layer sites capped by interlayer Mn. Ac-
cordingly, the optimum fit to the XRD pattern of this oxide (Fig.
3¢; Ryp = 9.8%, Riw = 3.1%) was obtained for the following

30 35 40 45 50 55 60 65 70 75 80
Position (°26 CuKo)

FIGURE 3. Comparison between experimental and calculated XRD
patterns for the various Mn oxide samples. Patterns as for Figure 2.
Structural parameters used for calculations are listed in Tables 2 and
3. Calculations are performed for the 20,11 and for the 02,31 bands
(maxima at ~37 and 66 °26 CuKo., respectively). (a) 8-MnO,, (b) acid
birnessite, (¢) biogenic oxide.
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FIGURE 4. Structure model for the various Mn oxide samples. (a)
Projection on the a-b plane. The upper surface of the layer is shown as
light shaded triangles. Oy, atoms of this upper surface are shown as
solid circles, whereas Mny,,, atoms are not shown. Large open circles
represent Na* cations and H,0O molecules in 8-MnO, [(0.225, 0.0,
0.5)—Position O3]. K represents the position of interlayer K* cations in
the acid birnessite sample. Positions labeled Alt n (n = 1, 2, 3) represent
test positions to assess the sensitivity of calculated XRD patterns to the
position of interlayer species. The dashed triangle outlines the upper
surface of the M. cOordination octahedron, which is defined by
three H,O,yerayer (Small open circles). (b) Projection along the b axis.
Open and solid symbols indicate atoms at y =0 and y = £}2, respectively.
Large circles represent Oy, atoms, small circles represent Mn atoms.
The solid square represents a vacant layer site. The dashed line outlines
the Mnjyeiayer cOOrdination octahedron, which is defined by O, and
H:Ohnertayer

structural formula:
H,Nay ;5(H>0)0.4sMn7135(H,0)0.50[Mn 331y, 167102 4

The amounts of vacancies and interlayer Mn are identical
(0.167 per octahedron), and the same as in HBi (Lanson et al.
2000). However, the short <Mn-Oy,> distance (1.92 A, Table 4)
pleads for the sole presence of Mn** within the octahedral layers
in contrast to HBi. In the optimized structural model, octahedrally
coordinated interlayer Mn atoms are slightly farther from the
layer surface (z-coordinate = 2.15 A, Table 3 ¢) than in HBi (z-
coordinate =2.10 A; Lanson et al. 2000). This position results in
a <My eriayer-Oryer> distance of 2.00 A, that is significantly longer
than usual (1.98 A). This increase in distance is consistent with
the likely presence of interlayer divalent Mn cations in the bio-
genic oxide. The residual layer charge is balanced by interlayer

Na* cations (0.15 per octahedron) and protons, the amount of
which depends on the actual valency of interlayer Mn cations.
The amount of interlayer Na estimated from our XRD model is
consistent with the Na/Mn molar ratio (0.167 £ 0.003) reported
by Villalobos et al. (2003), and the amount of water bound to Na
(8.2%) is slightly smaller than the TGA value (10.0%). Finally,
the optimized atomic coordinates for Na and H,O are similar to
those obtained for 6-MnO,, leading again to meaningful <H,O-
Opyer> and <Na-Oy,> distances.

Sensitivity of calculated XRD patterns to structural
parameters. As the optimum fits to the experimental data were
obtained using a trial-and-error approach (making the assessment
of uncertainties very difficult), the actual sensitivity of the XRD
simulations to key structural parameters needs to be assessed. The
sensitivity to the position of interlayer species will be illustrated
by taking 3-MnQ, as a case study. The optimum positions of Na
and H,O [(0.225, 0.0, 0.5) and equivalent positions] are labeled
“03” in Figure 4. Placing the two interlayer species above or
below an empty layer octahedron [position (0.0, 0.0, 0.5), Alt. 1
in Fig. 4] modified the XRD profile considerably, especially the
20,11 band (Fig. 5a, Ry, = 21.9%). Even a small shift of these
“light” species from their optimum (0.225, 0.0, 0.5) position to
(0.333, 0.0, 0.5) (position Alt. 2 in Fig. 4) changed significantly
the calculated XRD profile relative to the best simulation (Fig.
5b, Ry, = 12.2%). Finally, when interlayer species are sitting
above/below the tridentate cavities [Position Alt. 3 in Fig. 4 with

Diffracted intensity (a.u.)

30 35 40 45 50 55 60 65 70 75 80
Position (°26 CuKo)

FIGURE 5. Comparison between experimental and calculated XRD
patterns for 8-MnO,. Patterns as for Figure 2. Structural parameters used
for calculations are listed in Tables 2 and 3a. Calculations are performed
for the 207,117 and for the 027,311 sets of reflections (maxima at ~37 and
66 °20 CuKa, respectively). (a) Interlayer Na* cations and H,O molecules
are located above or below layer octahedra [position (0.0, 0.0,0.5)—Alt.
1in Fig. 4] rather than in the optimum O3 position (0.225, 0.0, 0.5) (Fig.
3a). (b) Interlayer Na* cations and H,O molecules are located in (0.333,
0.0,0.5) (position Alt. 2 in Fig. 4) rather than in the optimum O3 position
(0.225,0.0,0.5). (¢) Interlayer Na* cations and H,O molecules are located
above/below the tridentate cavities at the layer surface [Position Alt. 3
in Fig. 4 with coordinates (-0.333, 0.0, 0.5)] rather than in the optimum
03 position (0.225, 0.0, 0.5).
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coordinates (-0.167, 0.0, 0.5)], the calculated 20,11 band was
broadened, and differed greatly from experimental data (Fig.
5¢, Ryp = 24.1%).

Figure 6 illustrates the sensitivity of the calculated XRD
profiles to the mean radial dimension of the CSDs in the a-b
plane, taking again 6-MnO, as an example. In Figure 6a, this
dimension has been increased from 6.0 nm, the optimum value
(Table 2), to 10.0 nm. As aresult, the 20,11 band peaks at lower
20 value. In addition, the calculated band is sharper, leading
to a poorer reproduction of the experimental profile (Ry, =
15.0%). An opposite effect is observed when the mean CSD
radial dimension is decreased from 6.0 to 3.0 nm (Fig. 6b, R,
= 11.6%). Note that the CSD size does not affect the position
of the modulation at about 45 °20 CuKc., which depends only
on the layer structure.

The sensitivity of the calculated XRD profiles to the location
and amount of interlayer Mn is illustrated next with the bio-
genic oxide (Fig. 7). Decreasing the stoichiometric coefficient
tc (Eq. 1) from its optimum 0.167 value to 0.100 modified the
shape of the high-angle “tail” of the 20,11 band in a manner
that smoothened the scattering dip at ~45°26 CuKo. rendering
the calculated hump less pronounced (Fig. 7a, Ry, = 11.3%)
relative to the optimum fit (Fig. 3c, Ry, = 9.8%). When both
the proportion of interlayer Mn and layer vacancies were de-
creased from 0.167 to 0.100, the lineshape of the 20,11 band
was broadened (Fig. 7b, Ry, = 14.6%). As expected from the
high sensitivity of the calculated XRD patterns to the position
of “light” interlayer species, demonstrated previously with Na
and H,0 in 8-MnO,, moving interlayer Mn from its optimal
position dramatically modified the 20,11 lineshape, as observed
when the 0.167 interlayer Mn atoms were located above/below

Diffracted intensity (a.u.)
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FIGURE 6. Comparison between experimental and calculated XRD
patterns for 8-MnO,. Patterns as for Figure 2. Structural parameters used
for calculations are listed in Tables 2 and 3a. Calculations are performed
for the 207,11/ and for the 027,31/ sets of reflections (maxima at ~37 and
66 °260 CuKo., respectively). (a) Mean radial dimension of the CSD in
the a-b plane is increased from the optimum 6.0 (Fig. 3a) to 10.0 nm. (b)
Mean radial dimension of the CSD in the a-b plane is decreased from
the optimum 6.0 to 3.0 nm.

the tridentate cavities (position Alt. 3 in Fig. 4; Fig. 7c, Ry, =
25.3%).

EXAFS spectra

The k*-weighted Mn K-edge EXAFS spectra collected for
the samples are shown in Figure 8a. Frequencies for all the Mn
oxides studied were similar, with differences between the samples
arising mostly in the amplitudes. These amplitude differences
are also evident in the corresponding radial structure functions
(RSFs, uncorrected for phase shifts) shown in Figure 8b. The
uncleaned biogenic oxide sample shows a somewhat distinc-
tive behavior in the 3-8 A-! interval (Fig. 8a). These effects are
probably a contribution of a relatively important Mn?* fraction
(16—19 mol%) in this sample, which is absent from the others
(Villalobos et al. 2003).

The RSFs exhibit two principal peaks at similar interatomic
distances for all samples (Fig. 8b), including the uncleaned
biogenic oxide. From a qualitative comparison with previously
reported spectra for layer type Mn oxides, it can be concluded that
these two peaks arise mainly from single-scattering photoelectron
interactions in the first Mn-O shell and in the second Mn-Mn
shell, respectively (Manceau and Combes 1988; Manceau et al.
1992; Silvester et al. 1997). Differences among the samples are
observed mostly in the peak amplitudes, particularly for the Mn-
Mn peak, and in the small feature that appears just beyond this
peak at R + AR ~3 A. This feature was used to elucidate important
structural differences between the Mn oxides using single-scat-

Diffracted intensity (a.u.)
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FIGURE 7. Comparison between experimental and calculated XRD
patterns for the biogenic oxide. Patterns as for Figure 2. Structural
parameters used for calculations are listed in Tables 2 and 3c. Calculations
are performed for the 207,11/ and for the 027,311 sets of reflections
(maxima at ~37 and 66 °20 CuKa, respectively). (a) Amounts of vacant
layer sites and of interlayer Mn cations are assumed to be 0.167 and
0.100, as compared to the optimum 0.167 and 0.167 values (Fig. 3c),
respectively. (b) Amounts of vacant layer sites and of interlayer Mn
cations are assumed to be 0.100 and 0.100, as compared to the optimum
0.167 and 0.167 values, respectively. (¢) Interlayer Mn cations are located
above/below the tridentate cavities at the layer surface [Position Alt. 3 in
Fig. 4 with coordinates (=0.333, 0.0, 0.299)] rather than in the optimum
position (0.0, 0.0, 0.299).
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FIGURE 8. (a) k*>-weighted Mn K-edge EXAFS spectra of Mn oxides

lacking 3D ordering and of H-birnessite. (b) Magnitude of the Fourier
transform (uncorrected for phase shifts).

tering ab initio FEFF simulations. Specifically, the presence of a
shoulder or a distinctive peak at R + AR ~3 A for the uncleaned
biogenic oxide may be indicative of Mn octahedra in different
configurations from the edge-sharing octahedra in the layers,
e.g., triple-corner (TC) sharing octahedra, as observed in HBi
and chalcophanite (Silvester et al. 1997), and in tectomanganates
(Manceau and Combes 1988).

The EXAFS spectrum of the clean biogenic oxide clearly
shows a modification of the shape of the second oscillation
in the 6-7 A-! interval (Fig. 8a.), which manifests itself in the
disappearance of the feature at R + AR ~3 A in real space (Fig.
8b). The new shape is very similar to that seen in the spectra and
RSFs of 8-MnO, and acid birnessite (Figs. 9, 10). In contrast, the
spectrum for the unclean biogenic sample shows a strong similar-
ity to that for HBi, especially in the region between 6 and 7 A-!
(Fig. 9c) and at R + AR ~3 A (Fig. 10c, feature C). Therefore,
qualitatively, one may conclude that the biogenic sample as it is
synthesized by the bacteria most likely contains interlayer Mn,
in similar configuration to HBi.

The peak caused by the third Mn layer shell at R + AR ~5.2 A
(Fig. 10c, feature D) is more intense than the peak of the second
Mn layer shell at R + AR ~4.5 A, although the two shells comprise
six Mn atoms. The magnification of peak D has been attributed

4 6 8 10 12 14
k(A™)

FIGURE 9. Comparison between k’-weighted Mn K-edge EXAFS
spectra of (a) the cleaned biogenic Mn oxide and 8-MnO,, (b) the
cleaned biogenic Mn oxide and acid birnessite, and (¢) the uncleaned
biogenic Mn oxide and H-birnessite. The arrow denotes the area where
the biogenic oxide and H-birnessite overlap (Manceau et al. 1997). Solid
lines represent the biogenic samples.

to a “focusing effect” between aligned cations in layer type metal
oxides (O’Day et al. 1994).

Simulations of the EXAFS spectra

6-MnQ,. This layer Mn oxide appears to have a simple
structure arising from the homogeneity of its Mn oxidation state
(Villalobos et al. 2003). The FEFF simulations of the &%y (k) data
filtered in the 1.0 < R + AR < 3.2 A interval are shown in Figure
11 and the corresponding optimized parameters are listed in
Table 5. The first two shells correspond to Mn-O and Mn-Mn
distances of 1.90 A and 2.88 A, respectively. The edge-sharing
configuration of the Mn** octahedra (six shared edges per octa-
hedron) is isostructural with that in bivalent metal hydroxides of
the brucite [Mg(OH),] group, including pyrochroite [Mn(OH),].
To reconcile the interatomic distances obtained by FEFF simula-
tion with this configuration in a crystallographic model, the Mn**
octahedra must flatten slightly. To ensure a Mn-Mn distance of
2.88 A between adjacent octahedra while keeping all Mn-O
distances equal to 1.90 A, the O-O distance along shared edges
must shorten to 2.48 A (Fig. 12, inset). The O-O distances along
the unshared edges in this configuration are effectively equal to
the interatomic Mn-Mn distance of 2.88 A.

An idealized octahedral sheet for 6-MnO, may now be
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FIGURE 10. Comparison between the magnitude and imaginary
part of the Fourier transforms (uncorrected for phase shifts) for (a) the
cleaned biogenic Mn oxide and 3-MnO,, (b) the cleaned biogenic Mn
oxide and acid birnessite, and (¢) the uncleaned biogenic Mn oxide and
H-birnessite. The letters refer to the four different shells identified. A
indicates the peak due to Mn-O1 distance, B to the Mn-Mn1 distance,
C mostly to the Mn-Mn(tc) distance, and D to the third Mn layer shell
distance. The latter was not modeled with the single scattering model
employed in the spectral simulations. The arrow denotes the area where
the biogenic oxide and H-birnessite overlap (Manceau et al. 1997).

constructed (Fig. 12) in which all Mn near neighbor distances
are determined by geometry alone. For example, a second O
shell (02) is expected at 3.45 A, and further Mn layer shells are
expected at 4.99 A (dotted lines in Fig. 12) and 5.76 A. The 02
shell at 3.45 A from Mn is within the range of influence of the
edge-sharing Mn shell (Mn1), and of the triple-corner sharing Mn
shell [Mn(tc)], when present, and, consequently, it was included
in the spectral fits for all sample spectra. However, spectral simu-
lations showed that adding the Mn-O2 electronic wave improves
the fit in the 4-6 A~ k interval, but does not modify significantly

10r

10f

Acid birnessite

10+ ¢
Cleaned biogenic |
oxide

4 6 8 10 12

FIGURE 11. Fourier-filtered experimental EXAFS spectra and FEFF
simulations of the 1.0 < R+ AR <32 A region for (a) -MnO,, (b) acid
birnessite, (¢) NaOCl-cleaned biogenic Mn oxide, according to the
parameters listed in Table 5.

Side view of structural units:

1.90 A 88 A @
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@
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R=3.45 A

FIGURE 12. Idealized hexagonal layer structure of edge-sharing
Mn*-Q, octahedra (inset at left) for 5-MnO,.
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the EXAFS parameters from the Mn1 and Mn(tc) shells because
these shells have a maximum amplitude at higher £ (Manceau
and Combes 1988; Schlegel et al. 2001).

According to the ideal hexagonal layer model of 3-MnO,,
and in the absence of configurations other than edge-sharing
octahedra, six near neighbors of Mn centers are expected for all
shells (Fig. 12). The optimized fit for the O1 shell indeed yielded
N very close to 6 (Table 5). However, the Mn1 shell fit produced
a considerably lower value of N, even when taking into account
the commonly accepted precision of 20% in this parameter. Two
factors may predominate in causing this reduction: vacant cation
sites (i.e., the absence of some Mn near neighbors per Mn center
present) and the contribution of particle-edge octahedra that have
an incomplete shell of near neighbors, a contribution that is impor-
tant because of the small size of the layers in our samples.

Based on a Mn-Mnl1 distance of 2.88 A as obtained from
analysis of the first Mn shell (Table 5), and on a layer size esti-
mate from our XRD simulations of 3-MnQO, (from the coherent
scattering domain radial dimensions, Table 2), a rough estimate
of the contribution of layer-edge octahedra may be performed:
one sheet of a square particle of dimensions 85 x 85 A? yields
a total of (85/2.88)> ~ 900 octahedra, of which 4 x (85/2.88) ~
120 occur at the edges. The latter represents 13% of the total.
Assuming smooth edges, we estimate that ca. 4 Mn near-neigh-
bors occur for every edge octahedron (Fig. 12). Thus the average
number of nearest Mn neighbors for all Mn atom centers in the
85 x 85 A2 particle is about 0.13 x4 + (1 -0.13) x 6 =5.74; i.e.,
a reduction of less than 5% from the ideal value. Therefore, the
low coordination number (28% difference) observed by EXAFS
spectral fitting must be due primarily to the presence of vacant
Mn sites. Unfortunately, the uncertainty of the predicted N value
by EXAFS is too high to render a useful quantitative estimate
of the vacancy content by this method. However, it provides a
convincing qualitative explanation for the occurrence of Mn N
values significantly lower than the theoretical value of 6.

HBi with an enhanced 3D ordering. The HBi studied by
Silvester et al. (1997) has a more complex structure than 3-MnO,
because of the presence of significant Mn?** in the layer and at
interlayer sites in TC configuration above cation vacancies. The
significant increase by 0.01 A of the Mn-Mn1 distance relative
to 8-MnO, (Table 5) is indicative of the presence of Mn** in the
layer, whereas the Mn shell at 3.49 A with an effective coordina-
tion number of 2.8 is characteristic of corner-sharing linkages
between layer and interlayer octahedra.
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FIGURE 13. Comparison between the EXAFS data of the cleaned
and uncleaned biogenic Mn oxide. (a) k’-weighted Mn K-edge EXAFS
spectra. (b) Magnitude and imaginary part of the Fourier transforms
(uncorrected for phase shifts).

Acid birnessite. As expected from the average Mn oxidation
number of 3.96 for this oxide (Villalobos et al. 2003) and from the
RSF (Fig. 8b) and XRD data, FEFF simulations gave optimized
structural parameters very similar to those for 8-MnO, (Fig.
11b, Table 5). The main difference between the two structures
lies in the larger size of the diffracting crystallites (CSD) in acid
birnessite.

Biogenic oxide. Simulation of the NaOCl-cleaned sample
of the biogenic oxide produced shells and optimized structural

TABLE 5. Optimized simulation parameters of K-edge Mn EXAFS for biogenic Mn oxide and synthetic analogs

Sample Shellst

Mn-O1 Mn-02% Mn-Mn1 Mn-Mn(tc) AE

R (A) N o’ (A2 R (A) N o’ (A?) R (A) N o’ (A?) R (A) N c” (A?)

3-MnO, 1.90 5.7 0.0042 3.49 6% 0.0167 2.88 43 0.0042 - - - 0.6
Acid birnessite 1.90 53 0.0038 3.50 6% 0.0134 2.88 4.6 0.0045 - - - 0.8
H-birnessite 191 45 0.0032 3.61 6* 0.0049 2.89 4.8 0.0051§ 3.49 2.8 0.0051§ 1.6
Biogenic (clean) 1.90 5.1 0.0035 342 6% 0.0149 2.87 29 0.0033 - - - -0.4
Biogenic (unclean) 1.91 4.8 0.0030 3.61 6% 0.0049 2.87 4.8 0.0051§ 3.49 2.8 0.0051§ 3.6
A-MnO, (standard)  1.91 6.0 0.0025 3.52 6* 0.0088 2.85 6.0 0.0028 1.5

* Fixed value in the optimization procedure.

1 5§ values used for the amplitude normalization were 0.73 for the O1 shell and 0.80 for the Mn shells. Typical uncertainty on Mn-O1, Mn-Mn1, and Mn-Mn(tc)
interatomic distances and coordination numbers are 0.02 A and + 1.5, respectively.
$ The Mn-02 shell contribution is very weak and thus a high correlation occurs between the optimized frequency and AE, resulting in a low precision of the

predicted parameters.
§ ¢ values for the Mn1 and Mn(tc) shells were floated but kept identical.
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FIGURE 14. Fourier-filtered experimental EXAFS spectra of the 1.0 <
R + AR < 3.2 A region for HBi and the uncleaned biogenic oxide (a), and
FEFF simulations according to the parameters listed in Table 5 (b-c).

parameters different from the uncleaned sample (Fig. 13), but
very similar to those of 3-MnO, and acid birnessite (Fig. 1lc;
Table 5). Figures 9c and 14a show that HBi has a higher wave
frequency than the unclean biogenic oxide, which translates in
real space to a shift to higher R + AR values of peaks B and D
(Fig. 10c). Accordingly, Table 5 shows that the Mn-Mn1 distance
is greater by 0.02 A in HBi. This is due to the presence of layer
Mn?** in the latter, and its absence in the biogenic oxide. Matching
the simulation of HBi (Fig. 14b), the prominent shoulder at ~3 A
in the RSF of the uncleaned sample (peak C in Fig. 10c) was suc-
cessfully simulated with a TC Mn shell at 3.49 A (Fig. 14c, Table
5). The oxidation state of this interlayer Mn species is different in
the biogenic oxide (Mn?*) from that in HBi (Mn**), however, the

10 -
- —— d(Mn*-0) = 1.90 A
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FIGURE 15. EXAFS contribution (a) and magnitude of the Fourier
transform (b) for a theoretical Mn oxide composed of 80% Mn** and of
20% Mn**. Despite the widely differing ¥ (k) frequencies of the Mn**-O
and Mn?**-O waves, the Fourier transform of the mixture differs from
that of a pure Mn* compound only by its amplitude.

Mn-Mn(tc) EXAFS distance is the same for both (Table 5). This
may be explained as a trade-off between the larger radius of Mn?**
compared to Mn*, and the need for Mn** to approach the layer at
a closer distance to compensate for a similar negative layer charge.
This type of behavior has been reported in chalcophanite, in which
Zn is octahedrally coordinated, but has Zn-O,,, distances charac-
teristic of a tetrahedral coordination owing to the lowering of the
Zn position in the direction of the layer (Wadsley 1955).

Additionally, note that the O1 shells of the uncleaned sample
and HBi have lower N values than the other samples (Table 5).
This difference occurs because the high proportion of low-valent
Mn in the two samples causes a higher disorder in the Mn-O
EXAFS frequency, manifested in a decrease from what would
be observed for pure Mn**-O pairs. This situation is illustrated in
Figure 15, which shows an EXAFS simulation for a hypothetical
system consisting of 80% Mn*-O and 20% Mn?**-O pairs. In such
a system, the frequency of the shorter Mn**-O pair dominates
the EXAFS spectrum (Fig. 15a) and, therefore, the RSF peak
for the composite Mn valency spectrum appears at the same
distance as that for the pure Mn* spectrum, but with a lower
amplitude (Fig. 15b).
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General discussion

Ability of the trial-and-error XRD modeling approach
to determine the structure of turbostratic compounds. The
ability of the trial-and-error approach used in the present study
to unravel the structure of defect-bearing compounds has been
amply demonstrated in recent studies of different birnessite
varieties with an enhanced 3D ordering (Manceau et al. 1997;
Drits et al. 1998a; Lanson et al. 2000, 2002a, 2002b; Gaillot
et al. 2003, 2004). Based on the above fits to the experimental
data and the subsequent sensitivity analysis, it is clear that this
trial-and-error approach can also be applied to build meaningful
structure models for extremely defective (turbostratic stack-
ing—100% of random stacking faults) layered compounds. The
symmetry and cation occupancy of the octahedral layer, and to
some extent the amounts and positions of interlayer species,
were well constrained. Specifically, it was possible to assess
the presence and the number of interlayer Mn cations associated
with vacant layer sites, and to determine their position with a
reasonable precision (e.g., Figs. 3¢ and 7). The position and, to
a lesser extent, the amount of “light” interlayer species, such as
Na* and H,0O molecules, were also obtained by this approach
(e.g., Figs. 3a and 5). The initial hypothesis of the amount of
interlayer H,O being three times the amount of interlayer alkali
cations proved to be essentially correct when compared to the
water contents determined from TGA measurements. However,
because of the contrasting affinity of K* and Na* cations for H,0,
the amount of H,O determined from XRD profile modeling is
underestimated for Na-bearing birnessite varieties (3-MnO, and
biogenic birnessite), whereas it is overestimated for K-bear-
ing birnessite (acid birnessite). Our modeling procedure also
provided estimates of the CSD sizes in the a-b plane for these
compounds (e.g., Figs. 3a and 6).

The high sensitivity of XRD profiles to the structure of highly
defective phyllomanganates contrasts with the limited sensitivity
reported previously for smectites. For example, Manceau et al.
(2000a, 2000b) used a similar modeling approach to determine
average cation occupancy in nontronite for which the layer
and interlayer structures were reasonably well known, a few
parameters being left to refine. For this purpose these authors
used the relative intensities of the 02,11 and 20,13 bands because
no modulations were observed for the two diffraction bands. In
the present study, we showed that the position and profile of the
bands of turbostratic phyllomanganates depend on the amount
and atomic coordinates of both layer and interlayer species, and
thus they can be used for structural chemistry determination.
However, similar modulations can result from the partial ordering
of the layer stacking (e.g., Ben Brahim et al. 1983, 1984; Drits
and Tchoubar 1990; Viani et al. 2002). Special attention should
thus be paid to the structural interpretation of these modula-
tions, and, in this respect, verifying the structural XRD model
with independent data from another structural technique, such
as EXAFS spectroscopy, is always warranted.

Particle size considerations. The small coherent scattering
dimensions obtained from XRD simulations provided estimates
for the size of the diffracting crystallites in the nanometer range.
The implications of this small particle size include the exposure at
the surface of a large proportion of the total structure. Therefore,
edge surface sites, which contain unsaturated singly and doubly

coordinated oxygen groups (Fig. 12), are expected to hold a
relatively high proportion of the total particle charge and thus
contribute palpably to ion sorption capacity. Other implications of
small particle size may be relevant not only to reactivity studies,
but also to structural characterization using wet-chemistry and
spectroscopic techniques, such as those employed by Villalobos
etal. (2003). For example, the molar ratio, [Mn(IV) + vacancies]/
O is no longer expected to be 0.5, as in infinitely large octahedral
layers. Small particle size in the radial direction has the potential
to create “border effects” that may influence characterization
based on spectroscopic techniques that have been calibrated
using samples having much larger particle size.

Comparisons between Mn oxides studied. Complementary
information obtained from simulations of XRD patterns and Mn
K-edge EXAFS spectra has led to more accurate determination
of the structures of the biogenic Mn oxide and its two synthetic
analogs investigated by Villalobos et al. (2003). Hexagonal
layer symmetry was established for all three Mn oxides stud-
ied, with differences occurring mainly in the number of layer
vacancies, in the cation interlayer content, and in particle size
(coherent scattering domain radial dimensions and number of
randomly stacked sheets per crystallite). The uncleaned sample
of the biogenic Mn oxide is structurally related to synthetic
HBi, including similar vacancy contents and the presence of
low-valency interlayer Mn in TC configuration. However, the
biogenic phase’s octahedral layer is composed of tetravalent Mn
only, in contrast to HBI, but in close similarity with 8-MnO,
and acid birnessite. Thus, the layer charge originates only from
the presence of vacant layer sites. Another characteristic of the
biogenic oxide is the presence of Mn** in the interlayer, whereas
HBI has essentially Mn?*, and 8-MnO, and acid birnessite have
no Mn?*. This Mn?* is most likely a remnant of unoxidized Mn?*
added to the system initially. A recent X-ray absorption study
of the oxidation product of a Leptothrix bacterium (Jurgensen
et al. 2004) detected both Mn?* and Mn**in the birnessite-like
biogenic oxide, suggesting that Mn* may be a structural
component of certain biogenic oxides. In yet another study on
biogenic oxides, Mn** was detected by Scanning Transmission
X-ray Microscopy (STXM) (Pecher et al. 2003; Toner et al.
2004), but this species was assigned an intermediate role in the
bacterial oxidation process to Mn**.
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