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Abstract

Biofilm-embedded Mn oxides exert important controls on trace metal cycling in aquatic and soil environments. The speciation and
mobility of Zn in particular has been linked to Mn oxides found in streams, wetlands, soils, and aquifers. We investigated the mecha-
nisms of Zn sorption to a biogenic Mn oxide within a biofilm produced by model soil and freshwater MnII-oxidizing bacteria Pseudo-

monas putida. The biogenic Mn oxide is a c-disordered birnessite with hexagonal layer symmetry. Zinc adsorption isotherm and Zn and
Mn K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy experiments were conducted at pH 6.9 to characterize Zn
sorption to this biogenic Mn oxide, and to determine whether the bioorganic components of the biofilm affect metal sorption properties.
The EXAFS data were analyzed by spectral fitting, principal component analysis, and linear least-squares fitting with reference spectra.
Zinc speciation was found to change as Zn loading to the biosorbent [bacterial cells, extracellular polymeric substances (EPS), and bio-
genic Mn oxide] increased. At low Zn loading (0.13 ± 0.04 mol Zn kg�1 biosorbent), Zn was sorbed to crystallographically well-defined
sites on the biogenic oxide layers in tetrahedral coordination to structural O atoms. The fit to the EXAFS spectrum was consistent with
Zn sorption above and below the MnIV vacancy sites of the oxide layers. As Zn loading increased to 0.72 ± 0.04 mol Zn kg�1 biosorbent,
Zn was also detected in octahedral coordination to these sites. Overall, our results indicate that the biofilm did not intervene in Zn sorp-
tion by the Mn-oxide because sorption to the organic material was observed only after all Mn vacancy sites were capped by Zn. The
organic functional groups present in the biofilm contributed significantly to Zn removal from solution when Zn concentrations exceeded
the sorption capacity of the biooxide. At the highest Zn loading studied, 1.50 ± 0.36 mol Zn kg�1 biosorbent, the proportion of total Zn
sorption attributed to bioorganic material was 38 mol%. The maximum Zn loading to the biogenic oxide that we observed was
4.1 mol Zn kg�1 biogenic Mn oxide, corresponding to 0.37 ± 0.02 mol Zn mol�1 Mn. This loading is in excellent agreement with previ-
ous estimates of the content of cation vacancies in the biogenic oxide. The results of this study improve our knowledge of Zn speciation in
natural systems and are consistent with those of Zn speciation in mineral soil fractions and ferromanganese nodules where the Mn oxides
present are possibly biogenic.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Microorganisms in soils, sediments, and natural waters
influence the transport and fate of trace and contaminant
metals through: (1) incorporation into biomass during
growth, (2) metal complexation by cell/spore surfaces,
extracellular polymers, and diffusible exudates (e.g., sidero-
0016-7037/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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phores), (3) alteration of chemical microenvironment (e.g.,
O2 and pH), (4) redox reactions with metal electron donors
and acceptors, and (5) mineral formation and dissolution
(Manceau and Combes, 1988; Bargar et al., 2000; Kraemer
et al., 2002; Boyanov et al., 2003; Nelson and Lion, 2003;
Wang et al., 2003; Kemner et al., 2004). The precipitation
and subsequent surface reactivity of biogenic minerals is
an expanding field of study, as these minerals are often
small reactive particles that are spatially distributed as
coatings at interfaces where biofilms form (Templeton
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et al., 2001; Wilson et al., 2001; Chan et al., 2004). Biogenic
and chemically precipitated (synthetic) Mn oxides are
known to participate in a wide variety of redox and sorp-
tion reactions with metals and metalloids (Nelson and
Lion, 2003; Tebo et al., 2004). Biofilm-embedded Mn oxi-
des have been demonstrated to control Ni, Co, and Cr cy-
cling in shallow seepage streams (Haack and Warren,
2003), and Pb sorption in Cayuga Lake, NY (Wilson
et al., 2001). The speciation and mobility of Zn in particu-
lar is linked in part to Mn oxides in soils (Manceau et al.,
2003), aquifers (Saunders et al., 1997), streams (Fuller and
Harvey, 2000), and wetlands (Olivie-Lauquet et al., 2001).

Microbial biofilms possess metal complexing functional
groups, which include carboxyl (–COOH), aldehyde
(–COH), hydroxyl (–CHOH), sulfhydryl (–SH), phosphor-
yl (–PO4H3), and amine (–NH2) groups (Sarret et al., 1998;
Madigan et al., 2000; Kelly et al., 2002). The dominant
functional groups controlling the Brønsted acidity of bacte-
rial cell surfaces are carboxyl, phosphoryl, and hydroxyl/
amine groups (Yee and Fein, 2001; Ngwenya et al.,
2003). Of these functional groups, carboxyl and phosphor-
yl groups have been deemed particularly important in met-
al complexation (Sarret et al., 1998; Seki et al., 1998; Fein
et al., 2001; Yee and Fein, 2001; Kelly et al., 2002; Ngwe-
nya et al., 2003). For example, Zn sorption to Bacillus sub-

tilis was best modeled as sorption to a combination of
carboxyl and phosphoryl groups; Zn-carboxyl species were
dominant at low pH, but the contribution of Zn-phosphor-
yl species increased as the pH approached circumneutral
values (Fein et al., 2001). Ngwenya et al. (2003) measured
Zn sorption to bacterial cells as a function of pH and found
that a two-site model (Zn-phosphoryl and Zn-carboxyl
species) greatly improved the fit to their experimental sorp-
tion data over a one-site model. Sarret et al. (1998) exam-
ined Zn sorption to fungal cell walls at pH 6 as a function
of Zn loading. Zinc was predominantly associated with
phosphoryl groups, and only at the highest Zn loading
was a small (approximately 5% of Zn sorbed) association
with carboxyl groups identified. Bacteria isolated from
Zn contaminated lake sediments and grown in the presence
of Zn exhibited Zn coordination to phosphate groups,
likely at the cell outer membrane, and organic-sulfur
groups, possibly thiol groups inside the cells (Webb et al.,
2001).

Extended X-ray absorption fine structure (EXAFS)
spectroscopy reveals the number of nearest neighbor
atoms—for example, four oxygen atoms surrounding a
Zn atom—and the distance between atoms, allowing the lo-
cal bonding environment of the element of interest to be
determined. This approach has been used extensively to
examine Zn speciation in mineral/oxide suspensions (Sil-
vester et al., 1997; Ford and Sparks, 2000; Manceau
et al., 2002a; Waychunas et al., 2002; Li et al., 2004). In
these latter studies, Zn coordination to first shell O falls
into two categories, tetrahedral and octahedral. Zinc EX-
AFS spectra collected from samples containing tetrahedral-
ly coordinated Zn exhibit four O atoms in the first shell of
nearest neighbor atoms and an interatomic distance of
approximately 1.97 Å (Sarret et al., 1998; Trainor et al.,
2000). Zinc in octahedral coordination is identified by six
O atoms in the first shell and interatomic distances of
approximately 2.07–2.11 Å (Sarret et al., 1998; Waychunas
et al., 2002).

Zinc sorption by a chemically synthesized birnessite
(layer type Mn oxide with hexagonal symmetry; Silvester
et al., 1997) was studied in detail with polarized EXAFS
spectroscopy at pH 4 (Manceau et al., 2002a). This hexag-
onal birnessite has a negative structural charge arising from
16.7% MnIV vacancy and 11.1% MnIII for MnIV substitu-
tion (Silvester et al., 1997). At low Zn loading, sorbed Zn
was detected in tetrahedral coordination to O with a Zn–
O interatomic distance of 1.97 Å (Manceau et al., 2002a).
At high Zn loading, sorbed Zn was detected in combina-
tions of tetrahedral and octahedral coordination (Manceau
et al., 2002a). At both low and high Zn loadings, Zn shared
three birnessite O atoms in a tridentate configuration at
Mn vacancy sites. Zinc sorption to manganite (c-MnOOH)
as a function of pH was also studied by Zn EXAFS spec-
troscopy (Bochatay and Persson, 2000). In the first shell,
the Zn–O interatomic distance changed from 2.04 to
1.96 Å as Zn loading increased, this shift was interpreted
as a change from octahedral to tetrahedral coordination
(Bochatay and Persson, 2000).

In the present study, the Mn oxide produced by Pseudo-

monas putida strain MnB1 was used as a model for Mn
oxides formed in aquatic and soil environments. P. putida
is a biofilm-forming bacteria that oxidizes Mn during the
stationary phase of growth (Toner et al., 2005a). In the ab-
sence of Mn, the bacterial cells and associated extracellular
polymeric substances (EPS) are effective Zn sorbing mate-
rials. (Toner et al., 2005b). Zinc sorption by the P. putida

biofilm is attributed to approximately 20 mol% Zn-carbox-
yl and 80 mol% Zn-phosphoryl complexes, suggesting that
at pH 6.9 the outer membrane of the Gram-negative cells is
an important Zn-sorbing component of the biofilm (Toner
et al., 2005b). The biogenic Mn oxide particles produced
by this culture are precipitated immediately adjacent to
the cell outer membranes and are embedded within hydrat-
ed EPS (Toner et al., 2005a). The biogenic Mn oxide, a bir-
nessite, has an average Mn oxidation number of
3.90 ± 0.05, hexagonal layer symmetry, and a structural
formula, as estimated from quantitative X-ray diffraction
and Mn K-edge EXAFS spectroscopy, of HaNa0.15
(H2O)0.45MnII,III0.167(H2O)0.50[MnIV0.833,vac0.167]O2 (Vill-
alobos et al., 2003; Villalobos et al., in press). In contrast
to the hexagonal birnessite studied by Silvester et al.
(1997) and Manceau et al. (2002a), this biogenic Mn oxide
has a layer charge that originates only from vacant layer
sites. However, the charge is balanced in both the synthetic
and biogenic birnessite species by low-valent Mn cations
(MnII and MnIII) and by protons residing in the interlayer.
An important similarity between the synthetic and biogen-
ic birnessite species is the proportion of vacancy sites
(16.7%).
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The goal of this research was to characterize Zn sorption
by a biogenic Mn oxide within a biofilm setting, and to
determine whether the presence of bacterial cells and fully
hydrated EPS (bioorganic material) affect the metal sorp-
tion properties of the Mn oxide. Zinc sorption experiments
were conducted with P. putida in the presence of biogenic
Mn oxide at pH 6.9. Zinc and Mn K-edge EXAFS spectro-
scopic data were collected for the Zn sorbed samples (EPS
embedded cells and biogenic Mn oxide) under fully hydrat-
ed conditions. Spectral fitting, principal component analy-
sis, and linear least-squares fitting of experimental EXAFS
spectra were performed to interpret the data.

2. Methods

2.1. Sorption experiment

All solutions were prepared in MQ water (MilliPore
Milli-Q, 18.2 MX cm) and sterilized by either filtration with
0.2 lm polyethersulfone (PES) membrane filters or auto-
claving. Pseudomonas putida strain MnB1 was grown in li-
quid medium for seven days at 27 �C and 150 rpm, and in
the presence of 1 · 10�3 M MnCl2 (Villalobos et al., 2003).
These growth conditions yielded a culture with approxi-
mately 0.3 g dry biosorbent and 0.07 g MnO2 L

�1 suspen-
sion. The culture contained large clusters of bacterial
cells, along with biogenic Mn oxides, embedded in EPS
(Toner et al., 2005a). The culture was cleaned of growth
media by centrifuging (in sterile 250 mL PPCO bottles,
30 min, 10200 RCF) and resuspending the culture in pH
7, 0.01 M NaCl electrolyte solution three times. The pH
of the resulting stock suspension was adjusted to pH 7.0
with additions 0.1 M NaOH and 0.1 M HCl and allowed
to equilibrate overnight. The stock suspension was diluted
gravimetrically 1:10. The resulting experimental suspension
was weighed into batch reactors (sterile 250 mL Teflon bot-
tles with Teflon coated stir bars). Additions of ZnCl2 were
made gravimetrically from a stock solution (pH 4.0, 0.01 M
Zn, filter sterilized). Zinc sorption by biomaterial was mea-
sured at nine Zn concentrations, and the resulting samples
are referred to as biomn1 through biomn9, lowest to high-
est Zn concentrations, respectively. The sorption experi-
ment was conducted independently three times. Controls
without solids, at low and high Zn concentrations, were
prepared in Teflon bottles (no measurable Zn was sorbed
by the containers). The batch reactors were placed on mag-
netic stirring platforms at room temperature (20 ± 2 �C).
The pH of the sample suspensions was monitored at least
four times daily during the experiment and maintained at
6.90 ± 0.15 by additions of 0.1 M NaOH or 0.1 M HCl.
The pH probe required approximately 10 min to equili-
brate with the suspension. The solution phase Zn concen-
tration was measured 48 h after the pH stabilized. The
samples for solution phase Zn concentration analysis were
obtained by removing an aliquot of sample suspension
while stirring the suspension vigorously. The aliquot was
filtered, acidified, and analyzed by inductively coupled
plasma-atomic emission spectrometry (ICP-AES, IRIS
Thermo Jarrell Ash). Scandium was used as an internal
instrument response standard. Calibration curves were
constructed from gravimetrically prepared dilutions of
plasma standards (VHG Labs, Manchester, NH). Linear
regressions of instrument response versus calibration stan-
dard concentrations were prepared yielding calibration
curves and 95% confidence intervals for calculated
concentrations.

The concentration of biosorbent (g dry cells L�1), in
parallel experimental suspensions in the absence of Mn,
was measured by collecting a sub-sample of the culture,
rinsing the solid material to remove the NaCl, and drying
the solid material from the suspension for greater than
24 h at 70 �C. The Mn oxide concentration (g MnO2 L

�1)
was measured by collecting a sub-sample of the experimen-
tal suspension and adding a sulfuric acid–oxalic acid solu-
tion to dissolve the Mn oxide solid (Freeman and
Chapman, 1971), followed by ICP-AES analysis of total
dissolved Mn. The final calculation of the biogenic Mn
oxide concentration was based on the difference between
the number of moles of Mn present in solution before
and after dissolution. The conversion to units of g MnO2

from molar concentration assumes the stoichiometry of
the biogenic Mn oxide to be MnO2.

The Zn removed from solution by the solid material of
the sample suspensions (q, mol Zn kg�1 biomaterial) was
quantified by the equation, q = ([Zn]0–[Zn]t)/[biosorbent],
where [Zn]0 and [Zn]t are the solution phase Zn concentra-
tions at time zero and at the sampling time (mol Zn L�1),
and [biosorbent] is the total mass (kg) of dry biomaterial
in the sample suspension per liter. After examination of
several alternative models, the Zn sorption data were mod-
eled empirically with the van Bemmelen–Freundlich equa-
tion, q = Acb where c is the equilibrium Zn concentration
in mol Zn kg�1 suspension (Sposito, 2004). The adjustable
parameters used to characterize the sorption isotherm data
are A and b. Values of b vary between 0 and 1 (Sposito,
2004). The values of A and b were calculated by lineariza-
tion of the van Bemmelen–Freundlich equation, logq =
logA + b logc, and are reported with 95% confidence
intervals.

2.2. X-ray absorption spectroscopy

Zinc and Mn K-edge EXAFS spectra of reference mate-
rials and experimental samples were collected at beamlines
4-1 and 4-3 at Stanford Synchrotron Radiation Laboratory
(SSRL). Zinc and Mn K-edge EXAFS spectra were collect-
ed using a Si(220) double crystal monochromator. The
spectra for dilute samples were measured in fluorescence
mode (using an Ar filled Lytle detector with a Cu filter),
and those for concentrated samples in transmission mode.
The monochromator energy for the Zn and Mn K-edge
measurements was calibrated by using the adsorption edge
of a Zn foil (9659 eV) and KMnO4 (6543.34 eV),
respectively.
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The solid material of the Zn-sorbed samples was collect-
ed by centrifugation. The sample pastes were stored frozen
until the time of analysis. The effect of sample freezing on
Zn speciation was not examined. The sample material was
packed into a PCTFE sample holder with Lexan windows
and the sample holder was sealed with Kapton tape. The
Lexan windows were used to prevent the Kapton tape
adhesive from reacting with MnOx species. The samples
were kept moist and stored on ice until the EXAFS spectra
were collected.

Zinc acetate, Zn phytate, Zn citrate, and Zn sorbed to
dMnO2 (Zn dMnO2) reference materials were prepared.
The organic reference materials were chosen to reflect the
anticipated functional groups presented to solution by
Gram-negative bacterial outer membranes (Fein et al.,
2001; Kelly et al., 2001) and EPS, as well as those used
for similar studies (Sarret et al., 1998). Zinc dMnO2 was
prepared as a reference material for Zn sorbed to a speci-
men MnIV oxide that has structural characteristics similar
to the biogenic Mn oxide produced by P. putida (Villalobos
et al., 2003). A summary of the conditions used to produce
the reference materials is presented in Table 1. Unlike Zn
acetate and Zn citrate, the stability constants for Zn phy-
tate were not readily available. For Zn K-edge EXAFS
spectra collection, Zn acetate, Zn phytate, and Zn citrate
complexes were added to a PCTFE sample holder with
Lexan windows as solutions, and the sample holder was
sealed with Kapton tape. The dMnO2 particles were col-
lected by vacuum filtration, and the resulting wet paste
was packed into a PCTFE sample holder with Lexan win-
dows and sealed with Kapton tape. The Zn EXAFS spec-
trum of the Zn–Mn oxide chalcophanite was used as a
reference in this study; the oxide has been characterized
elsewhere (Manceau et al., 2002a).

The Zn and Mn EXAFS experimental and reference
spectra were processed and analyzed using SixPack soft-
ware (Webb, 2005) and a home-made software for data
normalization and Fourier transformation (Villalobos
et al., in press). The v(k) spectra were k-weighted and Fou-
rier transformed (FT) without smoothing in the k range of
Table 1
Summary of Zn EXAFS reference material preparation

Zn acetate Zn phytate Zn citrate Zn dMnO2

Ligand (M) 2.0 Solubility
limita

2.0 0.09 g L�1b

Zn (M) 0.5 <0.01 0.5 7.05 · 10�5

pH 6 4 5 7
Complex1c 10% Zn[ace] — 12% ZnH2[cit] —
Complex2 90% Zn[ace]2 — 12% Zn[cit]2 —
Complex3 — 76% Zn[cit] —

Note. The dMnO2 was provided by Dr. Villalobos (National University of
Mexico), the synthesis recipe is published in Villalobos et al. (2003).
a Started with 0.1 M phytate, addition of ZnCl2 caused precipitation of

Zn phytate solid. The precipitate was removed by microfiltration and the
final concentration was not measured.
b Solids concentration, Zn:Mn molar ratio 0.068.
c MINEQL+ results.
3–12 Å�1. The real and imaginary parts of the Zn
FT[v(k)k3] were fit with phase and amplitude functions cal-
culated with FEFF6 (Rehr et al., 1992) from the crystal
structure of chalcophanite (Post and Appleman, 1988).
The quality of each fit was evaluated quantitatively with
the reduced chi square ðv2mÞ and R-factor parameters (Ra-
vel, 2000). All fitted parameters [interatomic distance, R
(Å), coordination number, N, and mean-square displace-
ment of bond length, r2 (Å2)] are presented with the esti-
mated errors from IFEFFIT calculations (Newville,
2001). The error estimates reported by the IFEFFIT fitting
routine are the diagonal elements of the covariance multi-
plied by ðv2mÞ

1=2. The atom pairs used to model the Zn EX-
AFS spectra were linked such that a single value for the
change in threshold energy, DE0 (Teo and Joy, 1981),
was obtained for each fit. In fits to both reference and
experimental spectra the amplitude reduction factor ðS2

0Þ
was set to 0.86, as determined by fitting of the EXAFS
spectrum of chalcophanite.

The Zn EXAFS data set was subjected to principal com-
ponent analysis (PCA) to aid in determining the number
and identity of the Zn species present in the Zn sorbed sam-
ples. The reader is referred to Manceau et al. (2002b) for a
detailed treatment of the use of PCA in EXAFS spectro-
scopic analysis. The number of principal components rep-
resented by the data set was determined using the
minimum of the indicator function (Malinowski, 1977).
Target transformation analyses were conducted to evaluate
the suitability of the Zn reference spectra for inclusion in
the spectral data set using the SPOIL parameter (Malinow-
ski, 1978). Values for SPOIL of less than 1.5 are considered
excellent, 1.5–3 good, 3–4.5 fair, and 4.5–6 poor (Malinow-
ski, 1978). The PCA was performed with unsmoothed,
unfiltered k3-weighted experimental spectra.

Using the component spectra identified by PCA, linear
least-squares fitting of k-weighted experimental EXAFS
spectra [v(k)k3] with the reference spectra was conducted.
In the fits, the energy was not allowed to float and the com-
ponent sum was not forced to equal 1.0. The numerical re-
sults of these linear fits are interpreted as the fractional
contribution of each reference spectrum to the experimen-
tal spectrum, and therefore, are taken to indicate the pro-
portion of each Zn species in the sample. In general, the
precision of linear fitting is approximately ±10% (Manceau
et al., 2000b; Isaure et al., 2002). However, it can be as low
as approximately ±5% when (1) the spectrum from a spe-
cies of interest has high amplitude or a distinctive feature,
(2) the dataset is of high quality and well constrained
(O�Day et al., 2004; Sarret et al., 2004; Bargar et al.,
2005). The goodness of the linear fits was assessed by the
minimization of the v2m parameter (Newville, 2001).

2.3. Synchrotron radiation X-ray diffraction

In-situ synchrotron-radiation X-ray diffraction (SR-
XRD) patterns were collected at SSRL on beam line 2-1
using a Bicron photomultipler tube detector and a
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Si(111) double crystal monochromator. The sample prep-
aration and data collection are described in detail elsewhere
(Bargar et al., 2005). The samples were analyzed as wet
pastes of constant thickness in sealed transmission cells
with Lexan windows. The wavelength used was
1.2410 ± 0.0001 Å, the focused beam dimensions were
�1 · 4 mm, and the step size was 0.04� 2h. The SR-XRD
patterns were corrected for h-dependent attenuation of
incident and scattered X-rays. The SR-XRD patterns of
the sample holder and water were subtracted from the sam-
ple patterns. To facilitate data interpretation, the observed
XRD patterns were converted to Cu-Ka radiation
(1.5418 Å wavelength) patterns and displayed as intensity
versus � 2h.

3. Results

3.1. Zn sorption experiment

The Zn sorption isotherm is displayed in Fig. 1. The Zn
loadings for each of the nine samples are displayed in Table
2. The biosorbent, consisting of bacterial cells and EPS
(bioorganic material) plus biogenic Mn oxide, adsorbed
1.50 ± 0.36 mol Zn kg�1 biosorbent at the highest Zn load-
ing (±2SD); this loading corresponds to 0.76 ± 0.13 mol
Zn mol�1 Mn. The sorption data were fit with an empirical
power law in the form of the van Bemmelen–Freundlich
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Fig. 1. Zinc sorption by biosorbent consisting of bacterial cell aggregates
and associated biogenic Mn oxide embedded in EPS at pH 6.9 and 20 �C.

Table 2
Summary of sample names and Zn loadings

Sample Replicates (mol Zn (kg biosorbent)�1) Averag
(kg bio

biomn1 0.15 0.10 0.13 0.13
biomn2 0.30 0.29 0.25 0.28
biomn3 0.74 0.71 0.71 0.72
biomn4 0.89 0.88 — 0.88
biomn5 1.08 1.07 1.13 1.07
biomn6 1.23 1.33 1.35 1.30
biomn7 1.29 1.40 1.34 1.34
biomn8 1.44 1.58 1.47 1.49
biomn9 1.29 1.64 1.55 1.50
equation with parameters A and b having values of
16:0�7:4

5:0 and 0:28� 0:03, respectively (±95% confidence
interval). A single-site Langmuir model was not appropri-
ate for the experimental data because a plot of the distribu-
tion coefficient (Kd, m

3 solution kg�1 sorbent) versus the
loading (q, mol solute kg�1 sorbent) was nonlinear (Sposi-
to, 2004). A two-term Langmuir model was then examined,
but rejected because Kd did not appear to approach zero at
a finite value of q (Sposito, 2004).

3.2. Zn EXAFS spectroscopy

Zinc K-edge EXAFS spectra were collected from all Zn
sorbed samples listed in Table 2, except biomn2 and
biomn8. Spectra collected for samples biomn1, biomn3,
and Zn dMnO2 are presented and compared to that of
chalcophanite in Fig. 2. The two spectra from biogenic
samples are right shifted relative to that of chalcophanite,
indicating shorter average interatomic distances; this shift
is Zn loading-dependent and is greater for the spectra col-
lected from sample biomn1 than biomn3 (Figs. 2A and B).
A similar spectral evolution with Zn loading has been ob-
served previously in spectra collected for Zn sorbed birnes-
site samples, and was shown to arise from a change from
tetrahedral coordination to a combination of tetrahedral
and octahedral coordination (Manceau et al., 2002a). The
spectrum collected from chalcophanite is shifted to lower
k-values relative to that of Zn dMnO2; however, the phase
of the spectrum from Zn dMnO2 is more similar to that of
chalcophanite than either biomn1 or biomn3 (Fig. 2C).

The Fourier transforms (FTs) of spectra from samples
biomn1, biomn3, and reference material Zn dMnO2 are
presented and compared to that of chalcophanite in
Fig. 3. The structure of chalcophanite has been described
previously by XRD (Post and Appleman, 1988) and EX-
AFS spectroscopy (Manceau et al., 2002a). The most in-
tense FT peaks derived from the chalcophanite EXAFS
data are produced by Zn–O1 in the first shell, Zn–Mn1
in the second shell, and Zn–Mn2 in the third shell
(Fig. 3A); biomn1, biomn3, and Zn dMnO2 share this gen-
eral three-peak character. As suggested by the EXAFS
spectra, the average first shell interatomic distances in the
chalcophanite structure are greater than those of biomn1,
e (mol Zn
sorbent)�1)

2SD (mol Zn
(kg biosorbent)�1)

EXAFS collected
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Fig. 2. Comparison of Zn EXAFS data collected for samples biomn1 and
biomn3 and reference Zn dMnO2 to that of chalcophanite. At low Zn
loading to biosorbent (bacterial cell aggregates and associated biogenic
Mn oxide embedded in EPS) (A) the spectra are out of phase. As Zn
loading to the biosorbent increases (B), the sample spectrum shifts toward
the chalcophanite spectrum at lower k values. (C) Zinc sorbed to the
synthetic Mn oxide dMnO2 is more in phase with chalcophanite than are
the biogenic samples, but differs in amplitude and shape particularly at
higher k values.
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chalcophanite. (A) The chalcophanite structure produces three peaks, first
shell Zn–O1, second shell Zn–Mn1, and third shell Zn–Mn2. The first shell
peak in data from sample biomn1 (A), sample biomn3 (B), and reference
Zn dMnO2 (C) are shifted to shorter average interatomic distances relative
to chalcophanite. The second Zn–Mn1 peak in the data for sample biomn3
and reference Zn dMnO2 exhibit peak asymmetry and marked decrease in
amplitude.
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biomn3, and Zn dMnO2, with Zn dMnO2 most closely
resembling the average interatomic spacing in the chal-
cophanite structure (Fig. 3C). Relative to the data collected
for sample biomn1 and reference material chalcophanite,
the second shell of biomn3 and Zn dMnO2 exhibit peak
asymmetry and reduction in amplitude, perhaps indicating
the presence of overlapping subshells.

Chalcophanite, ZnMn3O7 Æ 3H2O, is a Zn–Mn oxide
with a layer-type structure. It is composed of layers of
edge-sharing MnIV–O octahedra with one in seven octahe-
dral vacancies (Post and Appleman, 1988). These structural
Mn vacancies are capped above and below by ZnII in octa-
hedral coordination to three O atoms of the Mn vacancy
and three O atoms through waters of hydration (Fig. 4).
The chalcophanite structure, as provided by XRD analysis,
has two Zn–Mn1 subshells—3 Mn atoms at 3.486 Å and 3
Mn atoms at 3.498 Å (Post and Appleman, 1988). These



Fig. 4. Polyhedral representation of a single layer of chalcophanite (top)
and Zn tetrahedrally coordinated (IVZn) to vacancy sites of hexagonal
birnessite.
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two subshells are not resolved by EXAFS spectroscopy.
Therefore, the second shell Zn–Mn1 contribution to the
FT data collected for chalcophanite was simulated with
6.0 ± 1.2 Mn atoms at a distance of 3.52 ± 0.02 Å; the sim-
ulation reproduces well the wave envelope, phase, and
amplitude of the data (Fig. 5A).
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Fig. 5. The second shell of chalcophanite, Zn–Mn1 (see Fig. 3A), is
simulated at R = 3.52 Å, N = 6.0, r2 = 0.007 Å2, and S2

0 ¼ 0:86 (A). A
comparison of the reverse FTs of the second shell Mn contribution for
chalcophanite and Zn dMnO2 data is displayed (B). The reverse FT ranges
for the data were 2.7–3.6 and 2.4–3.6 R + DR (Å), respectively.
The reverse FT of the second shell Zn–Mn1 contribu-
tion to the data collected for chalcophanite and Zn
dMnO2 are compared in Fig. 5B. The two waves have
a similar envelope, suggesting that they arise from the
same atomic pair. However, the Zn dMnO2 wave is
damped, likely due to greater structural disorder in the
Zn dMnO2 than in chalcophanite. In addition, the waves
are out of phase at high k values, possibly from a split
Zn–Mn1 shell in the data collected for Zn dMnO2. To
test this hypothesis we simulated the second shell of
the Zn dMnO2 data with one Zn–Mn1 shell, and then
with two Zn–Mn1 subshells (Fig. 6). A single Zn–Mn1
shell at 3.53 ± 0.02 Å (N = 6.1 ± 1.2, r2 = 0.013 Å2) did
reproduce the wave envelope, but was not able to repli-
cate the high k phase and amplitude of the wave
(Fig. 6A). Two Zn–Mn1 subshells, at 3.39 ± 0.02 Å
(N = 1.8 ± 0.4) and 3.53 ± 0.02 Å (N = 4.0 ± 0.8), better
reproduced the wave phase and amplitude at high k

(Fig. 6B, Table 3). The presence of two Zn–Mn1 sub-
shells suggests that the Zn sorbed dMnO2 reference
material has both tetrahedrally and octahedrally coordi-
nated Zn species (Manceau et al., 2002a). The fitting re-
sults for the first-shell Zn dMnO2 data are reported in
Table 3, d(Zn–O1) = 2.07 ± 0.02 Å, N = 5.7 ± 1.1, and
r2 = 0.011. Despite the clear second-shell evidence for
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Fig. 6. Simulation of the second shell Zn–Mn1 contribution to Zn sorbed
dMnO2 data with one Mn shell at an interatomic distance of R = 3.53 Å,
N = 6.1, r2 = 0.013 Å2, and S2

0 ¼ 0:86 (A), and two Mn subshells at
interatomic distances of R = 3.39 Å, N = 1.8, and r2 = 0.008 Å2, and
R = 3.53 Å, N = 4.0, r2 = 0.008 Å2, and S2

0 ¼ 0:86 (B). The reverse FT
range for the data was 2.4–3.6R + DR (Å). The two subshell fit better
reproduces the high k features of the wave.



Table 3
Comparison of structural parameters for Zn in chalcophanite, octahedrally/tetrahedrally coordinated Zn-birnessite, Zn dMnO2, tetrahedrally coordinated
Zn-birnessite, sample biomn1, and sample biomn3

Atom pair Chalcophanite IV/VIZn-birn Zn dMnO2
IVZn-birn biomn1 biomn3

R (Å)a Nb R (Å) N R (Å) N R (Å) N R (Å) N R (Å) N

Zn–O1 2.07 3 2.02 2.6 2.07 (0.02) 5.7 (1.1) 1.97 3.3 1.97 (0.01) 4.4 (0.7) 1.97c 1.9 (1.1)
Zn–O2 2.14 3 2.15 2.6 — — — — — — 2.11 (0.03) 3.5 (1.5)
Zn–Mn1 3.49 3 3.48 6.1 3.39 (0.02) 1.8 (0.4) 3.35 2.9 3.36 (0.03) 5.7 (1.0) 3.35 (0.03) 1.9d

3.50 3 — — 3.53 (0.02) 4.0 (0.8) 3.50 2.0 — — 3.51 (0.02) 3.5e

Zn–Mnadj 5.14 3 5.16 3.0 — — — — — — — —
Zn–Mn2 5.38 6 5.38 6.0 — — — — — — — —

Chalcophanite values are from XRD (Post and Appleman, 1988). IV/VIZn-birn and IVZn-birn are EXAFS fits for Zn sorbed birnessite in octahedral/
tetrahedral (sample ZnBi128) and tetrahedral coordination (sample ZnBi8), respectively (Manceau et al., 2002a). EXAFS fit parameters for Zn dMnO2,
biomn1, and biomn3 are from this work, S20 ¼ 0:86. The r2 (Å2) values from top to bottom in each column are (1) Zn dMnO2 0.011 (0.002), 0.008 (0.005),
0.008 (0.005), (2) biomn1 0.007 (0.001), and 0.012 (set), and (3) biomn3 0.003 (0.001), 0.008 (0.006), 0.006 (0.002), 0.008 (0.004). The symbol ‘‘—’’ indicates
that either the value was not reported or is not applicable.
a Distance between the atoms in the atom pair.
b Number of neighboring atoms.
c Constant in final fit.
d Set equal to N(Zn–O1).
e Set equal to N(Zn–O2).
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two Zn-sorbed species, the first-shell simulation of the
dMnO2 data was not improved by the addition of a sec-
ond Zn–O pair. We propose that the Zn–O1 interatomic
distance, 2.07 ± 0.02 Å, is a weighted average between
tetrahedral and octahedral Zn sorbed species, e.g., first
shell Zn–O interatomic distances of 2.02 Å (tetrahe-
dral + octahedral) and 2.15 Å (octahedral) were observed
in Zn sorbed birnessite (Table 3; Manceau et al., 2002a).
The relatively large r2 value also suggests more than one
Zn–O pair is present in the first shell.

A fit to the spectrum from sample biomn1, the lowest
Zn loading, is displayed in Fig. 7. The fitting parameters
for the data are summarized in Table 3. A two-shell fit
to the data from biomn1 accounted for the first two ma-
jor FT peaks in the R range of 1–6 (Å), Zn–O1 and Zn–
Mn1 (Fig. 7A). In the first shell, 4.4 ± 0.7 O atoms were
fit at 1.97 ± 0.01 Å. In the second shell, 5.7 ± 1.0 Mn
atoms were fit at 3.36 ± 0.03 Å. The position of the third
FT peak (5.36 Å), presumably Zn–Mn2, is consistent
with that reported by Manceau et al. (2002a); however,
large error estimates for parameters N and r2 prevented
a reliable fit for the third shell peak. The coordination
numbers and interatomic distances provided by the fit
suggest that at the lowest Zn loading examined there
was only one Zn species present, Zn sorbed in tetrahe-
dral coordination to the biogenic Mn oxide.

The result of a linear least-squares fit to the Zn dMnO2

spectrum with component spectra from sample biomn1 (tet-
rahedral coordination) and referencematerial chalcophanite
(octahedral coordination) is presented in Fig. 8A. The fit
indicates that Zn speciation in the Zn sorbed dMnO2 refer-
ence can be modeled by 42 ± 5 mol% tetrahedrally coordi-
nated Zn and 58 ± 5 mol% octahedrally coordinated Zn.
The coordination numbers (N, Table 3) from the spectral
fit toZn dMnO2data can also be used to estimate the propor-
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tion of tetrahedral and octahedral Zn species: 28 ± 7 mol%
tetrahedral (1.8 ± 0.4/6 = 0.28 ± 0.07) and 67 ± 13 mol %
octahedral (4.0 ± 0.8/6 = 0.67 ± 0.13) Zn-sorbed species.
In this two-component system, shell-by-shell and linear
least-squares fitting results are indistinguishable for the octa-
hedrally coordinated Zn species and agree within a 2 mol%
for the tetrahedrally coordinated species.

As for the reference material Zn dMnO2, the data col-
lected for sample biomn3 were fit with tetrahedral and
octahedral subshells for each of the Zn–O1 and Zn–
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Fig. 8. (A) Linear least-squares fit to Zn EXAFS spectrum collected for
reference Zn dMnO2. The component spectra are tetrahedrally coordi-
nated biomn1 and octahedrally coordinated chalcophanite. (B) Linear
least-squares fits to experimental Zn EXAFS spectra. The component
spectra from biomn1, Zn dMnO2, and Zn phytate are displayed. The
sample and component spectra are solid lines, the linear fits to the data are
dashed lines. The results of the fits are reported in Table 4.
Mn1 peaks—the fit parameters are displayed in Table 3.
However, attempts to obtain shell-by-shell fits to the
spectra collected for samples biomn4, biomn5, biomn6,
biomn7, and biomn9, using the parameters obtained from
the fits to spectra from biomn1, biomn3, Zn dMnO2, and
chalcophanite, were unsatisfying due to the large number
of atomic pairs produced by the combination of the tet-
rahedral and octahedral Zn species and possibly to addi-
tional/other unknown components (e.g., Zn organic
species). Therefore, principal component analysis (PCA)
was performed with all of the experimental Zn K-edge
EXAFS data. The minimum of the indicator function
was located at three spectral components, and the spec-
tral components are displayed in Fig. 9A. Target trans-
formation analyses were conducted with reference
spectra from Zn dMnO2, chalcophanite, Zn phytate, Zn
acetate, and Zn citrate. The spectral results of these target
transformation analyses are displayed in Figs. 9B–F. The
SPOIL values for reference spectra from Zn dMnO2,
chalcophanite, Zn phytate, Zn acetate, and Zn citrate
are 2.3, 3.2, 2.5, 2.6, and 4.2, respectively. Therefore,
the reference spectra from Zn dMnO2, Zn phytate, and
Zn acetate are considered good representatives, and the
reference spectra from chalcophanite and Zn citrate fair
representatives for the Zn sorbed data. A spectrum col-
lected from aqueous ZnNO3 had a SPOIL value of 6.3
(data not shown) and is considered a poor representative
for the Zn sorbed data.

Two- and three-component linear least-squares fits to
the EXAFS spectra were conducted with the experimen-
tal spectrum from biomn1 (as an end-member compo-
nent, see Discussion), reference spectrum from Zn
dMnO2, and reference spectra from Zn phytate or Zn
acetate (Fig. 8B). The spectra from sample biomn1 and
reference material Zn dMnO2 represent Zn sorbed to
Mn oxide in tetrahedral and a combination of tetrahe-
dral and octahedral coordination, respectively. The spec-
tra collected from the Zn phytate and Zn acetate
reference materials represent the spectral signature of
Zn-complexes with organic functional groups present in
the bioorganic portion of the samples. The numerical re-
sults of these fits using either spectra from Zn phytate or
Zn acetate are listed in Table 4. The spectrum collected
from sample biomn3 was best fit with two components,
biomn1 and Zn dMnO2. Therefore, in agreement with
the shell-by-shell fitting results, we conclude that all of
the spectroscopically detectable Zn was sorbed to biogen-
ic Mn oxide at this Zn loading. The spectra collected
from samples biomn4, biomn5, biomn6, biomn7, and
biomn9 were best fit with three components, biomn1,
Zn dMnO2, and either Zn phytate or Zn acetate. The
spectra from Zn phytate and Zn acetate were equally
good representatives for the data. In the three compo-
nent fits to the experimental spectra, the contribution
of Zn phytate or Zn acetate spectra increased as Zn
loading to the sample increased. This result indicates that
the bioorganic material begins to contribute to Zn sorp-
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tion above loadings of 0.37 mol Zn mol�1 Mn (sample
biomn3), and is responsible for essentially all Zn sorption
in samples above this loading (Table 4). Although the
5 mol% contribution of the Zn-organic species to spec-
trum biomn4 is at or below the usual detection limit
reported for linear least-squares fitting of EXAFS data
(ca. 10 mol%), the addition of the third Zn-organic com-
ponent to the linear fit improved the v2m by 7%. Adding
the third Zn-organic component to the linear fit to spec-
trum biomn5 improved the v2m by 70%. Therefore, for
this data set we use an error estimate for the linear
least-squares fit values of ±5 mol%.

3.3. Mn EXAFS spectroscopy

Manganese K-edge EXAFS spectra were collected for
biogenic Mn oxide with and without sorbed Zn. The spec-
tra for samples biomn1 and biomn9 are displayed in
Fig. 10A. The EXAFS spectra from the biogenic Mn oxide
and sample biomn1 were identical; therefore, Zn sorption
at the lowest loading did not change the Mn local structure
within the detection limit of EXAFS (biogenic Mn oxide
spectrum not shown). However, as Zn loading increased
spectral changes were observed indicating that Mn specia-
tion within the sample had changed. Of particular interest
was the disappearance of the shoulder at 6.5 Å�1 as Zn
loading increased (Fig. 10A, arrow). The spectral changes
in the Mn EXAFS spectrum of biomn9 are also visible in
the FT[v(k)k] (Fig. 10B). In contrast to the increase in
amplitude of the first and second shell Mn–O1 and Mn–
Mn1 peaks, the small third shell peak observed at 3.10 Å
for biomn1 data decreased as Zn loading increased
(Fig. 10B, inset). These structural changes suggest that
the decrease in peak at 3.10 Å was not caused by increased
structural disorder of Mn speciation as loading increased.
The biomn9 data are also compared to the data collected



Table 4
Linear least-squares fitting results for Zn EXAFS v(k)k3 spectra, and summary of Zn loading to biooxide and bioorganic components of the biofilm

Sample vm
2 Comp. sum Fit components Loading (mol Zn/kg biosorbent)

biomn1 Zn dMnO2 Zn phytate Biooxide Bioorganic Total

biomn3 0.07 1.05 0.41 0.64 — 0.8 0.0 0.72
biomn4 0.03 0.98 0.41 0.51 0.05 0.8 0.0 0.88
biomn5 0.03 0.95 0.36 0.40 0.18 0.8 0.2 1.07
biomn6 0.05 0.97 0.31 0.35 0.31 0.9 0.4 1.30
biomn7 0.02 0.94 0.27 0.38 0.29 0.9 0.4 1.34
biomn9 0.03 0.91 0.32 0.20 0.38 0.8 0.6 1.50

biomn1 Zn dMnO2 Zn acetate

biomn3 0.07 1.05 0.41 0.64 — 0.8 0.0 0.72
biomn4 0.03 0.98 0.41 0.52 0.05 0.8 0.0 0.88
biomn5 0.03 0.93 0.37 0.40 0.16 0.8 0.2 1.07
biomn6 0.06 0.94 0.33 0.36 0.25 0.9 0.3 1.30
biomn7 0.02 0.92 0.32 0.31 0.29 0.8 0.4 1.34
biomn9 0.03 0.88 0.35 0.15 0.38 0.7 0.6 1.50

Note. The error estimate for the linear least-squares fits is ±0.05. The Total loading to biosorbent data is adsorption isotherm data from Table 2. Zinc
loading to Biooxide and Bioorganic components of the samples is calculated by multiplying the linear fit fractional component with the total sorbed Zn.
The Biooxide loading includes tetrahedrally and octahedrally coordinated Zn species. The Bioorganic loading is calculated with the Zn phytate or Zn
acetate component and represents Zn sorption by the organic functional groups present in the cells and EPS.
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for the synthetic Mn oxides, dMnO2 and acid birnessite
(Figs. 10C–F). Acid birnessite and dMnO2 are chemically
synthesized layer type Mn oxides with structural character-
istics similar to those of the biogenic Mn oxide (Villalobos
et al., 2003). Selected physical and chemical properties for
these two references and the biogenic Mn oxide are pre-
sented in Table 5. The amplitude of the third peak in the
FT[v(k)k] of biomn9 data is slightly larger than that of
dMnO2 (Fig. 10D and inset) and close to that of acid bir-
nessite (Fig. 10F and inset).

3.4. Synchrotron radiation X-ray diffraction

The fully hydrated biogenic Mn oxide (in the presence of
cells and EPS, and aged 7 days) exhibited diffraction peaks
at 1.23, 1.42, 2.45, �4 and �9 Å (Fig. 11). Apart from the
basal 001 reflection at 9 Å, and the 4 Å peak which is ob-
scured by a broad feature in the organic fraction, the pat-
tern is in agreement with that reported for the air-dry
specimen of the same biogenic oxide (Villalobos et al., in
press). The expansion from �7.6 to �9 Å of the 001 reflec-
tion in the hydrated state is due to the insertion of a second
layer of water molecules in the interlayer space.

4. Discussion

The Langmuir adsorption isotherm equation is often
used to model metal sorption data (see cited literature be-
low). The qmax parameter of the Langmuir model repre-
sents the metal loading that is approached asymptotically
as the equilibrium metal concentration becomes very large
(Sposito, 2004). The Langmuir equation was not used to
model the data in the present study (see Results section);
however, the results of previous studies of Zn sorption by
microorganisms and Mn oxides in which the Langmuir
model was applicable are discussed to provide context for
the Zn loading values obtained in this study.

The range of values of Zn loading to the biogenic Mn
oxide plus bioorganic material was 0.13–1.50 mol Zn kg�1

biosorbent; the range of initial Zn concentrations for the
samples was 6.0–300.0 lM Zn. For comparison, the value
of qmax for Zn adsorption by Penicillium chrysogenum, a fil-
amentous fungi, is 0.2 mol Zn kg�1 dry cell material at pH
6 (Sarret et al., 1998). At pH 7, the Gram-positive bacteria
Bacillus subtilis sorbed 0.1 mol Zn kg�1 of dry cell material
(Fein et al., 2001).

In sample biomn3, Znwas associated only with oxide sur-
faces, and therefore, themaximumZn loading to the biogen-
ic Mn oxide observed in this study was 4.1 mol Zn kg�1

MnO2. For comparison, the maximum Zn loading to a syn-
thetic birnessite and dMnO2 at pH 7 (calculated from pub-
lished data) is 1.6 mol Zn kg�1 birnessite (McKenzie, 1980)
and 1.2 mol Zn kg�1 dMnO2 (Catts and Langmuir, 1986),
respectively. The largest observed Zn loading to the biogenic
Mn oxide produced by P. putida, in this study, is in general
agreement with the value of qmax reported for Pb+2 sorption
to fresh syntheticMn oxide (2.5 mol Pb kg�1Mn oxide), and
for biogenic Mn oxide (6.3 mol Pb kg�1 Mn oxide) pro-
duced by Leptothrix discophora (Nelson and Lion, 2003).
Li et al. (2004) used an empirical power law relationship to
model the adsorption of Zn to a synthetic dMnO2 at pH
5.5, yielding fit parameters A = 18.74 and b = 0.287. These
A and b values are statistically indistinguishable from those
reported here ðA ¼ 16:0�7:4

5:0; b ¼ 0:28� 0:03Þ despite the
presence of bioorganic material (bacterial cells and EPS) in
our samples.

The local structure of Zn sorbed to biogenic Mn oxide at
the lowest loading (sample biomn1, Zn:Mn molar ratio
0.06) was interpreted as Zn in tetrahedral coordination to
O atoms. This conclusion is based on the number of nearest
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Fig. 10. Manganese EXAFS spectra and FTs of k-weighted spectra. The experimental data collected for sample biomn9 is compared to that collected for
sample biomn1 (A and B), and reference Mn oxides dMnO2 (C and D) and acid birnessite (E and F).
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atomic neighbors (N = 4.4 ± 0.7) and the Zn–O1 inter-
atomic distance of 1.97 ± 0.01 Å (Table 3). In addition,
the second shell Zn–Mn1 interatomic distance
(3.36 ± 0.03 Å) is consistent with that reported by Man-
ceau et al. (2002a) for tetrahedral coordination of Zn to
hexagonal birnessite (3.35 ± 0.02 Å) at low surface loading
(Zn:Mn molar ratio 0.008). Based on the structural similar-
ities between Zn sorbed birnessite at low loading and the
biomn1 sample, the local environment of Zn in the biomn1
sample is a tetrahedrally coordinated, tridentate corner-
sharing complex with three O atoms of the Mn oxide struc-
ture at Mn vacancy positions (Fig. 4).

The results of shell-by-shell and linear least-squares fit-
ting of data collected for sample biomn3 (Zn:Mn molar ra-
tio 0.37) indicate that, in addition to tetrahedrally
coordinated Zn, an octahedrally coordinated species is also
present. The data for biomn3 were simulated with two Zn–
O pairs in the first shell, and two Zn–Mn pairs in the sec-
ond shell (Table 3). The appearance of an octahedrally
coordinated Zn species, in addition to tetrahedral coordi-



Table 5
Selected structural and chemical characteristics of synthetic and biogenic Mn oxides

Namea Formulab Specific surface area m2 g�1c Average oxid. num.d % Vac.e

Acid birnessite H0.06K0.18(H2O)0.54MnIII0.08(H2O)0.24[MnIV0.88vac0.12]O2 36 3.96 12.0
dMnO2 Na0.24(H2O)0.72[MnIV0.94vac0.06]O2 121 4.02 6.0
Biogenic Mn oxide HaNa0.15(H2O)0.45MnII,III0.167(H2O)0.50[MnIV0.883vac0.167]O2 — 3.90 16.7

a The nomenclature and synthesis recipes for acid birnessite and dMnO2 are reported in Villalobos et al. (2003).
b The formula reported for MnIII,IV layer-type Mn oxides are complicated by the high proportions of Mn vacancy sites. Variable ‘‘a’’ for biogenic Mn

oxide formula depends on whether MnII or MnIII used to calculate charge balance (Villalobos et al., in press).
c N2 BET surface areas courtesy of Dr. Goldberg, George E. Brown Salinity Laboratory, ±10 m2 g�1.
d The average oxidation number of Mn was determined by chemical titration (±0.02) and by X-ray absorption near edge structure (XANES)

spectroscopy (Villalobos et al., 2003).
e Refers to the number of structural vacancies in the Mn oxide structure (Villalobos et al., in press).

 

Fig. 11. Synchrotron-radiation X-ray diffraction (SR-XRD) patterns
collected for samples of fully hydrated biogenic Mn oxide plus the biofilm
(gray line), and biofilm without Mn oxide (black dashed line). The vertical
lines indicate the Bragg d-spacings associated with the diffraction peaks of
the sample and where a 7 Å peak would be located if present.
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nation, as Zn loading increases is consistent with a previous
study of Zn sorption to birnessite (Manceau et al., 2002a).

Li et al. (2004) reported a study of Zn sorption by
synthetic dMnO2 at pH 5.50 with Zn:Mn molar ratios of
0.03–0.05. Spectral fitting of the EXAFS data produced
an average Zn–O1 interatomic distance of 2.07 ± 0.01 Å
in the first shell, and Zn–Mn1 at 3.52 ± 0.01 Å in the sec-
ond shell (Li et al., 2004). Trivedi et al. (2001) also studied
Zn sorption by a synthetic hydrous Mn oxide (HMO) at
pH 7.0 with Zn:Mn molar ratios of 0.0087–0.87. In that
study, the first shell O atoms were fit at a distance of
2.19 Å (error estimates ranging from ±0.01 to 0.07 Å
depending on the sample) (Trivedi et al., 2001). The second
shell peak was assigned to O with an interatomic distance
of 3.46–3.50 Å (Trivedi et al., 2001), this peak assignment
is in contrast to the EXAFS results presented here and else-
where (Manceau et al., 2002a; Li et al., 2004), in which the
second peak is denoted as Mn. In the present study, Zn
sorption to biogenic Mn oxide was studied at pH 6.9 with
Zn:Mn molar ratios of 0.06–0.37. The spectral data in the
three studies discussed here, along with those of Manceau
et al. (2002a), possess the same features suggesting that
Zn speciation within the samples is essentially the same
and independent of the experimental conditions used. Li
et al. (2004) interpret their EXAFS fit results as Zn in octa-
hedral coordination to O atoms at Mn vacancy sites in a
corner-sharing configuration, and therefore, their interpre-
tation is consistent with the results presented here and by
Manceau et al. (2002). Inner-sphere metal sorption at Mn
vacancy sites of layer Mn oxides has also been observed
for Pb and Cu (Manceau et al., 2002a). The presence of a
second O shell (Trivedi et al., 2001) in the model rather
than a Mn1 shell (present study; Manceau et al., 2002a;
Li et al., 2001) leads to a completely different interpretation
of Zn sorption to Mn oxide (e.g., outer-sphere complex).
Mistakenly identifying a Mn signal for an O signal causes
several inconsistencies in the EXAFS results. First, while
it is difficult or impossible to detect a second hydration
sphere in aqueous Zn samples with EXAFS spectroscopy
due to long bond lengths, large degree of disorder in the
bonds, and weak scattering power of O atoms, other tech-
niques have measured or predicted the Zn–O interatomic
distance produced by the second hydration shell to be
4.20–4.39 Å (Kuzmin et al., 1997). This range of values is
not in agreement with second shell Zn–O interatomic dis-
tances of 3.46–3.50 Å. Second, a second shell Zn–O assign-
ment is inconsistent with the multiple frequency of the Zn
EXAFS data because O atoms (and other low Z elements),
in particular those from the second shell in solids, yield a
maximum EXAFS amplitude at low k values (typically
4–6 Å�1) (Manceau and Combes, 1988; Manceau et al.,
2000a; Schlegel et al., 2001). In the Zn EXAFS data pre-
sented here and elsewhere (Trivedi et al., 2001; Manceau
et al., 2002a; Li et al., 2004), multiple frequencies propa-
gate well into the high k region of the spectra. We can dem-
onstrate this phenomenon through fitting the spectra
collected from chalcophanite and Zn dMnO2 (pH 7.0
Zn:Mn 0.068) with a second shell of O atoms rather than
Mn atoms (Fig. 12). In the second shell Zn–O fits to spectra
from both chalcophanite and Zn dMnO2, the peak ampli-
tude of the simulated wave envelope appeared at lower k

values than the experimental, degrading the quality of the
fit relative to a Zn–Mn1 second shell (Figs. 5A and 6B).
The results of these simulations confirm that EXAFS spec-
troscopy can distinguish between Mn and O atoms in the
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second shell of nearest neighbors, since the structure of
chalcophanite is known, and shows that our data are con-
sistent with Mn in the second shell and inner-sphere com-
plexation of Zn at Mn vacancy sites.

Further evidence for Zn sorption at vacancy sites is pro-
vided by the Mn EXAFS data. The 6.5 Å�1 shoulder ob-
served in the Mn EXAFS spectrum collected for sample
biomn1 has been identified in previous studies and indi-
cates the presence of Mn–Mn corner-sharing octahedra
(Fig. 10A), i.e., Mn sorbed at vacancy sites in the interlayer
of the oxide layer structure (Manceau et al., 1997; Gaillot
et al., 2003). In the Mn EXAFS spectra for samples dMnO2

and acid birnessite, the shoulder at 6.5 Å�1 is not visible
(Figs. 10C and E). This is consistent with the percentage
of interlayer MnII,III in these samples as determined by
XRD: dMnO2 (0%), acid birnessite (8%), and biogenic
Mn oxide (16.7%) (Villalobos et al., in press). In real space,
Mn–Mn corner-sharing octahedra yield a third peak at
3.10 Å (Fig. 10B) (Manceau et al., 1997). A comparison
of the FTs for samples biomn1 and biomn9 with those of
the synthetic Mn oxides confirms that the amount of inter-
layer Mn at vacancy positions decreased as Zn loading in-
creased; therefore, this is evidence for Zn displacing Mn at
these sites. The FT amplitudes of the first peak (Mn–O
shell) and second peak (edge-sharing Mn–Mn pairs) in-
creased as Zn loading increased, further suggesting a sim-
plification in the number of local environments for Mn in
the sample owing to the disappearance of interlayer Mn.

Principal component analysis of the Zn EXAFS spectral
dataset revealed three spectral components. The validity of
spectrum biomn1 as a spectral end-member was assessed
by removing the spectrum of sample biomn1 from the
PCA data set, which confirmed the presence of three
remaining components, and conducting target transforma-
tion analysis with the spectrum. The SPOIL value for this
spectrum was equal to 2.1, indicating that it is a good spec-
tral component for the dataset. Therefore, the spectrum
collected from sample biomn1 is a single species end-mem-
ber (Zn sorbed to Mn oxide in tetrahedral coordination at
vacancy sites) and a plausible Zn species present at all Zn
loadings examined. Based on the target transformation
analysis, the spectrum collected for reference material Zn
dMnO2 was a reasonable spectral component, indicating
that octahedrally coordinated Zn species at vacancy sites
are also present in the data set. Although the spectrum
from chalcophanite represents a single Zn species (octahe-
dral coordination to Mn oxide), and would therefore be the
preferred reference for the octahedrally coordinated Zn–
Mn biooxide species, the Zn dMnO2 spectrum gave a better
SPOIL value than the chalcophanite (2.3 versus 3.2): this is
because the octahedral Zn species is always admixed with
tetrahedral Zn in our samples. In other words, the Zn
dMnO2 is a better match for the experimental data because
the Zn sorbed species in the Zn dMnO2 reference have the
same spectral properties arising from the same set of inter-
atomic distances as those in the samples (compare Zn–Mn1
for biomn3 and Zn dMnO2 in Table 3): the values are,
3.35 ± 0.03 and 3.51 ± 0.02 Å for biomn3, 3.39 ± 0.02
and 3.53 ± 0.02 Å for Zn dMnO2, and 3.49 and 3.50 Å
for chalcophanite. The third spectral component is likely
an octahedrally coordinated Zn-organic species. This inter-
pretation is based on the target transformation analyses for
reference spectra Zn acetate and Zn phytate which indicate
both to be good reference spectra for the dataset (Figs. 9D
and E); both of these reference materials contain Zn in
octahedral coordination to first shell O atoms (fits not
shown). A spectrum from an aqueous sample of ZnNO3

however, was a poor reference spectrum for the data set.
This result, along with the low concentration of Zn in solu-
tion relative to Zn sorbed to biosorbent in the sample
pastes, allows us to dismiss entrained solution as the source
of the third spectral component of the data set.

The relative contribution to Zn sorption by the biogenic
Mn oxide and bioorganic components of the biofilm was
examined by linear least-squares fitting of the Zn EXAFS
spectra. The best fit to the spectrum from biomn3 was
41 mol% biomn1 and 64 mol% Zn dMnO2, indicating a
combination of tetrahedrally and octahedrally coordinated
Zn sorbed solely to the biogenic Mn oxide surfaces. The
spectrum from sample biomn4 was best fit with three com-
ponents, the third modeled by Zn phytate and Zn acetate,
with a 5 mol % contribution. As Zn loading increased in
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samples biomn5, biomn6, biomn7, and biomn9, the pro-
portion of the Zn organic species increased from �16–18
to 38 mol% (Table 4).

5. Conclusions

The MnII oxidizing bacterial culture discussed here pre-
sents many possible metal complexing functional groups,
both organic and inorganic, to the solution with which it
is in contact. In the experiments conducted, we found that
Zn speciation evolved as Zn loading to the biosorbent
material increased. At the lowest Zn loading (sample
biomn1: 0.13 ± 0.04 mol Zn kg�1 biosorbent, Zn:Mn mo-
lar ratio 0.06), the sorbed Zn species was in tetrahedral
coordination to crystallographically well-defined sites, the
structural cation vacancies within the biogenic Mn oxide
layers. This result indicates that the bioorganic functional
groups present in the biofilm did not intervene in Zn sorp-
tion by the biogenic Mn oxide. Our results are consistent
with those of a study of Pb sorption by hematite and
corundum in the presence of a Burkholderia cepacia bio-
film, wherein reactive sites at the oxide surfaces were not
passivated by the biofilm (Templeton et al., 2001).

At an intermediate Zn loading (sample biomn3:
0.72 ± 0.04 mol Zn kg�1 biosorbent, 0.37 Zn:Mn molar ra-
tio), an octahedrally coordinated Zn species was detected.
Like the tetrahedrally coordinated Zn species, this second
species was located at cation vacancy positions. At this
intermediate Zn loading, all of the spectroscopically detect-
able Zn was sorbed by the biogenic Mn oxide. This result
is consistent with Zn speciation found in Zn-sorbed
birnessite at loadings of 0.069 and 0.128 mol Zn mol�1

Mn (Manceau et al., 2002a). As Zn loading increased to
0.88 ± 0.02 mol Zn kg�1 biosorbent (sample biomn4), a
5 mol% contribution to Zn sorption by the bioorganic
material was estimated. A similar result has been reported
for PbII sorption to aggregates of Burkholderia cepacia bio-
film and synthetic goethite at pH 6: the oxide component of
the aggregates dominates Pb sorption at low Pb loadings,
while at intermediate Pb loadings the contribution to sorp-
tion by the biomaterial increases (Templeton et al., 2003).

The charge deficiency observed in the biogenic Mn oxide
is created by MnIV vacancy sites, which can be balanced by
two ZnII cations, one above and one below each vacancy
site (see chalcophanite structure, Fig. 4). The minimum
fractional amount of layer Mn vacancies was estimated,
from our Zn sorption and EXAFS spectroscopy results,
as approximately 0.19 vacancy:Mn (molar ratio); this value
is considered a minimum as Mn and other ions such as Ca,
Mg, and Na from the growth medium and electrolyte solu-
tion may also balance charge. The estimate of the vacan-
cy:Mn molar ratio is in excellent agreement with the ratio
obtained through XRD simulation, 0.167 vacancies per
octahedral layer sites/0.883 Mn octahedral layer site occu-
pancy = 0.19 vacancy:Mn (Villalobos et al., in press), pro-
viding further evidence for a chalcophanite like structure
for Zn sorbed to biogenic Mn oxide.
In our study, Zn preferentially partitioned to the bio-
genic Mn oxide, saturating the layer vacancy sites before
Zn sorption to bioorganic material was observed. After
layer vacancy site saturation, the bioorganic functional
groups present in the biofilm were significant Zn complex-
ing materials. The observed affinity of the bioorganic mate-
rial for Zn in this study (approximately 0.6 mol Zn kg�1) is
in agreement with that observed for P. putida biofilms in
the absence of Mn oxide (0.64 mol Zn kg�1) (Toner
et al., 2005b). The importance of microbial biomass in
Zn partitioning in natural waters will likely depend on
the presence and amount of Mn oxides, and other high
affinity sorbents such as Fe oxides. It follows then, that
the results of our study are consistent with those of Zn spe-
ciation in mineral soil fractions, where Zn is associated pre-
dominantly with inorganic sorbents, such as Mn oxides,
even when the origin of those minerals is thought to be bio-
genic. In addition, the tetrahedrally coordinated Zn birnes-
site species described here has been identified in soils
(Manceau et al., 2000b) and marine ferromanganese nod-
ules (Marcus et al., 2004), and a mixed tetrahedral–octahe-
dral Zn–Mn oxide species has been identified in soil
ferromanganese nodules that contain bacteria (Manceau
et al., 2003).
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