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To develop mechanistic models of contaminant distribution pro-
cesses, we conducted an X-ray absorption fine structure analy-
sis of strontium sorption to hydrous manganese oxide (HMO). Sr
K -edge measurements were performed at 298, 220, and 77 K, and
at sample loadings from 10−4 to 10−2 mol Sr/g HMO. Results from
fitting the first shell in the sorbed samples indicate that strontium
is surrounded by 10–12 oxygen atoms at an average distance of
2.58 Å . This coordination environment is consistent with the stron-
tium atom remaining hydrated upon sorption to the oxide, where
in water hydrated strontium has approximately 9 atoms of oxy-
gen at 2.62 Å . Furthermore, the temperature dependence of the
strontium–oxygen bond also suggests physical adsorption due to the
large contribution of the dynamic component of the Debye Waller
factor. Although second-shell data are consistent with either 3 man-
ganese atoms at 4.12 Å or 6 strontium atoms at 3.88 Å , both the
near-edge and fine structure data for the manganese K -edge indi-
cate that the local coordination environment of the manganese ion
remains intact as a function of time or strontium sorption. Further-
more, the local structure of amorphous manganese oxide is highly
ordered. C© 2000 Academic Press
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INTRODUCTION

X-ray absorption spectroscopy (XAS) is a noninvasive t
for probing the local coordination environment of a contam
nant in situ. Both the extended X-ray absorption fine structu
(XAFS) and the near-edge spectra (XANES) have been
ployed environmentally in well-defined model systems and
more complex contaminated soils and sediments (1–11). In
research, we have studied the local coordination environme
strontium sorption to hydrous manganese oxide. Strontium
is a recognized carcinogen that is a concern due to its rel
into the environment from nuclear wastes. Therefore, it is imp
tant to understand the distribution mechanisms and mobilit
strontium released in soils and sediments. The results prese
1 To whom correspondence should be addressed.
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here are compared to earlier work where we considered sor
to hydrous iron oxide (7).

Amorphous aluminum, iron, and manganese oxides are pr
lent in soils and sediments. These hydrous oxides act as
and sources for metal contaminants (11–15) due to their po
structures, great capacity for metals, and presence as both
ings and discrete particles. Recent XAS studies (7) of stron
sorption to hydrous iron oxide (HFO) revealed that the local
ordination environment for strontium is highly disordered, a
Gaussian distributions for one or two subshells could not
scribe the distribution of atoms. The cumulant expansion pro
to be effective for describing the distribution of first- and seco
shell neighbors. For small disorder, wherekmaxσ ¿ 1 (wherek
is the wave number andσ 2 is the mean square disorder), high
order cumulants can be neglected, and the distribution ca
described as Gaussian. However, third and fourth moment
useful for non-Gaussian distributions, when moderate diso
exists (7, 16, 17). Even and odd cumulants define the ampli
and phase, respectively. The mean,C1= R, and the variance
C2= σ 2, are both positive, whileC3 andC4 measure skewing
and weight in the tails of the distribution, respectively, and
be either positive or negative. Axeet al. (7) observed disorde
in the first shell of references used in their study despite, for
ample, the long-range order, crystallinity, in one reference, S
In the sorption samples, they found the first-shell environm
to be consistent with the strontium ion remaining hydrated, t
indicating a physical type of adsorption. Interestingly, Coll
et al.(18) observed different mechanisms for strontium sorp
to goethite as a function of pH. At a pH of 10.2, they establis
second-shell contributions from iron on the goethite surface
their analysis, two waters of hydration were lost upon ads
tion, with an overall fit of 8 oxygen atoms suggesting tha
oxygen atoms from the goethite surface contributed to the
shell. As the pH decreases and the net surface charge decr
Collins et al. found outer-sphere complexation at a pH of 9
Chenet al. (19) also found an outer-sphere complex format
for strontium sorption to a variety of clays, where the coordi
tion environment for the first shell was invariant of the spec
clay, pH, and ionic strength. In a similar study, Parkmanet al.
8
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(20) assessed strontium sorption to calcite and kaolinite u
XANES and XAFS. They proposed that in their lower loadin
of strontium on calcite, ion exchange occurs on the surface w
half of the environment is that of the calcite and the other is
solvation, explaining both their XANES and XAFS results.
higher loadings, they concluded that strontium precipitated
a poorly ordered strontianite. On the other hand, for stront
sorption to kaolinite Parkmanet al.observed only first-shell con
tributions. They found approximately 9 oxygen atoms in the fi
shell, which was attributed to strontium bonding with waters
hydration as well as adsorbing on the surface.

Manceau and co-workers have studied the local coordina
environment of both hydrous iron and manganese oxides
XAS (1, 2, 21–24). They have found that in contrast to h
drous iron oxide (HFO), where interpolyhedral linkages typi
of well-crystallized Fe minerals were present in the premin
gel, Mn4+ gels appeared to have a more random framew
of edge- and corner-sharing MnO2 octahedra, and these we
not strictly related to well-crystallized Mn minerals. Mance
et al. (2) noted that the differences between HFO and HM
could explain why HMO can develop into so many types
minerals. In this research, the stability and local coordina
environment of Mn is important in understanding Sr sorpt
and mobility.

METHODS

Hydrous manganese oxide was precipitated using the me
of Gadde and Laitinen (25), where manganese(II) nitrate
lution was slowly added to alkaline sodium permanganate
lution. The amounts of manganese(II) nitrate, sodium perm
ganate, and sodium hydroxide mixed were in the mole r
3 : 2 : 4. Thesuspension was aged for 4 h and then centrifuge
and rinsed. Methods used for characterizing the amorphou
ide included the BET (Brunauer–Emmett–Teller) method
measuring surface area, potentiometric titration for estima
the pH zero point of charge, sorption studies for finding s
density, nitrogen desorption for determining the pore size
tribution (micro-, meso-, and/or macro-pores), particle coun
for the particle size distribution, X-ray diffraction for assess
crystallinity (or lack of), environmental scanning electron m
croscopy (ESEM) with energy dispersive X-ray (EDX) analy
for studying shape and surface composition, and XAS for
taining local structural information. X-ray diffraction was al
used to assess the manganese oxide mineralogy as a funct
time with and without Sr present. These tests were condu
to assess whether contaminant sorption influences the agi
HMO to crystalline minerals.

XAS

X-ray absorption fine structure spectroscopy was condu
at NSLS beamline X11A. The storage ring operates at 2.

and 2.8 GeV with a typical current of approximately 200 mA
Monochromatic radiation was achieved with Si(111) crysta
STRONTIUM SORPTION TO HMO 409
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The strontiumK -edge absorption data (both samples and s
dards) were collected in transmission mode with nitrogen ga
the ion chamber before the sample (I0) and with argon gas in th
ion chamber after the sample (It ). XAFS spectra were collecte
on the SrK -edge over the energy range 15,960–16,965
A Displex (Advanced Research Systems) with an evacu
sample chamber was used for studies conducted at 77
200 K. Suspensions were placed in aluminum cells (excep
solution which was set in an acrylic holder) and sealed w
epoxy and Kapton windows. ManganeseK alpha fluorescenc
X-rays were measured with a Stern–Heald type fluoresce
ionization chamber utilizing argon. Samples were positio
45◦ to the incident radiation beam with a Cr (Z− 1) filter and
Soller slits positioned between the sample and detector.
were collected over the energy range 6,300–7,600 eV. Harm
rejection was achieved by detuning the monochromator to 8
of fully tuned I0.

Adsorption samples were prepared in batch reactors at r
temperature (∼22◦ C). The ionic strength was maintained
3× 10−2 using sodium nitrate as the background electroly
Sample equilibration time for adsorption studies and HMO s
ples without the sorbate strontium ranged from 4 h to 6months.
All suspensions were maintained at pH 7 with Sr loadin
ranging from 10−4 to 10−2 mol Sr per gram or 2.8× 10−7 to
2.8× 10−5 mol Sr per m2 of HMO. Thermodynamically the
strontium concentrations used in these samples were below
uration with respect to SrCO3 (26).

Reference samples included a 0.05 molar solution of st
tium nitrate in deionized water, and crystalline strontium o
ide and strontium carbonate of known structures. The ox
and carbonate were purchased from Aldrich Chemical, and
ray diffraction (XRD) patterns were confirmed using a Phil
X’Pert-MPD XRD System. No well-characterized Sr–Mn co
pounds were available for this study.

Sample thickness for fluorescence measurements of Mn i
HMO paste (no sample drying over the course of data collect
was approximately 3 mm. The Sr–HMO samples, SrO, SrC3,
and 0.05 M Sr were measured in transmission.

Data Analyses

The reduction of the XAFS data was performed w
the MacXAFS4.1 (27) package using standard proced
(28) as recently applied to Sr sorption to HFO (7). T
photoelectron momentum was defined in the normal w
k= ((2m/h-2)(E− E0))1/2, whereh- is Plank’s constant. Nor
malization of the data was carried out by defining a first-or
polynomial fit in the pre-edge region to zero and a third-or
polynomial fit over the region above the edge to unity atE0.
For each sample, XAFS was extracted from the spectrum a
difference between the normalized spectrum and an adjus
spline function fit through the post-edge region; the parame
were adjusted to minimize the area under the curve for the re

˚
.
ls.
r < 1A of the Fourier transform without reducing the amplitude
of the first-shell peak. Peaks in this region for hydrated strontium
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have been shown (29) to result from multielectron excitat
effects. However, on the scale of our analysis, contributions fr
multielectron excitations are negligible (29).

In performing the fits, the amplitudes,S2
0, were defined by

fitting the spectrum of the strontium oxide model compound. T
errors in the structural parameters were computed based o
stability of the fits. For disordered shells, the distributions we
modeled using the more general cumulant expansion metho
16, 17). Model scattering amplitudes and phases were comp
using the code FEFF7 (30).

RESULTS AND DISCUSSION

HMO Characteristics

The surface area and the pore size radii (bimodal) of free
dried HMO were evaluated with the BET and nitrogen deso
tion methods and were found to be 359 m2/g and 2.1 and 6.1 nm
respectively. The spherical, aggregated HMO particles ran
from 1 to 150µm with a zero point of charge of 2.55± 0.05;
these results are in agreement with other studies (31–33).
shape of the hydrated and centrifuged HMO was evaluated
the ESEM; aggregated particles were generally spherical w
highly irregular topography. Also, using the ESEM, no d
ferences were observed between samples with and withou

sorbed. Furthermore, using EDX to map the surfaces, Sr was
uniformly distri

in an increase in magnitude for both first- and second-shell con-

buted. tributions.
FIG. 1. X-ray diffraction of hydrous manganese
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To test the hypothesis that crystallization of HMO is inhibit
due to the presence of contaminants, XRD was used to mea
macroscopic variations in oxide aging (i.e., freshly precipitat
3 months, and 6 months) after formation as a function of c
taminant loading. The XRD pattern was broad and flat, rep
sentative of amorphous manganese oxide (Fig. 1). The patte
consistent up to the duration of the study, 6 months. Furtherm
with an Sr loading of 10−2 mol per gram of HMO, the XRD pat
terns are invariable, where the oxide remains amorphous
there is no evidence of an Sr precipitate.

XAS Studies

Room-temperature data reduced toχ (k) · k3 versusk are pre-
sented in Fig. 2 for the sorbed samples of 10−4 to 10−2 mol Sr per
gram of HMO and standards of SrO, SrCO3, and aqueous stron
tium nitrate solution. These data were filtered over the ra
2.0 to 12.3Å −1 (except for the data with 10−3 mol Sr sorbed
that was filtered over the range 2.0 to 10.5Å −1); the Fourier
transform versus radial coordinate is shown as amplitude
imaginary part in Figs. 3 and 4. The radial coordinate (Å ) is not
the true radial distance as it is not corrected for the phase s
In addition, Fig. 4 includes SrCO3 collected at 77 K; as the tem
perature decreases the thermal component of the Debye W
factor (mean square variation of distances) decreases, resu
oxide as a function of time with and without strontium.
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FIG. 2. Sr K -edge data reduced toχ (k) · k3 versusk at 298 K.

Fitting was conducted on the inverse Fourier transform w
dow for first-shell and subsequent multishell fits; second-s
contributions could not be isolated due to spectra leakage f
the first shell. In all fits, no parameter was constrained or fi
other than the edge energy, which was constrained to b
equivalent for all shells in the fit. For sorbed samples, the
shells were fitted over a radial window of 1.1 to 3.9Å. Using
a Gaussian model with single and multiple shells resulted
poor fits for standards and samples. Fits were subsequently
ducted including the third and fourth cumulants to help desc
the distribution of atoms in a shell. The best, multishell fits
presented in Table 1, and a representative fit is shown in Fig. 5
fits were within the noise of the data, which refers to the multi
scans used in averaging the normalized data. In these multi
fits, the first shell results were equivalent to fits from isolating
first shell, where the strontium ion was found to be surroun
by approximately 10 to 12 oxygen atoms at about 2.58Å . In ear-
lier work, Axeet al.(7) found a similar environment for the firs
shell when strontium sorbs to HFO. Comparing this first-sh
distribution to SrO, aqueous strontium nitrate, and SrCO3 refer-
ences (Table 2), the sorbed samples do not correspond well
the powder references. Although strontium carbonate is the m
thermodynamically stable solid when strontium concentrati
exceed saturation (26), first-shell distances for the sorbed s
ples are not consistent with that of the carbonate. Furtherm

strontium carbonate has a broad range of second-shell contr
tions (non-Gaussian distribution) that include both oxygen a
STRONTIUM SORPTION TO HMO 411
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FIG. 3. Fourier transform [k3 · χ (k)] versus radial coordinate filtered from
2.0 to 12.3 A
a−1, except for the 0.1 mmol Sr g−1 HMO loading, which was filtered

from 2.0 to 10.5 A
a−1.

3

nd
FIG. 4. Fourier transform [k · χ (k)] versus radial coordinate filtered from

2.4 to 11.5 A
a−1.
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TABLE 1
First (Oxygen)- and Second-Shell Best Fits for Sr K -Edge Data at 298 K, k-Range 2.0 to 12.3 Å−1 and r -Range 1.1 to 3.9 Å

Sample Res. (%) N1 R1 (A
a
) σ 2

1 (A
a
2) C3,1 (A

a
3) C4,1

1. 1× 10−4 mol Sr g−1 (Mn)a 1.06 9.54± 5.79 2.61± 0.10 0.012± 0.017 5.5e-4± 2.0e-3 −9.0e-6± 5.6e-4
2. 1× 10−4 mol Sr g−1 (Sr) 1.31 9.97± 5.93 2.61± 0.11 0.013± 0.016 5.9e-4± 2.0e-3 −9.0e-6± 2.3e-3
3. 1× 10−3 mol Sr g−1 (Mn) 1.86 12.79± 12.13 2.54± 0.13 0.020± 0.024 −7.4e-4± 2.4e-3 −2.3e-4± 7.9e-4
4. 1× 10−3 mol Sr g−1 (Sr) 1.93 14.10± 12.93 2.53± 0.14 0.023± 0.024 −7.8e-4± 2.4e-3 −3.0e-4± 7.6e-4
5. 4× 10−3 mol Sr g−1 (Mn) 2.27 10.93± 5.06 2.57± 0.080 0.016± 0.012 −1.4e-4± 1.3e-3 −1.5e-4± 3.2e-4
6. 4× 10−3 mol Sr g−1 (Sr) 2.63 11.19± 5.12 2.58± 0.069 0.017± 0.011 −3.0e-5± 1.1e-3 −1.6e-4± 3.0e-4
7. 7× 10−3 mol Sr g−1 (Mn) 3.38 11.26± 5.58 2.56± 0.10 0.017± 0.013 −3.9e-4± 1.6e-3 −1.7e-4± 3.6e-4
8. 7× 10−3 mol Sr g−1 (Sr) 3.77 12.18± 6.40 2.57± 0.095 0.019± 0.013 −1.7e-4± 1.5e-3 −2.2e-4± 3.8e-4
9. 1× 10−2 mol Sr g−1 (Mn) 0.99 10.83± 5.43 2.58± 0.079 0.019± 0.013 −9.0e-5± 1.3e-3 −2.3e-4± 3.4e-4

10. 1× 10−2 mol Sr g−1 (Sr) 1.10 11.06± 5.57 2.59± 0.067 0.019± 0.013 1.0e-5± 1.0e-3 −2.3e-4± 3.4e-4
11. 1× 10−2 mol Sr g−1 aged (Mn) 1.33 10.60± 12.70 2.55± 0.17 0.014± 0.033 −7.3e-4± 3.3e-3 4.0e-5± 1.1e-3
12. 1× 10−2 mol Sr g−1 aged (Sr) 1.42 12.25± 13.63 2.54± 0.17 0.018± 0.031 −8.1e-4± 3.2e-3 −7.5e-5± 1.1e-3

N2
b R2 σ 2

2 C3,2 C4,2

1. 1× 10−4 mol Sr g−1 (Mn)a 3.70± 16.95 4.21± 0.23 0.025± 0.086 4.1e-3± 4.6e-3 −2.8e-4± 2.0e-3
2. 1× 10−4 mol Sr g−1 (Sr) 3.63± 17.89 3.89± 0.24 0.015± 0.092 8.5e-4± 5.3e-3 9.0e-6± 2.3e-3
3. 1× 10−3 mol Sr g−1 (Mn) 2.09± 14.73 4.05± 0.30 0.015± 0.15 8.8e-4± 6.8e-3 −3.9e-5± 4.2e-3
4. 1× 10−3 mol Sr g−1 (Sr) 6.49± 12.54 3.80± 0.28 0.026± 0.14 −1.3e-3± 6.6e-3 −1.7e-4± 4.0e-3
5. 4× 10−3 mol Sr g−1 (Mn) 1.52± 7.16 4.11± 0.19 0.0096± 0.078 2.1e-3± 3.6e-3 −1.1e-5± 1.7e-3
6. 4× 10−3 mol Sr g−1 (Sr) 1.89± 13.88 3.93± 0.23 0.0089± 0.11 1.2e-3± 4.6e-3 1.0e-4± 2.4e-3
7. 7× 10−3 mol Sr g−1 (Mn) 5.46± 21.66 4.14± 0.22 0.034± 0.073 3.2e-3± 3.7e-3 −5.2e-4± 1.5e-3
8. 7× 10−3 mol Sr g−1 (Sr) 12.30± 56.20 4.00± 0.21 0.044± 0.07 3.0e-3± 2.9e-3 −6.6e-4± 1.4e-3
9. 1× 10−2 mol Sr g−1 (Mn) 1.82± 9.45 4.13± 0.22 0.018± 0.087 2.3e-3± 4.0e-3 −2.2e-4± 1.9e-3

10. 1× 10−2 mol Sr g−1 (Sr) 1.82± 9.94 3.86± 0.22 0.011± 0.086 1.9e-4± 4.3e-3 −2.5e-5± 1.8e-3
11. 1× 10−2 mol Sr g−1 aged (Mn) 3.93± 26.26 4.07± 0.31 0.029± 0.14 1.3e-3± 6.2e-3 −4.4e-4± 3.8e-3
12. 1× 10−2 mol Sr g−1 aged (Sr) 10.12± 64.40 3.81± 0.29 0.036± 0.13 −7.6e-4± 6.2e-3 −4.6e-4± 3.8e-3

a
 (Mn) or (Sr) represents the second-shell atom used in the model.
b h er
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. 6,
The significant disorder causes weaker contributions from the higher s

carbon, neither of which was observed in the sorbed samp
The highly hydrated strontium system is consistent with
hydrated strontium coordination environment where additio
oxygens are due to sorption at the oxide surface. This resu
a non-Gaussian distribution as third and fourth cumulants
required to describe the first-shell oxygen distribution. In all
the lowest loading, the mean square variation in distances
greater in the sorbed samples than that for the hydrated stron
solution, which is in agreement with the inclusion of addition
first-shell oxygen contributions from the oxide surface. The
fore, these first-shell results suggest that the strontium doe
lose its waters of hydration, which were observed in the aq
ous strontium nitrate solution. The strontium ion prefers a la

number of oxygen atoms (or waters) at multiple distances (whichsamples of 4×10 and 7× 10 mol Sr per gram HMO. The

explains a hydrated ion sorbed at the surface) in its first shell.

TABLE 2
Best Fits for Hydrated Strontium, SrO, and SrCO3 in the First-Shell k-Range 2.4–11.5 Å−1 and r -Range 1.38–2.80 Å

(Except for SrCO3, which was filtered from 2.9–11.5 Å−1 and windowed from 0.92 to 2.55 Å)

Sample Res. (%) N R (A
a
) σ 2 (A

a
2) C3 (A

a
3) C4

SrO 1.0 6.22± 1.90 2.60± 0.05 0.0096± 0.0072 0.0011± 0.0007 −8.6× 10−5± 1.9× 10−4

Solution 0.2 8.93± 1.20 2.62± 0.02 0.012± 0.004 8.9× 10−4± 4.4× 10−4 −2× 10−5± 10−4

data were filtered over the range 2.0 to 12.3Å −1 and Fourier
SrCO3 2.0 12.96± 8.32 2.69± 0.11 0.01
ells; as a result, the coordination numbers for this second shell have largerors.

les.
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In the second shell, there was no evidence of a lighter elem
like oxygen, and fitting supports two possible environments,
proximity of a heavier atom of either strontium or manganese
the Sr-loaded HMO of 10−4 to 10−2 mol g−1 at 298 K. Further-
more, the trends in Table 1 suggest that a second shell comp
of Mn resides at approximately 4.12̊A , while that for Sr lies
at about 3.88Å . The significant disorder causes weaker co
tributions from the higher shells; as a result, the coordinat
numbers for this second shell have large errors. To resolve
second-shell distribution, temperature studies were condu
as well.

Spectra collected at 77, 200, and 298 K are shown in Fig
where the data have been reduced toχ (k) · k3 versusk for the

−3 −3
3± 0.015 1.6× 10−3± 1.8× 10−3 −9.3× 10−5± 4.2× 10−4
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FIG. 5. Representative two-shell fits of inverse Fourier transformed SrK -
edge data over 1.1 to 3.9 A

a
and MnK -edge data over 1.08 to 3.08 A

a
.

FIG. 6. Sr K -edge data reduced toχ (k) · k3 versusk at 77, 200, and 298 K.

ox-
STRONTIUM SORPTION TO HMO 413

FIG. 7. Fourier transform [k3 · χ (k)] versus radial coordinate filtered from
2.0 to 12.3 A
a−1.

transformed, with the amplitude and imaginary part are sho
in Fig. 7. As temperature decreases, the amplitude increa
while the mean square variation of distances in the first sh
decreases. This effect is detailed in Table 3, where multish
fits are presented (representative fits are shown in Fig. 5). In
first shell, a narrower range of oxygen atoms is observed as c
pared to the 298 K data presented above; approximately 11 t
atoms of oxygen are located at about 2.58Å . In other words, the
first-shell Debye Waller factor decreases with decreasing te
perature for the first shell of oxygen atoms, indicating a narrow
range.

For the highly disordered sorbed strontium, fits (within th
noise of the data) were observed for both manganese and s
tium in the second shell for all loadings and temperatu
(Tables 1 and 3 and Fig. 5). Again, fits for Mn resulted in an a
erage distance of approximately 4.12Å and Sr at about 3.95̊A .
In both cases, uncertainty in the coordination number decrea
slightly with a decrease in temperature. To resolve the stront
sorption mechanism, we also collected MnK -edge fluorescence
data (Fig. 8). As seen in Fig. 9, the Fourier transformed spe
weighted withk3 for HMO samples are presented; amplitud
and imaginary parts for the first two shells are equivalent
all samples. The first shell of oxygen atoms is located at ab
1.89Å, while the second shell of manganese atoms is at appr

imately 2.86Å (Table 4, and a representative fit is shown in
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TABLE 3
First (Oxygen)- and Second-Shell Best Fits for Sr K -Edge Data at 77, 200, and 298 K, k-Range 2.0 to 12.3 Å−1 and r -Range 1.1 to 4.0 Å

Sample Res. (%) N1 R1 (A
a
) σ 2

1 (A
a
2) C3,1 (A

a
3) C4,1

1. 4× 10−3 mol Sr g−1 77 K (Mn)a 1.43 12.13± 4.47 2.58± 0.065 0.011± 0.0087 −2.7e-4± 9.8e-4 −4.3e-5± 2.4e-4
2. 4× 10−3 mol Sr g−1 77 K (Sr) 1.31 12.33± 4.75 2.59± 0.065 0.012± 0.0092 −1.4e-4± 9.8e-4 −5.6e-5± 2.5e-4
3. 4× 10−3 mol Sr g−1 200 K (Mn) 1.82 11.35± 4.78 2.58± 0.077 0.013± 0.010 −1.8e-4± 1.2e-3 −8.3e-5± 2.9e-4
4. 4× 10−3 mol Sr g−1 200 K (Sr) 2.29 11.54± 4.86 2.59± 0.076 0.014± 0.010 −1.4e-4± 1.2e-3 −8.9e-5± 2.8e-4
5. 4× 10−3 mol Sr g−1 298 K (Mn) 2.27 10.93± 5.06 2.57± 0.080 0.016± 0.012 −1.4e-4± 1.3e-3 −1.5e-4± 3.2e-4
6. 4× 10−3 mol Sr g−1 298 K (Sr) 2.63 11.19± 5.12 2.58± 0.069 0.017± 0.011 −3.0e-5± 1.1e-3 −1.6e-4± 3.0e-4
7. 7× 10−3 mol Sr g−1 77 K (Mn) 1.34 12.66± 4.47 2.59± 0.062 0.013± 0.0083 −1.8e-4± 8.9e-4 −1.0e-4± 2.2e-4
8. 7× 10−3 mol Sr g−1 77 K (Sr) 1.56 12.97± 4.79 2.59± 0.060 0.014± 0.0086 −1.4e-4± 8.6e-4 −1.1e-4± 2.2e-4
9. 7× 10−3 mol Sr g−1 200 K (Mn) 1.72 11.91± 4.55 2.60± 0.065 0.015± 0.0093 −1.5e-4± 9.8e-4 −1.6e-4± 2.4e-4

10. 7× 10−3 mol Sr g−1 200 K (Sr) 2.00 12.30± 4.70 2.61± 0.062 0.016± 0.0091 2.3e-4± 9.1e-4 −1.8e-4± 2.3e-4
11. 7× 10−3 mol Sr g−1 298 K (Mn) 3.38 11.26± 5.58 2.56± 0.10 0.017± 0.013 −3.9e-4± 1.6e-3 −1.7e-4± 3.6e-4
12. 7× 10−3 mol Sr g−1 298 K (Sr) 3.77 12.18± 6.40 2.57± 0.095 0.019± 0.013 −1.7e-4± 1.5e-3 −2.2e-4± 3.8e-4

N2 R2 σ 2
2 C3,2 C4,2

1. 4× 10−3 mol Sr g−1 77 K (Mn)a 2.20± 5.19 4.05± 0.085 0.013± 0.023 — —
2. 4× 10−3 mol Sr g−1 77 K (Sr) 1.87± 15.11 3.96± 0.24 0.00093± 0.14 1.7e-3± 5.7e-3 4.2e-4± 3.6e-3
3. 4× 10−3 mol Sr g−1 200 K (Mn) 2.08± 12.31 4.13± 0.26 0.012± 0.12 2.5e-3± 6.7e-3 9.6e-5± 3.4e-3
4. 4× 10−3 mol Sr g−1 200 K (Sr) 3.51± 13.89 3.89± 0.11 0.019± 0.035 — —
5. 4× 10−3 mol Sr g−1 298 K (Mn) 1.52± 7.16 4.11± 0.19 0.0096± 0.078 2.1e-3± 3.6e-3 −1.1e-5± 1.7e-3
6. 4× 10−3 mol Sr g−1 298 K (Sr) 1.89± 13.88 3.93± 0.23 0.0089± 0.11 1.2e-3± 4.6e-3 1.0e-4± 2.4e-3
7. 7× 10−3 mol Sr g−1 77 K (Mn) 2.02± 9.55 4.13± 0.20 0.0095± 0.093 2.3e-3± 4.8e-3 1.0e-4± 2.4e-3
8. 7× 10−3 mol Sr g−1 77 K (Sr) 3.55± 24.58 3.96± 0.24 0.010± 0.13 2.0e-3± 6.0e-3 2.6e-4± 3.5e-3
9. 7× 10−3 mol Sr g−1 200 K (Mn) 2.91± 13.03 4.15± 0.19 0.022± 0.08 2.5e-3± 3.6e-3 −2.6e-4± 1.8e-3

10. 7× 10−3 mol Sr g−1 200 K (Sr) 4.78± 27.61 3.98± 0.23 0.024± 0.098 1.8e-3± 5.0e-3 −1.6e-4± 2.2e-3
11. 7× 10−3 mol Sr g−1 298 K (Mn) 5.46± 21.66 4.14± 0.22 0.034± 0.073 3.2e-3± 3.7e-3 −5.2e-4± 1.5e-3
12. 7× 10−3 mol Sr g−1 298 K (Sr) 12.30± 56.20 4.00± 0.21 0.044± 0.07 3.0e-3± 2.9e-3 −6.6e-4± 1.4e-3
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a (Mn) or (Sr) represents the second-shell atom used in the model.

Fig. 5). The ratio of coordination numbers for these two shell
about 1:1 (absolute values for each shell could not be determ
because the structure is unknown and therefore self absor
corrections were not possible). There is no evidence of st
tium in the second shell. In addition, the XANES region f
manganese was assessed to determine whether the site sy
try for the Mn environment in the microcrystalline, amorpho
manganese oxide changed as a function of strontium loadin

manganese oxide aging (Fig. 10). These results indicate that theoxide precipitate formed, including a discrete-phase strontium

Mn environment in the HMO remains intact as a discrete oxide

TABLE 4
First (Oxygen)- and Second (Manganese)-Shell Best Fits for Mn K -Edge Data, k-Range 2.15 to 11.0 Å−1 and r -Range 1.08 to 3.08 Å

Sample R N1
a R1 (A

a
) σ 2

1 (A
a
2) N2

a R2 (A
a
) σ 2

2 (A
a
2)

HMO 1.64 3.61± 0.74 1.89± 9.66× 10−3 1.91× 10−3± 1.82× 10−3 3.12± 0.95 2.86± 1.23× 10−2 3.44× 10−3± 2.28× 10−3

HMO 0.1 mmol Sr/g 1.43 3.96± 0.73 1.89± 8.76× 10−3 1.76× 10−3± 1.64× 10−3 3.34± 0.91 2.86± 1.13× 10−2 3.02× 10−3± 2.03× 10−3

HMO 1 mmol Sr/g 2.04 3.82± 0.75 1.89± 9.56× 10−3 2.19× 10−3± 1.78× 10−3 3.27± 0.98 2.86± 1.22× 10−2 3.68× 10−3± 2.26× 10−3

HMO 4 mmol Sr/g 1.04 3.84± 0.71 1.89± 8.60× 10−3 1.36× 10−3± 1.60× 10−3 3.48± 0.97 2.87± 1.15× 10−2 3.61× 10−3± 2.11× 10−3

HMO 7 mmol Sr/g 1.52 3.94± 0.73 1.89± 8.87× 10−3 1.85× 10−3± 1.66× 10−3 3.53± 0.98 2.86± 1.16× 10−2 3.69× 10−3± 2.09× 10−3

HMO 10 mmol Sr/g 1.73 3.64± 0.74 1.89± 9.66× 10−3 1.92× 10−3± 1.81× 10−3 3.14± 0.95 2.87± 1.24× 10−2 3.40× 10−3± 2.28× 10−3

HMO 10 mmol Sr/g 1.94 3.60± 0.76 1.89± 1.03× 10−2 2.31× 10−3± 1.92× 10−3 3.15± 0.99 2.87± 1.32× 10−2 3.76× 10−3± 2.39× 10−3

aged 6 months

HMO aged 6 months 0.87 3.37± 0.76 1.89± 1.11× 10−3 2.37× 10−3± 2.06× 10−3 2.86± 1.40 2.86± 1.40× 10−2 3.46× 10−3± 2.49× 10−3

carbonate.
a Because the structure is not known, self-absorption corrections to the a
numbers are correct and not absolute values.
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and that neither a solid solution nor a crystalline oxide of M
Sr forms. Furthermore, although amorphous, this oxide exhi
a highly ordered local structure. The XANES and XAFS da
(Fig. 5) are also in agreement with the X-ray diffraction patter
discussed earlier. Axe and Anderson (13) observed similar
sults with both aged HFO and strontium sorbed to HFO, as th
was no macroscopic change in the ferrihydrite. Specifically, th
showed that no other type of oxide such as an iron–stront
mplitude of the XAFS data were not possible. Consequently, only relative coordination
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FIG. 8. Mn K -edge data reduced toχ (k) · k3 versusk.

FIG. 9. Fourier transform [k3 · χ (k)] versus radial coordinate filtered from

2.15 to 11.0 A
a−1.
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FIG. 10. Mn K -edge data of−30 to 50 eV from edge.

CONCLUSIONS

The XAS results assisted in delineating the mechanistic mo
for strontium sorption to the hydrous manganese oxide surf
as a function of loading. In distinguishing physical sorption fro
chemical sorption, the coordination environment would sugg
that the waters of hydration around the strontium ion rema
as the ion complexes with the HMO surface. Because Sr
sorbs through physical forces, the fraction sorbed to the ex
nal surface is available for partitioning with the aqueous pha
However, because hydrous manganese oxides like those of
minum and iron are microporous, contaminants like Sr 90 m
slowly diffuse in these pores (11–15, 34). In isotherm studi
Trivedi and Axe (34) observed one average type of site on
HMO surface. Because there is no evidence that external
internal surface sites are different, local structure from sho
term studies should be the same as that in the long-term o
The oxide acts not only as a sink but also as a source, whic
not accounted for in most hydrogeochemical models. Althou
metastable, these oxides may be stable in aquatic environm
as HMO was observed to be stable up to 6 months with or with
the strontium, suggesting that this oxide maintains its sorpt
capacity in aqueous environments.
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