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ABSTRACT

Time-resolved Rietveld refinements using synchrotron X-ray diffraction (XRD) have documented
real-time changes in unit-cell parameters in response to cation substitution in synthetic Na-birnessite.
Potassium- and Ba-birnessite, like Na-birnessite, were found to have triclinic symmetry. Rietveld
analyses of the XRD patterns for K- and Ba-exchanged birnessite revealed decreases in the a, ¢, and
B unit-cell parameters, with a decrease of 1.7 and 0.5%, respectively, in unit-cell volume relative to
Na-birnessite. Fourier electron difference syntheses revealed that the changes in the configuration
of the interlayer species, and the charge, size, and hydration of the substituting cations, serve as the
primary controls on changes in unit-cell parameters. Split electron density maxima with centers at
(0 0 0.5) were present for Na, K, and Ba end-members; however, with increased substitution of K*
for Na*, the axis connecting the split-site maxima rotated from an orientation parallel to the b-axis to
along the a-axis. Substitution of Ba?* for Na* did not result in rotation, but splitting of the interlayer

site was more pronounced.
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INTRODUCTION

Birnessite is one of the most common Mn oxides found in
nature. Manganese oxides having the birnessite-type layer struc-
ture occur as fine-grained aggregates, veins, marine and fresh-
water nodules and concretions, crusts, dendrites, and coatings
on other mineral particles and rock surfaces (Burns and Burns
1976; Dixon et al. 1986; Cornell and Giovanoli 1988; Post 1992,
1999). As aresult of their fine grain sizes, birnessite phases have
large surface areas for cation-exchange and redox reactions;
therefore, even small amounts can significantly influence the
chemical compositions of sediments and aqueous systems with
which they are in contact (Paterson et al. 1986; Golden et al.
1986, 1987; Banerjee and Nesbitt 1999). The unusually high
adsorption capacities and scavenging capabilities of Mn oxide/
hydroxide minerals make their presence in soils a primary control
on heavy metal and trace-element mobility; these characteristics
make them useful geochemical exploration tools and water puri-
fication agents (Post 1999). Synthetic birnessite-like phases are
extensively studied for use as catalysts, cation-exchange agents,
octahedral sieves, and battery materials (Shen et al. 1993; Luo
et al. 1998; Feng et al. 1999; Leroux et al. 2001). However, the
same fine-grained texture that makes birnessite so reactive also
makes its crystal structure difficult to study since crystals are
generally unsuitable for single-crystal diffraction.

Birnessite is a layered Mn oxide consisting of edge-sharing
Mn-O octahedra with an ~7 A basal spacing (Fig. 1). The inter-
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layer region of natural birnessites is occupied by hydrated cations,
such as Na*, Ca*, and K*. Since birnessite readily exchanges these
interlayer cations, a variety of birnessite-type structures can be
synthesized with different cations in the interlayer. Despite the
plethora of synthesis methods for birnessite (McKenzie 1971;
Golden et al. 1986; Shen et al. 1993; Luo and Suib 1997; Feng et
al. 1999; Ma et al. 1999; Luo et al. 2000), details concerning the
changes in atomic structure associated with cation exchange are
not well documented. Because of the poorly crystalline nature of
natural birnessite, structure refinement by powder diffraction is
difficult, and synthetic birnessite typically is studied as an analog
to the natural material (Kuma et al. 1994).

Recent studies have reported refinements of the structure
of Na-birnessite using synchrotron powder XRD coupled with
Rietveld analysis. This work has revealed that Na-birnessite is
triclinic (Post et al. 2002; Lanson et al. 2002), not monoclinic, as
was previously believed (Post and Veblen 1990). In the present
study, we used synchrotron radiation, imaging plate technology,
and a flow-through capillary cell (Parise et al. 2000; Lee et al.
1998, 2000) to monitor in real-time structural changes as dissolved
K* and Ba?* exchanged for Na*in the interlayer of birnessite. The
crystal structures of the K- and Ba-birnessite end-members, as well
as the intermediate, partially exchanged phases, were determined
using Rietveld analysis with the same methods described by Post
etal. (2002). The purpose of our study was to provide a more com-
plete understanding of the way in which birnessite incorporates
metal cations into its crystal structure. Insights into this exchange
process will assist in the development of birnessite-type phases
as catalysts and cation-exchange agents, and they will provide
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a deeper understanding of the geochemical role of birnessite in
natural systems.

EXPERIMENTAL METHODS

Sample preparation

The Na-birnessite samples used in the Ba-exchange experiments were derived
from the same synthetic batch used by Post and Veblen (1990) and Post et al.
(2002), with the formula Na, ss(Mnt,,Mni’ss)O,4 1.5H,0. This material contained
a small quantity of hausmannite (~5 wt%). Examination by transmission electron
microscopy revealed that the crystals were plate-like and measured ~1 um across
and several hundred Angstroms thick (Post and Veblen 1990). The Na-birnessite
samples used in the K-exchange were freshly synthesized using the same methods
employed by Post and Veblen (based on protocols in Golden et al. 1986, 1987). A
solution of NaOH (55 g of NaOH in 250 mL of H,0) was added to 200 mL of a
chilled 0.5 M MnCl, solution and reacted at room temperature while oxygen was
bubbled through the Mn(OH), suspension at a rate of =1.5 L/min through a glass
frit. Similar to the procedure outlined in Kuma et al. (1994), the precipitate was
filtered through a 0.1 pum Millipore filter, washed, and stored as a suspension until
aliquots were removed and air-dried for use. XRD patterns of the initial Na-birnes-
site samples used in the K-exchange reactions revealed no evidence of significant
amounts of hausmannite (<1%).

Data collection

XRD data were collected at beam line X7B of the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory (BNL), with an X-ray wavelength
of 0.9044 A (as determined from a LaB, standard) for the K- and Ba-exchange. A
small amount (~1 mg) of birnessite was loaded into 0.5 or 0.7 mm quartz capillaries
and held in place by cotton or glass wool on either side of the sample. The capillary
was inserted into a flow-through apparatus similar to the SECReTS (Small Envi-
ronmental Cell for Real-Time Studies) cell described by Parise et al. (2000) for the
exchange reactions used in studies by Lee et al. (1998, 2000). XRD patterns were
collected every 2 to 3 minutes with a MAR345 full-imaging plate detector for periods
of 1to4 hours as 0.01 M solutions of KCI or BaCl, at neutral pH flowed through the
sample (on average 1 drop/100 s) under N, pressure. During exposure, the sample
was rotated through a 10° phi angle. Preferred orientation of the powder was elimi-
nated through a combination of specimen rotation, use of a capillary sample holder,
and full intensity integration of the diffraction rings, as obtained using the program
FIT2D (Hammersley et al. 1996) with a polarization factor of 0.93. The series of
time-resolved XRD patterns collected during the K-exchange and Ba-exchange
reactions can be seen in Figures 2 and 3, respectively.

The exchanged samples were placed on a carbon stub and analyzed using
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FIGURE 1. View of the synthetic Na-birnessite [Na, ss(Mn{5,Mnjkg)
O, 1.5H,0] structure approximately along the b axis.

energy dispersive X-ray spectroscopy (EDS), with a JEOL JSM-840A scanning
electron microscope (SEM) and an attached Noran System dispersive X-ray ana-
lyzer. The results indicated that both the K-exchanged samples were completely
exchanged and the Ba-exchanged samples contained little to no Na* (~1 wt%) by
the completion of the experimental runs. The small sample size and the fine-grained
powdered nature prevented accurate quantitative chemical analysis by electron-
beam methods. Chemical analyses of the starting Na-birnessite material can be
found in Post and Veblen (1990).

Structure refinement

Rietveld structure refinements (Rietveld 1969) were performed using the
EXPGUTI interface (Toby 2001) of the General Structure Analysis System (GSAS)
developed by Larson and Von Dreele (2006). The initial structure parameters for
the starting Na-birnessite material came from the triclinic structure of Post et al.
(2002). The latter authors employed triclinic rather than monoclinic symmetry on
the basis of split diffraction peaks (such as the OTl, 101, TOZ), as was revealed by
synchrotron XRD. We observed that these peaks also were split in our K- and Ba-
birnessite patterns, indicating that these structures are triclinic as well.

For the calculation of Fourier electron difference maps, the interlayer species
were excluded. The backgrounds for the XRD patterns were fit using up to 28 terms
for Na-, K-, and Ba-birnessite, with a linear interpolation function. The peak profiles
were modeled by a pseudo-Voigt profile function as parameterized by Thompson
et al. (1987), with asymmetry corrections by Finger et al. (1994) and microstrain
anisotropic broadening terms by Stephens (1999). During initial cycles of refinement,
only the background, scale, peak profile, and unit-cell parameters were allowed to
vary. The position of the O atom in the Mn-O sheet was then refined. Calculations of
difference electron Fourier (DELF) maps were performed to determine the interlayer
atom positions. Once located, the interlayer atoms were added to the refinement as a
single O, site, which served to model the average combined water and cation sites.
As discussed below, for the completely exchanged phases, the O, site was replaced
with separate cation and O sites. Following refinements of the interlayer atom posi-
tions, occupancy factors and isotropic atomic displacement factors for the interlayer
site were allowed to vary. During the K-birnessite refinement, soft constraints were
applied to the Mn-O distances (constrained to 1.85 A with a standard deviation of
0.03 A), and the weighting factor was gradually reduced in successive cycles until
it was eventually eliminated.

RESULTS AND DISCUSSION

Effects of cation substitution on lattice parameters

The exchange of interlayer cations in birnessite resulted
in variations in diffraction peak intensities and positions with
increasing degree of exchange (Figs. 2 and 3). Specifically,
replacement of Na by K resulted in gradually decreasing in-
tensity of certain peaks (e.g., 001, 111, and 111), shifting of
peaks (e.g., 201 and 200), and merging of peaks (e.g., 202 with
111). Barium exchange yielded an abrupt decrease in all peak
intensities and abrupt peak shifts (e.g., the 202 and 004 peaks).
The final refinement parameters are listed in Table 1. Atomic
positions can be found in Table 2 with the corresponding bond
distances in Table 3.

The final end-member diffraction patterns of K- and Ba-
birnessite showed significant decreases in peak-to-background
ratios in comparison with that of the initially dry Na-birnessite
material (Fig. 4), most likely due to the increased background
caused by the presence of water. Rietveld analyses of XRD pat-
terns obtained at intervals of approximately 5 minutes revealed
strong dependencies of the unit-cell parameters with time (Figs.
5 and 6). The error bars for Figures 5 and 6 are smaller than the
plotted data symbols. The standard deviations calculated by
GSAS for the lattice parameters typically are smaller than the
true errors (Post and Bish 1989), and we present the errors cal-
culated by GSAS in the tables and figures of this paper with the
understanding that the actual errors may be more than an order
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FIGURE 2. Series of XRD patterns showing changes in peak positions
and intensities during exchange of K for Na in the birnessite interlayer:
(a) 5-20 °20; (b) 20-30 °26. Each line represents about 2 minutes in
time.

TaBLE 1.  Final Rietveld refinement parameters for Na-, K-, and Ba-

birnessite

Na-birnessite K-birnessite Ba-birnessite

Space group a a a
Unit cell
a(d) 5.1780(8) 5.1371(5) 5.1713(5)
b(A) 2.8509(6) 2.8476(2) 2.8473(9)
c(A 7.3344(9) 7.2129(8) 7.3039(6)
o (%) 89.45(4) 89.95(1) 89.533(8)
B 103.18(9) 100.74(7) 102.968(3)
v() 89.91(1) 89.704(9) 89.903(7)
208 105.41(4) 103.66(4) 104.802(7)
Refinement
No. of diffraction points 2519 2470 2552
No. of reflections 307* 167 273*
Diffraction Range (26) 4.0-55.99 4.085-58.385 4.0-55.99
No. of variables 97* 60 114*
R(F?) 0.019 0.042 0.034
Rup 0.016 0.020 0.017
X 1.77 1.81 141

* Contain small hausmannite impurities.

of magnitude higher than the calculated deviations. During the
exchange of K and Ba for Na, the a, ¢, and 3 unit-cell param-
eters decreased, with an overall unit-cell volume contraction
of 1.7% for K-exchange and 0.5% for Ba-exchange, relative to
Na-birnessite (Figs. 5 and 6). The refined unit-cell volume of the
starting Na-birnessite for the K-exchange reactions was slightly
lower than the refined unit-cell volumes for Na-birnessite in our
other experiments (104.92 vs. 105.41 A%). We infer that a small
degree of exchange already had begun before the first diffraction
pattern was collected.

TABLE2. Atomic coordinates and isotropic displacement factors for
Na-, K-, and Ba-birnessite
Atom X y z Site Uio X 102
occupancy  (A?)
factor
Na-birnessite  Mn 0 0 0 1.0 0.45(6)
(0] 0.3686(3) -0.0241(2) 0.1307(4) 1.0 1.38(3)
O, -0.0270(5) 0.3154(5) 0.4885(4) 0.3453  7.26(1)
Na -0.0270(5) 0.3154(5) 0.4885(4) 0.145t  7.26(1)
K-birnessite  Mn 0 0 0 1.0 0.58(8)
(0] 0.3717(4) 0.0331(1) 0.1348(0) 1.0 3.18(0)
O« -0.1835(6) 0.6099(4) 0.4931(1) 0.388(6) 6.73(2)
K -0.1835(6) 0.6099(4) 0.4931(1) 0.115t  6.73(2)
Ba-birnessite Mn 0 0 0 1.0 0.18(3)
(0] 0.3777(5) -0.0301(5) 0.1321(6) 1.0 1.70(2)
Oint 0.5830(6) 0.2093(7) 0.5069(1) 0.222(2) 10.00*
Ba 0.5830(6) 0.2093(7) 0.5069(1) 0.0725t 10.00*
* Fixed.

1 Determined from analytical data in Post and Veblen (1990).
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FIGURE 3. Series of XRD patterns showing changes in peak positions
and intensities during exchange if Ba for Na in the birnessite interlayer
over time: (a) 5-20 °20; (b) 20-30 °26. Each line represents about 2
minutes in time.

Kuma et al. (1994) argue that the unit-cell parameters of
birnessite are a function of the ionic radii, charge, and hydration
radii of the interlayer cations. We observed that the decreases
ina, ¢, B, and cell volume with increasing exchange were more
pronounced when K* substituted for Na* in comparison with
Ba?*. This behavior may be attributed to differences in the ionic
charge and hydration state of the two cations. K* has an ionic
radius of 1.52 A (Shannon 1976) and a hydration radius of 3.3 A
(Nightingale 1959). Although Na* has a smaller ionic radius (1.16
A) (Shannon 1976), its hydration radius of 3.6 A is larger than
that of K* (Nightingale 1959). Because these cations are coordi-
nated primarily by water molecules (in this case, six) within the
interlayer and two O atoms in the Mn-O sheet of birnessite, the
smaller hydration radius for K* induced a small unit-cell contrac-
tion of the interlayer region, as reflected in decreases in a, ¢, 3,
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TaBLE 3. Selected bond distances (A) for Na-, K-, and Ba-birnessite

Na-birnessite K-birnessite Ba-birnessite
Mn-O1 1.931(4) 1.977(5) 1.961(5)
-01 1.972(0) 1.978(7) 1.976(3)
-01 1.882(2) 1.842(0) 1.847(4)
01-01 2.595(2) 2.657(9) 2.604(2)
-01 2.413(0) 2.438(2) 2.532(5)
-01 2.547(9) 2.847(6) 2.847(4)
-01 2.851(0) 2.551(0) 2.436(6)
-01 2.957(5) 2.943(2) 2.953(8)
-01 2.953(6) 2.930(4) 2.949(6)
01-Oj 2.590(9) 2.661(4) 2.634(6)
-Oint 2.795(9) 2.885(0) 2.809(8)
Oint-Oine 2.850(9) 2.847(6) 2.847(4)
Oint-Oint 2.953(6) 2.943(2) 2.953(8)
Oint-Oint 2.957(5) 2.930(4) 2.949(6)
2.911(3)

Note: O, represents both the interlayer cation and the H,O molecules.

and V. Ba**, with an ionic radius of 1.49 A (Shannon 1976) and a
hydration radius of 4.0 A (Nightingale 1959), nevertheless induced
a unit-cell contraction after replacing Na*. The greater charge of
Ba** leads to stronger bonding with the negatively charged Mn-
O layers, resulting in a diminished interlayer spacing despite the
larger hydration radius for Ba?* and its halved occupancy relative
to the starting Na.

The contraction of the interlayer region does not entail a de-
crease in primary bond lengths (Fig. 7). The O-H---Ol1 distances
changed little following cation exchange, but the angles between
octahedral layer oxygen ions and the interlayer oxygen decreased
after both Ba- and K-exchange. Specifically, the O1-O1-O,, bond
angles diminished from 93.5° in Na-birnessite to 87.7° in Ba-
birnessite and 72.9° in K-birnessite (Fig. 7). Thus, the contraction
of the unit cell following Ba- and K-exchange is effected by a
change in bond angles that, in turn, reflect a re-arrangement of
the interlayer cations, as described below.

Arrangement of interlayer species

According to Manceau et al. (1992), if there are no vacancies
in the octahedral sheets, then the two-dimensional superperiodic-
ity depends on the position of negative charge in the Mn-O sheet
and the exchangeable cation valence. When the sheets do contain
vacancies, they postulated that divalent cations will be situated
above and below the vacancies, irrespective of layer charge. Our
Rietveld refinement of the Mn occupancies in all of our samples
yielded values close to 1.00, indicating that there were no vacan-
cies in the Mn-O layer of the synthetic Na-, K-, and Ba-birnes-
site used in our study. Therefore, the interlayer hydrated cation
positions most likely occurred adjacent to the Mn?* sites in the
Mn-O octahedral sheets, rather than near vacancies.

The interlayer atom positions used for initial refinement of
the interlayer were determined from DELF maps. For these
refinements, Na, K, Ba, and O(H,O) were modeled as a single
atomic species (oxygen, O;,). The combined effects of partial
occupancies, positional disorder, and similarities in X-ray scatter-
ing factors for Na, K, and O rendered it impossible to distinguish
among these species during the refinement. For clarification of
the end-member structures, we modeled the interlayer O site with
separate O (water) and cation sites, both constrained to occupy
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FIGURE 4. Observed (crosses), calculated (solid line), and difference
(line below) plots for the end-member XRD patterns from 4.0 to 42.5
°20 for: (a) Na-birnessite; (b) K-birnessite; and (¢) Ba-birnessite. All
were refined in a triclinic unit cell (C1). Peak positions are indicated
by vertical dashes.

the same position. The occupancy factors for the cations were
fixed to the values determined by chemical analyses in Post and
Veblen (1990), and the O (water) occupancy factor was refined
(Table 2). As in Post et al. (2002), the split site for Na-birnessite
is best described as two maxima separated by ~1 A; therefore,
both positions of the binary site are never occupied at the same
time. The splitting of the interlayer sites is most likely caused
by positional disorder of the Na*, Ba**, and K* cations, and H,O
molecules, such that they occupy different positions in the in-
terlayer region in different unit cells. Therefore, the diffuse split
sites apparent in the DELF maps must represent a composite
average location for the interlayer species in the unit cell.
Again, as was found in Post et al. (2002) for Na-birnessite, the
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FIGURE 5. Changes in unit-cell parameters over time for the 0.01
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FIGURE 7. Diagrams revealing the angular relationships between the
octahedral O atoms and the interlayer water species in the end-member
birnessite phases as viewed down the g-axis. (a) Na-birnessite, (b) K-

birnessite, (¢) Ba-birnessite.

interlayer sites for Na-, K-, and Ba-birnessite form a hexagonal
planar array parallel to the octahedral layers (Figs. 8 and 9). Each
interlayer cation or H,O molecule is surrounded by six other
H,O molecules with bond distances ranging from 2.85 to 2.95
A (Table 3). The distances between octahedral O1 and interlayer
O, sites refined consistently to between 2.59 and 2.65 A (Table
3), which might suggest H-bonds or, in the case of Na-birnessite,
Na-O bonds (Post et al. 2002) between the octahedral oxygen and
interlayer species. When Na is placed on a centroid between the
split sites (an inversion center), bond distances are on the order of
2.9t03.0 A, which are far from optimal. Based on the ionic radii
presented in Shannon (1976), Y"Na-"VO bond distances ideally are
2.56 A, as is consistent with Na-O bond distances observed in Na-
rich aluminosilicates, such as albite (Harlow and Brown 1980).
Nevertheless, our calculated Na-birnessite bond distances are very
similar to those found both in Post et al. (2002) and Lanson et al.
(2002), supporting the results of our refinement. The longer bond
distances measured in these studies of birnessite may account for
the extremely high susceptibility of interlayer Na to exchange
for other cations.

Ideal Y"Ba-"VO distances are 2.76 A (Shannon 1976), and
when Ba* is placed on the centroid between split sites, a bond
distance of 2.97 A results. On the other hand, when Ba is situated
on the lobes of the electron density ellipsoids in DELF syntheses,
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e. time = 65 min - T, time = 228 min

FIGURE 8. Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for 0.01 M K-exchange reactions with Na-
birnessite, for exchange times of (a) 0 min; (b) 8 min; (¢) 15 min; (d) 19 min; (e) 65 min; and (f) 228 min. Areas of maximum electron density
are located at the positions marked with an x. The contour interval is 0.1 e/A%. Elongation of the areas of electron density represents positional
disorder of the interlayer cation and water species.
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FIGURE 9. Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for 0.01 M Ba-exchange reactions with Na-
birnessite, for exchange times of (a) 0 min; (b) 10 min; (¢) 19 min; (d) 36 min; (e) 85 min; and (f) 142 min. Areas of maximum electron density are
located at the positions marked with an x. The contour interval is 0.1 e/A*. Splitting of the areas of electron density represents positional disorder
of the Ba?* and water species.
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a Ba-O distance of 2.65 A is observed (Table 3). Consequently,
when Ba?* substitutes into the interlayer, it is more likely to be lo-
cated toward the lobes of the split site as opposed to the centroid. In
contrast, the ideal Y"K-"'0 ideal bond distance is 2.89 A (Shannon
1976), and when K* is placed on the centroid in the interlayer, its
bond distances to the interlayer oxygen atoms are 2.85 A. When K*
is situated on the lobes of the DELF ellipsoids, the corresponding
K-O distances are 2.66 A (Table 3). Therefore, we infer that K*
is located on the centroid of the split sites when it substitutes into
the interlayer. When H,O occupies that site, the O atom is sited
on the lobe to achieve an O-H---O bond distance of 2.66 A, as is
characteristic of hydrogen bonds. Thus, our refinement suggests
that both the positional disorder and the variability in the interlayer
configurations of Na-, K-, and Ba-birnessite are explainable to a
large degree by optimization of bond distances.

Real-time analyses

Difference maps for 00/ sections near z = 0.5 revealed sys-
tematic and continuous changes in the positions of the interlayer
species as the reactions progressed (Figs. 8 and 9). Split electron-
density maxima with centroids at (00 0.5) are present in electron
difference maps for Na, K, and Ba end-members; however, with
increased substitution of K* for Na*, the axis connecting the split-
site maxima rotated from an orientation parallel to the b-axis to
an orientation parallel to a. The split electron density maxima of
interlayer Ba®*, on the other hand, exhibited no rotation, but the
degree of splitting grew more pronounced. Thus, our real-time
XRD results suggest that the transition from one interlayer con-
figuration to another as cationic substitution proceeds involves
continuous shifts in atomic positions rather than the co-existence
of end-member configurations. This interpretation runs counter
to arguments that exchange processes occur through dissolution
of one phase and precipitation of another (e.g., Putnis 2002).
Nevertheless, we note that the gradual evolution reported here
also represents structures that are averaged over many unit cells,
as is inherent to the XRD process.

Although the shifting in interlayer positions is gradual,
the kinetics of substitution occurs as a two-step process. The
first and more rapid stage involves a repositioning that may
correspond with exchange of the interlayer species, and the
second slower step entails an ordering of the interlayer spe-
cies into those new positions. For example, the 90° rotation of
the ellipsoid that represents interlayer positional disorder in
Na-birnessite was completed within 20 min of exchange with
K. Since the interlayer species controls the evolution of the
unit-cell parameters, the decrease in unit-cell volume followed
a similar behavior. Initially, the decrease in unit-cell volume was
rapid, generally within 15 to 20 minutes after the initiation of
fluid flow. The subsequent stage involved a smaller variation in
unit-cell parameters. We have determined that for K-exchange
the initial stage had a coefficient of unit-cell contraction of
—-8.96 x 107 1/s, and the second stage had a contraction coef-
ficient of —2.66 x 1077 1/s. Ba-exchange resulted in a contrac-
tion coefficient of —2.17 x 1076 1/s for the initial stage (the first
15-20 min) and —2.71 x 1077 1/s for the second stage. Ongoing
research into the kinetics of these reactions in combination
with molecular dynamical modeling will further elucidate the
cation exchange processes in birnessite.
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