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Abstract
Rietveld refinements of time-resolved synchrotron X-ray diffraction data have
documented real-time changes in unit-cell parameters in response to cation substitution in
synthetic Na-birnessite. K-, Cs-, and Ba-birnessite, like Na-birnessite, were all found to
have a triclinic unit-cell. Rietveld analyses of the X-ray diffraction patterns for K- and
Ba-exchanged birnessite revealed decreases in the a, c, and β unit-cell parameters in
unit-cell volume relative to Na-birnessite. Cs-exchange resulted in increases in c and
unit-cell volume. 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.
Further TEM, SEM, and EDS analyses of batch Cs-exchange samples suggests that Nabirnessite and Cs-birnessite may co-exist in individual grains of birnessite, with both Na+
and Cs+ homogeneously distributed throughout individual incompletely exchanged
grains. This suggests that the Cs-exchange reaction pathway likely occurred as part of a
diffusion process, possibly aided by partial delamination of the Mn-O octahedral layers.
Cation exchange rates for K-, Cs-, and Ba-exchange in birnessite were calculated
for the first time from the time-resolved XRD results. The exchange rates for Na in
birnessite decreased in the order: Cs >> K > Ba. These results are likely a function of
hydration energy differences of the cations and the preference of the solution phase for
the more readily hydrated cation. The kinetic modeling supports a two-stage reaction
pathway for cation exchange, and these kinetic steps correlate with changes in crystal
structure.

Upon variation of solution pH, the K-exchange results quantitatively

demonstrate that decreasing pH leads to faster cation exchange reaction kinetics. It is
hypothesized that the enhanced K+ exchange with increased H+ concentration is caused
mechanistically by the role that H+ plays during the diadochic substitution. These stateof-the-art time-resolved synchrotron studies have revealed for the first time reaction rates
and possible mechanisms for cation exchange in birnessite, a prominent Mn-oxide soil
constituent.
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Chapter 1
Introduction
The manganese oxide mineral, birnessite, is abundant in nature and is of particular
interest to scientists and engineers for use as a cation-exchange agent and catalyst. Numerous
studies have examined cation exchange reactions in birnessite (Golden et al., 1986; Kuma et al.,
1994), but do not document the structural pathways for the exchange. Through this dissertation
I hope to shed light on to the cation exchange reaction pathway in birnessite by attempting to
answer the following questions:

How are various cations incorporated into the birnessite

structure? Can we model and predict rates of exchange? Does cation exchange occur through
solid state diffusion or through dissolution and re-precipitation? A variety of techniques will be
used in this study, but the bulk of research was based on time-resolved synchrotron X-ray
diffraction performed at Brookhaven National Laboratory.

1.1 Background
There are over 30 Mn oxide/hydroxide minerals known in nature. Mn oxides occur as
fine-grained aggregates, veins, marine and fresh-water nodules and concretions, crusts, dendrites,
and coatings on other mineral particles and rock surfaces (Post, 1992 & 1999).

Because of the

unusually high adsorption capacities and scavenging capabilities of Mn oxide/hydroxide
minerals, their presence in soils can be primary controls of heavy metal and trace element
mobility in waters. These characteristics make them useful geochemical exploration tools and
water purification agents (Post, 1999). Their ability to exchange cations is a very important
property with respect to anthropogenic inputs of heavy metals into water sources, polluting
drinking water and affecting wildlife and plantlife. Mn oxides (and Fe oxides) scavenge heavy
metals from polluted leachate by binding contaminants in their crystal structures (Wasay et al.,
1998). Studies have found that Mn oxides in soils are sinks for contaminants such as Cu, Co, Zn,
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Ni, Pb, and Cd (Loganathan and Burau, 1973; Singh and Subramanian, 1984; Burns et al., 1985;
Nicholson and Eley, 1997). Thus, determining the structures and behaviors of natural Mn oxide
minerals is important because of their environmental and industrial uses. The key behind the
high absorption capacities of Mn oxides lies in their crystal chemistry, which remains
incompletely understood.

1.1.1 Mineralogy
Mn oxides can be divided into two main structural groups: layer-structure and tunnelstructure Mn oxides (Post, 1999).

Manganese oxide mineral structures are built of MnO6

octahedra that share edges and/or corners in many ways, giving rise to a large number of
polymorphs (Fritsch et al., 1997). The complexity and variety of Mn oxide minerals stem from
the fact that Mn can occur in three valence states: +2, +3, or +4. In addition, Mn oxides display
a diversity of atomic structures, many of which can easily accommodate a wide assortment of
other metal cations (Post, 1999). The linear arrays of tunnel and layer structures are formed by
dominantly tetravalent Mn4+O6 units arranged in single chains and multioctahedral slabs
(Waychunas, 1991). The chain or tunnel structures are constructed of single, double, and/or
triple chains of Mn-O octahedra with shared corners. These modules generate frameworks with
large square or rectangular tunnels, which are partially filled by water and/or cations (Post,
1992). Charge balance follows cation exchange, and can be affected by reducing the Mn4+ to
Mn3+ or Mn2+ (Post, 1992).
Layer Mn oxides (phyllomanganates) occur as stacks of layers or sheets in which the
interlayers can host water and a wide range of cations (Post, 1992). The mineral birnessite [(Na,
Ca, Mn2+)Mn7O14⋅2.8H2O] is the most commonly occurring layered Mn oxide.

Natural

birnessite consists of sheets of edge-sharing Mn4+O6 octahedra with disordered Na, Ca or Mn(II)
and water sites sandwiched between the layers, which are separated by 7 Å. Birnessite is a major
phase in many soils, desert varnishes, and ocean nodules (Post, 1992).
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1.1.2 Birnessite Synthesis
Various pathways for the synthesis of synthetic birnessite have been outlined in
innumerable studies, some examples of which include Golden et al. (1986) and (1987), Shen et
al. (1993), Tian et al. (1997), Luo and Suib (1997), and Vileno et al. (1998). All of these
synthesis techniques were tried in this study. By far the most consistent and reproducible run
products resulted from the Na-birnessite synthesis protocol of Golden et al. (1986 & 1987), in
which a solution of NaOH (55 g of NaOH in 250 ml of H2O) is added to 200 ml of a chilled
0.5M MnCl2 solution and reacted at room temperature while oxygen is bubbled through the
Mn(OH)2 suspension at a rate ≥ 1.5 liter/min through a glass frit for a period of at least 5 hours.
The precipitate is then filtered through a 0.1 μm filter, washed multiple times with DDI water,
and stored as a suspension until aliquots are removed and air-dried.

1.1.3 Cation Exchange in Birnessite
In the past, a variety of studies have looked at cation exchange reactions in synthetic
layer-type manganates like birnessite (Golden et al., 1986; Tsuji et al., 1992; Kuma et al., 1994).
Golden et al. (1986) and Kuma et al. (1994) show that exchange of Mg, Ni, and Ca for Na in
birnessite results in an increase in basal spacing from 7 Å to 10 Å, whereas exchange of cations
such as Li, K, Ba, and Cs maintain the 7 Å basal spacing. These past studies provide a
qualitative sense of what occurs during exchange, but they do not offer precise descriptions of
the exchanged structures or the exchange mechanisms. The studies described in this thesis
utilized synchrotron capabilities and advances in structure refinement techniques in order to give
us a more thorough idea about how different metals are incorporated in the birnessite structure.

1.1.4 Synchrotron X-ray diffraction
Because of the poor crystallinity of natural Mn-oxides, synthetic analogues (e.g. synthetic
birnessite) have served as the basis for most structural studies (Kuma et al., 1994). Recent
advances in imaging technology, combined with Rietveld codes in GSAS (Larson and Von
Dreele, 2006) have allowed for superior analyses of fine-grained Mn-oxide minerals (Post et al.,
2002; Post et al., 2003). Because the synchrotron offers improved resolution, counting statistics,
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and dynamic range relative to conventional, laboratory-based X-ray diffraction data (Parise et al.,
2000), it is ideally suited for the collection of crystal structure data from fine-grained samples
such as birnessite. A comparison of synthetic Na-birnessite XRD patterns collected using a
conventional diffractometer and using the synchrotron can be seen in Figure 1-1. It is clearly
evident that the peaks are more distinct and better resolved when the synchrotron is the X-ray
source.
All time-resolved synchrotron X-ray diffraction (XRD) experiments were performed at
beamline X7B at the Brookhaven National Laboratory, National Synchrotron Light Source
(NSLS). A small amount (approx. 1 mg) of birnessite was loaded in a 0.5 or 0.7 mm quartz
capillary and held in place by cotton or glass wool. This capillary is part of a flow-through
apparatus (Figure 1-2) similar to the SECReTS (Small Environmental 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). Images were scanned every two to three minutes for a period of one to four
hours as salt solutions at various concentrations and pH flowed through the sample under N2
pressure.

Intensities were collected with a MAR345 full imaging plate detector mounted

perpendicular to the incoming beam. Preferred orientation of the powder was eliminated through
a combination of specimen rotation (10-20°), use of a capillary sample holder, and full intensity
integration of the diffraction rings, as obtained using the program FIT2D (Hammersley et al.,
1996).

1.2 Research Goals
For my dissertation studies, I explored the following hypotheses:
1. Cation exchange in birnessite occurs rapidly (within a few hours), and different cations
adopt different configurations within the interlayer region, dependent on ionic radius,
hydration radius, and charge.
2. Exchange mechanisms and rates can be captured in real-time by refining crystal
structures as a function of time.
3. Cation exchange rates are dependent on solution concentration and pH.
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4. The cation exchange process in birnessite progresses either by a diffusion, dissolution/reprecipitation, or delamination mechanism.
The following chapters will test these hypotheses in order to gain a better understanding
of the cation exchange processes in birnessite. Chapter 2 focuses on the first hypothesis by
monitoring K- and Ba-exchange for Na in birnessite, and is a first of its kind study involving
time-resolved cation exchange. This chapter has been reviewed and accepted by American
Mineralogist and is currently in press (Lopano et al., 2007). Chapter 3 focuses on the second
hypothesis by monitoring K-, Ba-, and Cs-exchange in birnessite at various concentrations and
by deriving a series of equations to fit the unit-cell changes with time in order to determine
cation exchange rates. This study marks the first time anyone has attempted to determine cation
exchange rates in birnessite, and the first time this has been done using time-resolved X-ray
diffraction. Chapter 4 tests the third hypothesis by studying the differences in cation exchange
kinetics for KCl solutions at different pH’s (pH 4.0, 5.5, and 7.0). Finally, chapter 5 is an
attempt to resolve the fourth hypothesis by analyzing Cs-exchange in birnessite using timeresolved X-ray diffraction, transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and chemical analyses. Ultimately, these state-of-the-art time-resolved
synchrotron studies of Mn-oxides will influence approaches for new birnessite remediation
materials and provide a better understanding of how these Mn oxides form in nature.

1.3 References
Burns, R.G., Burns, V.M., and Stockman, H.W. (1985) The todorokite-buserite problem; further
considerations. American Mineralogist, 70(1-2), 205-208.
Fritsch, S., Post, J.E., and Navrotsky, A. (1997) Energetics of low-temperature polymorphs of
manganese dioxide and oxyhydroxide. Geochimica et Cosmochimica Acta, 61(13), 26132616.
Golden, D.C., Chen, C.C., and Dixon, J.B. (1987) Transformation of birnessite to buserite,
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Figure 1 - 1: Sample XRD diffractograms of synthetic Na-birnessite collected using a a) synchrotron source
(λ = 0.922 Å); and b) Scintag, Cu kα radiation (λ = 1.541 Å). Circled areas represent the same d-spacings region
and illustrate the difference in resolution between conventional and synchrotron X-ray sources.
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Chapter 2
Time-resolved Structural Analysis of K-and Ba-exchange Reactions with
Synthetic Na-birnessite Using Synchrotron X-ray Diffraction
2.1 Introduction
Birnessite is one of the most common Mn oxides found in nature. Mn oxides having the
birnessite-type layer structure 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 and
1999). As a result of their fine grain sizes, birnessite phases have large surface areas for cationexchange 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 and 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 of heavy metal and trace element mobility in waters;
these characteristics make them useful geochemical exploration tools and water purification
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 a ∼7 Å
basal spacing (Figure 2-1). The interlayer region of natural birnessites is occupied by hydrated
cations, such as Na+, Ca2+, 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 1986; Shen et
al. 1993; Luo and Suib 1997; Feng et al. 1999; Ying 1999; and Luo et al. 2000), details
concerning the changes in atomic structure associated with cation exchange are not well
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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 X-ray diffraction 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 Ba2+ exchanged
for Na+ in the interlayer of birnessite. The crystal structures of the K- and Ba-birnessite endmembers, as well as the intermediate, partially exchanged phases, were determined using
Rietveld analysis with the same methods described by Post et al. (2002). The purpose of our
study is to provide a more complete 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 a deeper understanding of the geochemical role of birnessite in natural systems.

2.2 Experimental Methods
2.2.1 Sample Preparation
The Na-birnessite samples used in the Ba-exchange experiments were derived from the
same synthetic batch as was used by Post and Veblen (1990) and Post et al. (2002), with the
formula Na0.58(Mn4+1.42,Mn3+0.58)O4⋅1.5H2O.
hausmannite (∼ 5 wt.%).

This material contained a small quantity of

Examination by transmission electron microscopy revealed that the

crystals were plate-like and measured ∼1 μm across and several hundred Ångstroms 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
and 1987). A solution of NaOH (55 g of NaOH in 250 ml of H2O) was added to 200 ml of a
chilled 0.5 M MnCl2 solution and reacted at room temperature while oxygen was bubbled
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through the Mn(OH)2 suspension at a rate of ≥1.5 liter/min through a glass frit. Similar to the
procedure outlined in Kuma et al. (1994), the precipitate was filtered through a 0.1 μm Millipore
filter, washed, and stored as a suspension until aliquots were removed and air-dried for use. Xray diffraction patterns of the initial Na-birnessite samples used in the K-exchange reactions
revealed no evidence of significant amounts of hausmannite (less than 1%).

2.2.2 Data Collection
X-ray diffraction 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 Å
(as determined from a LaB6 standard) for the K- and Ba-exchange.

A small amount

(approximately 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 Environmental Cell for Real-Time
Studies) cell described by Parise et al. (2000) for the exchange reactions used in studies by Lee et
al. (1998 and 2000). X-ray diffraction patterns were collected every two to three minutes with a
MAR345 full imaging plate detector for periods of one to four hours as 0.01 M solutions of KCl
or BaCl2 at neutral pH were flowed through the sample (on average 1 drop/100 sec) under N2
pressure. During exposure the sample was rotated through a 10° phi angle. Preferred orientation
of the powder was eliminated 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 timeresolved XRD patterns collected during the K-exchange and Ba-exchange reactions can be seen
in Figures 2-2 and 2-3, respectively.
The exchanged samples were placed on a carbon stub and analyzed using energy
dispersive X-ray spectroscopy (EDS), with a JEOL JSM-840A scanning electron microscope
(SEM) and an attached Noran System six-energy dispersive X-ray analyzer. 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
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analysis by electron beam methods. Chemical analyses of the starting Na-birnessite material can
be found in Post and Veblen (1992).

2.2.3 Structure Refinement
Rietveld structure refinements (Rietveld 1969) were performed using the EXPGUI
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 0-11, 101, -102), as
was revealed by synchrotron X-ray diffraction. 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 X-ray diffraction 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 pseudovoigt 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 unitcell 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 in order to
determine the interlayer atom positions. Once located, the interlayer atoms were added to the
refinement as a single Oint site, which served to model the average combined water and cation
sites. As discussed below, for the completely exchanged phases, the Oint site was replaced with
separate cation and O sites. Following refinements of the interlayer atom positions, 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 Å, with a standard deviation of 0.03 Å), and the weighting factor was
gradually reduced in successive cycles until it was eventually eliminated.
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2.3 Results and Discussion
2.3.1 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 (Figures 2-2 and 2-3). Specifically,
replacement of Na by K resulted in gradually decreasing intensity of certain peaks (e.g., 001, 11-1, and 11-1), shifting of peaks (e.g., 20-1 and 200), and merging of peaks (e.g., 20-2 with 111).
Ba exchange yielded an abrupt decrease in all peak intensities and abrupt peak shifts (e.g., the
20-2 and 004 peaks). The final refinement parameters are listed in Table 2-1. Atomic positions
can be found in Table 2-2, with the corresponding bond distances in Table 3-2.
The final end-member diffraction patterns of K-birnessite and Ba-birnessite showed
significant decreases in peak-to-background ratios in comparison with that of the initially dry
Na-birnessite material (Figure 2-4), most likely due to the increased background caused by the
presence of water. Rietveld analyses of XRD patterns obtained at intervals of approximately five
minutes revealed strong dependencies of the unit-cell parameters with time (Figures 2-5 and 26). The error bars for Figures 2-5 and 2-6 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 calculated by GSAS in the tables and
figures of this paper with the understanding that the actual errors may be more than an order of
magnitude higher than the calculated deviations. During the exchange of K and Ba for Na, the a,
c, and β unit-cell parameters decreased, with an over-all unit-cell volume contraction of 1.7% for
K-exchange and 0.5% for Ba-exchange, relative to Na-birnessite (Figures 2-5 and 2-6). 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 Å3
versus 105.41Å3). We infer that a small degree of exchange already had begun before the first
diffraction pattern was collected.
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
in a, c, β, and cell volume with increasing exchange were more pronounced when K+ substituted
for Na+ in comparison with Ba2+. 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 Å (Shannon 1976)
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and a hydration radius of 3.3 Å (Nightingale 1959). Although Na+ has a smaller ionic radius
(1.16 Å) (Shannon 1976), its hydration radius of 3.6 Å is larger than that of K+ (Nightingale
1959). Because these cations are coordinated primarily by water molecules (in this case, six)
within the interlayer and two oxygens in the Mn-O sheet of birnessite, the smaller hydration
radius for K+ induced a small unit-cell contraction of the interlayer region, as reflected in
decreases in a, c, β, and V. Ba2+, with an ionic radius of 1.49 Å (Shannon 1976) and a hydration
radius of 4.0 Å (Nightingale 1959), nevertheless induced a unit-cell contraction after replacing
Na+. The greater charge of Ba2+ leads to stronger bonding with the negatively charged Mn-O
layers, resulting in a diminished interlayer spacing despite the larger hydration radius for Ba2+
and its halved occupancy relative to the starting Na.
The contraction of the interlayer region does not entail a decrease in primary bond
lengths (Figure 2-7). The O–H···O1 distances changed little following cation exchange, but the
angles between octahedral layer oxygen ions and the interlayer oxygen decreased after both Baand K-exchange.

Specifically, the O1–O1–Oint bond angles diminished from 93.5˚ in Na-

birnessite to 87.7˚ in Ba-birnessite and 72.9˚ in K-birnessite (Figure 2-7). 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 is described below.

2.3.2 Arrangement of Interlayer Species
According to Manceau et al. (1992), if there are no vacancies in the octahedral sheets,
then the two-dimensional superperiodicity depends on the position of negative charge in the MnO sheet and the exchangeable cation valence. When the sheets do contain vacancies, they
postulate 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 vacancies in the Mn-O layer of the synthetic
Na-, K-, and Ba-birnessite used in our study. Therefore, the interlayer hydrated cation positions
most likely occurred adjacent to the Mn3+ 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(H2O) were modeled as a single
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atomic species (oxygen, Oint). The combined effects of partial occupancies, positional disorder,
and similarities in X-ray scattering 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
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 2-2). As in Post (2002), the split site for Na-birnessite is best described as two maxima
separated by approximately 1 Å; 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+, Ba2+, K+ cations and H2O molecules such that they occupy different positions in the
interlayer 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 interlayer sites for Na-, Kand Ba-birnessite form a hexagonal planar array parallel to the octahedral layers (Figures 2-8 and
2-9). Each interlayer cation or H2O molecule is surrounded by six other H2O molecules with
bond distances ranging from 2.85 to 2.95 Å (Table 2-3). The distances between octahedral O1
and interlayer Oint sites refined consistently to between 2.59 and 2.65 Å (Table 2-3), 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 2.9 to 3.0 Å, which are far from
optimal. Based on the ionic radii presented in Shannon (1976), NaVII-OIV bond distances ideally
are 2.56 Å, 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 BaVII-OIV distances are 2.76 Å (Shannon 1976), and when Ba2+ is placed on the
centroid between split sites, a bond distance of 2.97 Å results. On the other hand, when Ba is
situated on the lobes of the electron density ellipsoids in DELF syntheses, a Ba-O distance of
2.65 Å is observed (Table 2-3). Consequently, when Ba2+ substitutes into the interlayer it is
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more likely to be located towards the lobes of the split site as opposed to the centroid. In
contrast, the ideal KVII-OVI ideal bond distance is 2.89 Å (Shannon 1976), and when K+ is placed
on the centroid in the interlayer, its bond distances to the interlayer oxygen atoms are 2.85 Å.
When K+ is situated on the lobes of the DELF ellipsoids, the corresponding K-O distances are
2.66 Å (Table 2-3). Therefore, we infer that K+ is located on the centroid of the split sites when
it substitutes into the interlayer. When H2O occupies that site, the oxygen atom is sited on the
lobe to achieve an O-H···O bond distance of 2.66 Å, 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.

2.3.3 Real-time Analyses
Difference maps for 00l sections near z = 0.5 revealed systematic and continuous changes
in the positions of the interlayer species as the reactions progressed (Figures 2-8 and 2-9). Split
electron density maxima with centroids at (0 0 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 Ba2+, on the other hand,
exhibited no rotation, but the degree of splitting grew more pronounced. Thus, our real-time Xray diffraction results suggest that the transition from one interlayer configuration to another as
cationic substitution proceeds involves continuous shifts in atomic positions rather than the coexistence 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 X-ray diffraction 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 species into those new positions. For example, the 90˚ rotation of the
ellipsoid that represents interlayer positional disorder in Na-birnessite was completed within 20
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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 10-6 sec-1,
and the second stage had a contraction coefficient of -2.66 x 10-7 sec-1. Ba-exchange resulted in
a contraction coefficient of -2.17 x 10-6 sec-1 for the initial stage (the first 15-20 min) and -2.71 x
10-7 sec-1 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.

2.4 Conclusions
Time-resolved Rietveld refinements using synchrotron X-ray diffraction have
documented real-time changes in unit-cell parameters in response to cation substitution in
synthetic Na-birnessite. K- and Ba-birnessite, like Na-birnessite, were found to have triclinic
symmetry.

Rietveld analyses of the X-ray diffraction patterns for K- and Ba-exchanged

birnessite revealed decreases in the a, c, and β 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 unitcell 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 Ba2+ for Na+ did not result in rotation, but splitting of the interlayer site was more
pronounced.
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Table 2-1. Final Rietveld refinement parameters for Na-birnessite, K-birnessite, and Ba-birnessite.
Na-birnessite

K-birnessite

Ba-birnessite

CĪ

CĪ

CĪ

a (Å)

5.1780(8)

5.1371(5)

5.1713(5)

b (Å)

2.8509(6)

2.8476(2)

2.8473(9)

c (Å)

7.3344(9)

7.2129(8)

7.3039(6)

α (º)

89.45(4)

89.95(1)

89.533(8)

β (º)

103.18(9)

100.74(7)

102.968(3)

γ (º)

89.91(1)

89.704(9)

89.903(7)

V (Å3)

105.41(4)

103.66(4)

104.802(7)

2519

2470

2552

No. of reflections

307 *

167

273 *

Diffraction Range (2θ)

4.0-55.99

4.085-58.385

4.0-55.99

No. of variables

97 *

60

114 *

R(F2)

0.019

0.042

0.034

Rwp

0.016

0.020

0.017

χ2

1.77

1.81

1.41

Space Group
Unit cell

Refinement
No. of diffraction
points

* contain small hausmannite impurities

0.6099(4)

-0.1835(6)
-0.1835(6)

Oint
K

0.2093(7)

0.5830(6)
0.5830(6)

Oint
Ba

0.2093(7)

-0.0301(5)

0.3777(5)

O

0

0

Mn

0.6099(4)

0.0331(1)

0

0.3154(5)

0.3717(4)

-0.0270(5)

Na

0.3154(5)

O

-0.0270(5)

Oint

-0.0241(2)

0

0.3686(3)

O

0

y

Mn

0

Mn

x

* fixed.
**Determined from analytical data in Post and Veblen (1990).

Ba-birnessite

K-birnessite

Na-birnessite

Atom

0.5069(1)

0.5069(1)

0.1321(6)

0

0.4931(1)

0.4931(1)

0.1348(0)

0

0.4885(4)

0.4885(4)

0.1307(4)

0

z

0.0725**

0.222(2)

1.0

1.0

0.115**

0.388(6)

1.0

1.0

0.145**

0.3453

1.0

10.00*

10.00*

1.70(2)

0.18(3)

6.73(2)

6.73(2)

3.18(0)

0.58(8)

7.26(1)

7.26(1)

1.38(3)

0.45(6)

(Å2)

factor
1.0

Uiso x 102

Site occupancy

Table 2-2. Atomic coordinates and isotropic displacement factors for Na-birnessite, K-birnessite, and Ba-birnessite.
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Table 2-3. Selected bond distances (Å) for Na-birnessite, K-birnessite, and Ba-birnessite.
Na-birnessite

K-birnessite

Ba-birnessite

Mn-O1

1.931(4)

1.977(5)

1.961(5)

-O1

1.972(0)

1.978(7)

1.976(3)

-O1

1.882(2)

1.842(0)

1.847(4)

O1-O1

2.595(2)

2.657(9)

2.604(2)

-O1

2.413(0)

2.438(2)

2.532(5)

-O1

2.547(9)

2.847(6)

2.847(4)

-O1

2.851(0)

2.551(0)

2.436(6)

-O1

2.957(5)

2.943(2)

2.953(8)

-O1

2.953(6)

2.930(4)

2.949(6)

O1-Oint

2.590(9)

2.661(4)

2.634(6)

-Oint

2.795(9)

2.885(0)

2.809(8)

Oint-Oint

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: Oint represents both the interlayer cation and the H2O molecules.
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Mn, O

Na, H2O

Figure 2 - 1: View of the synthetic Na-birnessite (Na0.58(Mn4+1.2,Mn3+0.58)O4•1.5H2O) structure approximately along the b axis.
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Figure 2 - 2: Series of X-ray diffraction patterns showing changes in peak positions and intensities
during K-exchange for Na in the birnessite interlayer: a) 5-20˚ 2θ; b) 20-30˚ 2θ. Each line represents
about 2 minutes in time.
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Figure 2 - 3: Series of X-ray diffraction patterns showing changes in peak positions and intensities during
Ba-exchange with Na in the birnessite interlayer over time: a) 5-20˚ 2θ; b) 20-30˚ 2θ. Each line represents
about 2 minutes in time.
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Figure 2 - 4: Observed (crosses), calculated (solid line), and difference (line below) plots for the end-member
X-ray diffraction patterns from 4.0 to 42.5˚ 2θ for: a) Na-birnessite; b) K-birnessite; c) Ba-birnessite All were
refined in a triclinic unit-cell (C -1). Peak positions are indicated by vertical dashes.
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Figure 2 - 5: Changes in unit-cell parameters over time for the 0.01M K-exchange reaction with Na-birnessite.
The b, α, and γ parameters remained constant with exchange. The error bars calculated in GSAS are smaller than
the plotting symbols.
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Figure 2 - 6: Changes in unit-cell parameters over time for the 0.01M Ba-exchange reaction with Na-birnessite. The
b, α, and γ parameters remained constant with exchange. The error bars calculated in GSAS are smaller than the
plotting symbols.
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Figure 2 - 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 a-axis. a) Na-birnessite, b) K-birnessite, c) Ba-birnessite.
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Figure 2 - 8: Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for 0.01 M K-exchange reactions with Nabirnessite, for exchange times of a) 0 min.; b) 8 min.; c) 15 min.; d) 19 min.; e) 65 min.; and f) 228 min. Areas of maximum electron density are
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Figure 2 - 9: Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for 0.01M Ba-exchange reactions with Nabirnessite, for exchange times of a) 0 min.; b) 10 min.; c) 19 min.; d) 36 min.; e) 85 min.; and f) 142 min. Areas of maximum electron density are
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Chapter 3
Determination of Cation Exchange Rates in Birnessite using Time-Resolved
Synchrotron X-ray Diffraction
3.1 Introduction
The selectivity of soil minerals for specific cations during exchange reactions is of great
interest to soil scientists and geochemists. Exchange rates can determine the retention and
mobility of metal contaminants in soil environments, and remediation of polluted soils requires a
quantitative understanding of these parameters. As described in detail in the previous chapters,
Mn oxide minerals are ubiquitous in soils and readily partake in heavy metal adsorption and
cation exchange reactions. Birnessite is the most common Mn oxide mineral in soils and has a
high cation exchange capacity of 240 meq/100g (Golden et al., 1986). However, due to the poor
crystallinity of natural birnessite, the mechanisms and kinetics of birnessite cation exchange
reactions are not well known.
A number of papers document exchange rates in tunnel-type manganese oxides, such as
cryptomelane (α-MnO2), which has a 2x2 tunnel structure (Tsuji et al., 1992; Tsuji and
Komarneni, 1993; Tsuji et al., 1993; Tanaka, 1996b; Tanaka, 1996a). These studies have found
that cation exchange in cryptomelane is a function of the rigid tunnel spacing and the radii of the
exchanging cation. Smaller ions diffuse more quickly into the structure than do larger ions
because of the limited diameter of the tunnel regions.

For layer-type manganese oxides,

selectivity is more dependent on the hydration energies of the exchanging cation (Tsuji et al.,
1992; Paterson et al., 1994). Geometrical constraints on cation substitution are minimized
because like smectitic clays, the birnessite layer structure can expand or contract to
accommodate cations of different sizes. In contrast to tunnel Mn oxides, we are aware of no
studies that attempt to quantify cation exchange rates in phyllomanganates. We attribute this
dearth of information to two factors: A high-resolution crystal structure for birnessite was
determined only within the last 20 years (Post and Veblen, 1990), and ion-exchange in birnessite
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occurs nearly instantaneously. As a result, the kinetics of exchange are not measurable using
conventional methods of analysis by solution effluent chemistry (McBride, 1994).
Thus, despite the ubiquity of birnessite-like phases in soils from many environments, the
rates at which cation exchange occurs have never been measured. In this study, I have calculated
cation exchange rates in birnessite based on the changes in unit-cell volume with time as derived
from Rietveld Structure refinements of time-resolved synchrotron X-ray diffraction data. By
analyzing the changes in the solid with exchange (as opposed to the traditional approach of
monitoring the evolution in solution chemistry), not only can we capture rapid exchange rates,
but we can correlate those rates with the mechanisms driving the cation exchange reaction.
Consequently, this technique will enhance our understanding of the behavior of dissolved metals
in soil environments; we can gain a sense for which metals are selectively retained in Mn-rich
soils, and we can estimate the timescales over which metal sequestration can occur.

3.2 Experimental Methods
3.2.1 Sample Preparation
Synthetic birnessite was prepared using the methods outlined in Chapter 2 (Lopano et al.,
2007), but summarized here for review. The starting Na-birnessite material samples used in the
cation exchange reactions were synthesized using the same methods employed by Post and
Veblen (1990) (based on protocols in Golden et al., 1986). A chilled solution of NaOH (55 g of
NaOH in 250 ml of H2O) was added to 200 ml of a chilled 0.5 M MnCl2 solution and reacted at
room temperature while oxygen was bubbled through the resulting Mn(OH)2 suspension at a rate
over 1.5 liter/min through a glass frit. Similar to the procedure outlined in Kuma et al. (1994),
the precipitate was filtered through a 0.1 μm Millipore filter, washed, and stored as a suspension
until aliquots were removed and air-dried for use. A small amount (approximately 1 mg) of Nabirnessite 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 as
illustrated in Chapter 1 (Figure 1-2).
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3.2.2 Setup and Data Collection
Solutions of 0.001M, 0.01M, and 0.05M BaCl2, KCl, and CsCl at pH 7 were flowed
through the sample cell at an average rate of about 1 drop/minute while X-ray diffraction
patterns were collected every two to three minutes with a MAR345 full imaging plate detector
for periods of two to four hours depending on concentration. A sample stacked diffraction plot
can be seen in Figure 3-1 for 0.01M Cs-exchange (sample plots for 0.01M K- and Ba-exchange
can be seen in Chapter 2, Figures 2-3; 2-4)
The exchanged samples were pressed flat on a carbon stub and analyzed using a Cameca
SX-50 Electron Probe Microanalyzer (EPMA) to determine whether any Na remained in the
exchanged solid. No Na was detected in any of the K-exchanged and in most of the Csexchanged samples. However, a small amount of Na (<1 wt%) remained in the 0.001M Csexchanged sample, and approximately 1 wt% Na was evident in each of the three Ba-exchanged
samples. The small sample size and the fine-grained, powdered nature of the material prevented
accurate quantitative chemical analysis by electron beam methods, but we are confident that
exchange was virtually complete for all reactions.
3.2.3 Structure Analyses
As described in full detail in Lopano et al. (2007), Rietveld structure refinements
(Rietveld, 1969) were performed using the EXPGUI 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
described in Post et al. (2002). For the calculation of Fourier electron difference maps, the
interlayer species were excluded. The backgrounds for the X-ray diffraction 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 pseudovoigt profile function as parameterized by Thompson et
al. (1987) with asymmetry corrections proposed 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 in order to determine the interlayer atom positions. Once located,
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the interlayer atoms were added to the refinement as a single Oint site, which served to model the
average combined water and cation sites.

Following refinements of the interlayer atom

positions, occupancy factors and isotropic atomic displacement factors for the interlayer site
were allowed to vary. Refinement results for the end-member exchanged birnessites at the
different concentrations are presented in Tables 3-1, 3-2, and 3-3.

3.3 Kinetic Analysis
In Chapter 2 (Lopano et al., 2007), we proposed that substitution of interlayer cations in
birnessite occurs as a two-stage process. The first step (written here as A → B) is rapid and
involves complete exchange of the interlayer cation, which involves a change in configuration of
the interlayer species. This restructuring is marked by an abrupt change in unit-cell parameters,
generally within 15 to 20 minutes after the initiation of fluid-flow. The second, slower stage
(written here as B → C) entails an ordering of the interlayer species into those new positions.
Thus, little change in unit-cell parameters occurred during this step. The three species are
modeled as ordered Na-birnessite (A), disordered exchanged birnessite (B), and ordered,
exchanged birnessite (C).
In order to test the theory that exchange occurs in a two-stage process, we have derived a
series of three kinetic equations that relate unit-cell volume to time: 1) A single-stage linear
model for A → B; 2) A single-stage non-linear model for A → B; and 3) A double-stage linear
model for A → B → C. We employed the unit-cell volume as a proxy for fraction of exchange
on the basis of Vegard’s Law, which states that crystal lattice constants are linearly related to
concentration of the constituent elements in a solid solution at constant temperature (Denton and
Ashcroft, 1991). With the unit-cell volume (V) as a lattice constant that is linearly related to the
mole fraction (X) of the substituting cation in birnessite, we derived the equations as follows:
Single-stage (linear): A→B, reaction order (n) = 1
For the reaction:
k

Na - birnessite(s) + M (+aq ) ⎯⎯→ M - birnessite(s) + Na (+aq )

[1]
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where M is the substituting cation (K+, Cs+, or Ba2+), we test an (m+1)th-order model for the rate
of exchange, R (M min-1):

R=−

d[ Na − birn ]
= k1[ Na − birn ][ M (+aq ) ] m
dt

[2]

Here k1 is the rate constant (M-1 min-1), [Na-birn] is the concentration of Na-birnessite in the
capillary (M) and [M+] is the concentration of exchanging metal in solution (M). We saw no
evidence for net dissolution of birnessite; therefore, the sum of [Na-birn] + [M-birn] is a constant
= [birn] during the experiment. Expressing the mol fraction of Na-birn in birn as XNa yields the
model prediction:

R = −[birn ]

dX Na
=k'[birn]X Na +
dt

where k' = k1[M+]m

[3]

Here, the apparent rate constant k’ has been defined by recognizing that the concentration of
aqueous metal ion is constant through each reaction. Representing Na-birnessite as A, Mbirnessite as B, and dropping the prime on the rate constant for simplicity yields:

dX A
= −kX A
dt

or

dX A
= −kdt
dX A

[4]
[5]

Defining I as the constant of integration, if XA = XA o at t = 0, then:

ln X A = −kt + I

[6]

If A = Ao at t = 0, then:

ln X a = - kt + ln X oA

or

X A = X oA e − kt

[7]
[8]

Substituting XB = 1 - XA from mass balance (XA + XB = 1) we know that:
X B = 1 − X oA e − kt

[9]

Finally, we invoke Vegard’s Law:
Vtot ≈ aX A + bX B

[10]

Where Vtot is unit-cell volume (with units Å3), and a and b are fitting constants (with units Å3),
relating volume to mol fraction (XA for Na-birnessite end-member, and XB for M-birnessite endmember).
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Substituting Equations 8 and 9 into Equation 10 for XA and XB results in:
Vtot = a(X oA e − kt ) + b(1 − X oA e − kt )

[11]

Since XAo = 1, then
V = (a − b)e − kt + b

[12]

Equation 12 was used to fit the unit-cell volume versus time data with the three variables a, b and
k; the results are plotted as dashed lines in Figures 3-2 to 3-4.
Single stage (nonlinear): A→B, reaction order, n ≠ 1

We start with the same reaction:
k

Na - birnessite (s) + M (+aq ) ⎯⎯→ M - birnessite (s) + Na (+aq )
For this model we assume that we can rewrite equation (5) as
dX A
= − k' X nA
dt

[13]

where n is the reaction order, which we will allow to vary. Combining terms yields

∫

dX A
= ∫ X A−n dX A = ∫ − k dt
n
XA

[14]

1
X −An +1 = −kt + I
− n +1

[15]

At time = 0, XA = 1. Therefore, the constant of integration I = (1/(-n+1))

1
1
X A− n +1 = −k t +
− n +1
− n +1

[16]

Equation 16 is re-arranged to express XA as a function of time:
X A− n +1 = −(− n + 1) k t + 1

X A = (n k t − k t + 1)

1

or

− n +1

[17]
[18]

Again from mass balance, XB = 1 - XA, resulting in:

X B = 1 − (n k t − k t + 1)

1

− n +1

[19]

Using Vegard’s Law:
Vtot ≈ aXA + bXB,

[20]
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where V (Å3) is the unit-cell volume, and a and b are fitting constants relating V to X.
Substituting Equations 18 and 19 into equation 20 for XA and XB, we obtain:

V = a(n k t − k t + 1)

1

− n +1

+ b(1 − (n k t − k t + 1)

1

− n +1

)

[21]

Equation 21 was used to fit the unit-cell volume versus time data with four variables (a, b, k, and
n); the results are plotted in dotted lines in Figures 3-2 to 3-4.
Double stage, linear: A→B→C, reaction order, n = 1

This derivation was based on a consecutive first-order reaction where the products of one
reaction become reactants in the next reaction (Laidler, 1987). In this case, we are hypothesizing
that exchange occurs in the first stage and the intermediate “B” phase represents a “disordered
intermediate”, in which cation exchange is complete but the interlayer species are positionally
disordered.
k1
k2
Na − birnessite ⎯⎯→
M − birnessite ( disordered ) ⎯⎯→
M − birnessite ( ordered )

or

k1
k2
A⎯⎯→
B⎯⎯→
C

The following derivation for this 2-stage consecutive reaction below is simplified. The complete
derivation is presented in (Capellos and Bielski, 1972). The change in each reaction phase with
time is as follows:

dX A
= − k 1X A
dt

(Equation 4 from above)

[22]

dX B
= k 1X A − k 2 X B
dt

[23]

dX C
= −k 2 X B
dt

[24]

Again, as in the derivations above, integration of Eq. 22, where XA = XAo =1 at time = 0 results
in:
X A = X oA e − kt

(same as Eq. 8)

[25]

Substituting Eq. 25 into Eq. 23 yields:
dX B
= k 1 X oA e − kt − k 2 X B
dt

[26]
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Following a series of steps outlined in Capellos and Bielski (1972), integration of Equation 26
using the general equation dy/dt + P(x)y = Q(x) results in the following expression for XB:

k1 X Ao
XB =
(e −k1t − e − k2t )
k 2 − k1

[27]

Xtot = 1 = XA + XB + XC

[28]

From mass-balance we know:
By incorporating Vegard’s Law into the derivation, the mass-balance in terms of unit-cell
volume now becomes:
Vtot = aXA + bXB + cXC

[29]

where again V is unit-cell volume (Å3), and a and b are fitting constants (Å3) relating V to X.
Thus

X oA
XC =
{(k 2 (1 − e − k1t )) − (k 1 (1 − e − k 2 t ))}
(k 2 − k 1 )

[30]

Finally, substitution of Equations 25, 27, and 30 into Equation 29 yields:
Vtot = a e − k1t +

k 1b
c
(e − k1t − e − k2t ) +
[k 2 (1 − e − k1t ) − k 1 (1 − e − k 2 t )]
k 2 − k1
k 2 − k1

[31]

Equation 31 was then used to fit the unit-cell volume versus time data with five variables (a, b, c,
k1, and k2); the results are plotted in solid lines in Figures 3-2 to 3-4.
3.3.1 Calculation of Initial Rates
In the derivations so far, we have made no assumption about the value of n, the reaction
order with respect to the mole fraction of M-birnessite. This exponent has been treated as a
fitting parameter. We can also determine a value for this parameter using the initial rate method
(Laidler, 1987). To determine the initial rate for the data using the three models, we differentiate
Equations 10, 20, and 29 with respect to time. For example, because we believe that the
exchange portion of the reaction occurs very quickly, we calculate the initial rates (at time = 0)
for this reaction. From mass balance equations and Vegard’s law, we translated the mass
balance to terms of unit-cell volume (V) in Equations 10, 20, and 29. Differentiation of these
expressions with respect to time results in the following relationships:

43

dX A
dX B
dV
=a
+b
dt
dt
dt

or

dX C
dX A
dX B
dV
=a
+b
+c
dt
dt
dt
dt

[32]
[33]

Considering the initial rate of exchange well before production of final reaction product “C” (i.e.
for t close to 0), we are concerned only with reactants A and B:

dX A
= −kX nA
dt

and

dX B
= kX nA
dt

Thus, as time approaches 0 for Equation 32 and XA → 1, we obtain:

dV
= −k a + k b
dt

or

dV
= k(b - a)
dt

[34]

We calculated initial rates, dV/dt (A3 min-1), using Equation 34 for each cation exchange reaction
based on the fitting parameters found in Figures 3-2 to 3-4. These initial rates were then plotted
on a logarithmic scale as a function of concentration in order to determine a general rate equation
for the particular substituting cation as a function of concentration (Figures 3-5 to 3-7),
according to the relation:

R≈

dV
= k[M (aq) ]n
dt

[35]

where R is the reaction rate (M min-1), and the n is the reaction order for the exchanging aqueous
cation concentration. This relationship allowed for quantitative comparisons of exchange rates
for the cations examined in this study.

3.4 Results and Discussion
3.4.1 Changes in Lattice Parameters During Cation Exchange
Lopano et al. (2007) demonstrated that the exchange of K+ and Ba2+ for Na+ in birnessite
decreases the unit-cell volume. The volume contraction during K+ substitution was attributed to
the smaller hydration radius for K+ relative to Na. The present study confirms this observation
for all concentrations of KCl in the exchanging solution. With a starting unit-cell volume of
105.40 Å3 for Na-birnessite, the volume decreased to 104.13 Å3 for 0.001 M KCl, 103.66 Å3 for
0.01 M KCl, and 104.05 Å3 for 0.05 M KCl (Table 1).
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Although Ba2+ has a slightly larger hydrated radius than Na+ and substitutes with a halved
occupancy (Table 7), the greater charge of Ba2+ leads to stronger bonding with the negatively
charged Mn-O layers (Lopano et al., 2007). Consequently, Ba-exchange resulted in decreased
unit-cell volume for all concentrations of exchange solutions, from 105.40 Å3 for Na-birnessite
to 104.19 Å3 for 0.001 M BaCl2, 102.85 Å3 for 0.01 M BaCl2, 103.75 Å3 for 0.05 M BaCl2
(Table 2). Note that the result for 0.01M Ba-exchange varies from the results in Chapter 2 due to
slightly different starting materials. The slight differences in unit-cell volumes for the endmember compositions may reflect subtle variations in the final configurations of the hydrated Ba
within the interlayers due to differences in ionic strength (and thus of exchange rate) in the
parent solutions.
In contrast, Cs-exchange resulted in an expansion of the birnessite unit-cell to 107.14 Å3
for 0.001 M CsCl, 107.33 Å3 for 0.01 M CsCl, and 107.60 Å3 for 0.05 M CsCl (Table 3). The
increase in unit-cell with Cs-exchange is most likely due to the large ionic radius of Cs+ (1.80 Å
from Shannon 1976). This leads to weaker bonding of Cs+ with the Mn-O octahedral sheet,
which results in an expanded interlayer spacing despite the small hydration radius of Cs+ (3.29
Å) (Table 3-5).
3.4.2 Data Fitting
The changes in unit-cell parameters with time for each substituting cation concentration
can be found in Figures 3-2 to 3-4. These plots were fit using the three reaction models
mentioned above: a single stage, first-order reaction (Eq. 12); a single stage nth-order reaction
(Eq. 21); and a two-stage, consecutive first-order reaction (Eq. 31). The best fit for each model
is presented as dashed, dotted, and solid lines respectively in Figures 3-2 to 3-4, along with the
data fitting parameters for each. We found that the two-stage model (Na-birnessite → Mbirnessite(disordered) → M-birnessite(ordered)) was characterized by the best goodness-of-fit
parameters for most of the exchange reactions. The only exceptions included the 0.001 M and
0.05 M K-exchange, and the 0.001 M Cs-exchange reaction, for which all three models seemed
to fit the data similarly. It is likely that the 0.001M experiments occurred so slowly that we did
not see the second (ordering) stage in the time frame of the experiment. In contrast, the 0.05 M
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K-exchange may have occurred too quickly to be resolved in our experiment, so that the first
stage of exchange was not captured as a discrete event.
Plots of χ2 as a function of concentration show that at low concentrations the fits for the
1-stage and 2-stage models are identical (Figure 3-8). At intermediate and high concentrations,
however, the 2-stage model and the 1-stage model both deviate from the data, although the 2stage model yields a better fit (i.e., lower χ2 values).

It is most likely that even at low

concentrations, the reaction occurs in two stages, but one of the steps dominates the kinetics such
that the two-stage process is not evident. Consequently, at low concentrations, both the nonlinear single-stage and the 2-stage models can be reduced to linear single-stage behavior. We
also note that the linear single-stage model is also adequate for fitting some of the high solution
concentration results. The simplest explanation for this behavior is that the rate constants are a
function of cation concentration, but we have no theory as to why reaction order would be a
function of cation concentration.

For this reason the single-stage, nonlinear model is not

considered further in this discussion.
Plots of the rate constants for each cation concentration (calculated using the fitting
parameters for Equation 12 (single-stage linear) and Equation 31 (2-stage linear)) versus
concentration which show that the rate constants increase as the concentration increases (Figure
3-9). In these plots we again see splitting of the rate constant results for the different models
with increasing concentration, which may also be evidence for a multi-stage reaction pathway, as
the concentration increases. It is interesting to note that the rate constant for the single-stage
linear model (which we consider a “gross over-all model”) tracks with the larger (2-stage) rate
constant with increasing concentration for Cs+; but tends to follow with the slower rate constant
for Ba2+; while for K+ the rate constants track similarly throughout. This behavior could imply
that slightly different reaction mechanisms of cation exchange are operative for the different
cations. At this point in the study, we are not certain what these slightly different mechanisms
might be, but we are confident that they require a two-stage process.
The implications of our kinetic models find striking support in an examination of the
electron difference maps calculated from the diffraction data for the birnessite structures during
the process of exchange (Figs 2-8, 2-9). These reveal an initial and brief period during which the
positions of the interlayer cations undergo a reconfiguration, and this step is followed by a longer
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interval during which the electron density maxima of the interlayer species gradually sharpen in
intensity. Thus, we suggest that cation exchange reactions in birnessite-type phases typically
occur along a two-stage reaction pathway as schematically diagramed in Figure 3-10.
As a case in point, we can focus on the 0.01 M and 0.05 M Cs-exchange reactions
(Figures 3-3b&c). The change in unit-cell volume as a function of time reveals a maximum
immediately following the rapid first step of exchange. This maximum was observed for both
the 0.01 M and 0.05 M Cs-exchange reactions, and it is not likely a product of error in the data
sets. Instead, this maximum most likely represents a unit-cell that is expanded due to a period of
positional disorder once Cs+ exchanges for Na+ in the interlayer, possibly caused by the weakly
hydrated Cs+ cation shedding some of the waters of hydration associated with the cation, as the
hydration energy of Cs+ is low (Table 3-5) (Burgess, 1978). Not surprisingly, only the 2-stage
linear reaction models satisfactorily fit this transient intermediate behavior.
3.4.3 Cation Exchange Rates
Initial rates (Table 3-4) were calculated with Equation 34 for each reaction utilizing the
fitting parameters for the two-stage model.

The dependence of the initial rates on the

concentration of the substituting cation in solution is shown in Figures 3-5 to 3-7. For all three
cations in this study, these plots revealed a linear relationship between the initial rates (or what
we propose is the cation exchange rate) and the aqueous cation concentration. The linear fits in
the form of equation 35 are as follows:
For K-exchange:

log

dV
dV
+
+
= 0.555 log[K (aq)
] + 0.243 or
= 0.243 [K (aq)
]0.555
dt
dt

[36]

For Cs-exchange:

log

dV
dV
+
+
= 1.087 log[Cs(aq)
] + 1.614 or
= 1.614[Cs (aq)
]1.087
dt
dt

[37]

For Ba-exchange:

log

dV
dV
2+
2+ 0.499
= 0.499 log[Ba (aq)
] + 0.060 or
= 0.060[Ba (aq)
]
dt
dt

[38]

The rate constants are recorded in Table 3-5 for comparison, and they reveal that the rate of
exchange for Na+ in birnessite decreases in the order of: Cs+ >> K+ > Ba2+. These results are
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consistent with selectivity behavior in a layered manganic acid (rancieite) (Tsuji et al., 1992),
although this study does not calculate cation exchange rates.
The rate constants (from Equations 36, 37, and 38), the hydration radii (Figure 3-11), the
hydration energies (Figure 3-12), and the ionic potential (Figure 3-13) for the three cations all
follow the trend, Cs >> K > Ba. Soil scientists have long debated the reasons behind cation
selectivity in clay minerals (and to a smaller extent, Mn-oxide phases), but it remains unclear
whether selectivity is most strongly controlled by the hydration radius of the substituting cation,
the hydration energy of the free cation in solution, the electrostatic attraction of the cation to the
interlayer environment, or surface complexation of the cation to the mineral surface (Teppen
and Miller, 2006).

Studies have consistently demonstrated that swelling clays such as

montmorillonite exhibit a higher selectivity for Cs+ than for other cations in the lyotropic series
(Cs+ > Rb+ > K+ > Na+ > Li+) (Jenny, 1932; Jenny, 1936).
The most widely accepted mechanistic interpretation for this behavior is that the center of
charge within a hydrated cation will be more distant from the clay surface when the hydration
radius is larger. Consequently, cations with a larger hydrated radius (assuming the cations are
fully hydrated), result in a center of cation charge that is further from the clay surface, thus the
cation with the least negative heat of hydration will be selectively preferred (Pauley, 1953;
Shainberg and Kemper, 1966; Evangelou, 1998; Teppen and Miller, 2006). Xu and Harsh
(1990) rightfully point out, however, that oftentimes cations with large hydrated radii have
similar selectivities (e.g. Li+ and Na+). Likewise, cations with similar hydrated radii may exhibit
different selectivities (e.g. Cs+ vs. Rb+, respectively). These inconsistencies prompted Teppen
and Miller (2006) to explore the relationship between cation exchange selectivity and the
attraction of cations to a given clay surface. They determined, using molecular simulations of
cation exchange for K+, Rb+, and Cs+ in montmorillonite, that the selectivity for Cs+ over K+ is
overwhelmingly determined by hydration energy differences in the bulk solution phase rather
than energy differences within the interlayer crystal surface.

In other words, the aqueous

solution has a much stronger affinity for the more strongly hydrated cation, and given two
cations of equal valence, the more weakly hydrated cation will tend to partition into the smectite
interlayer phase (Teppen and Miller, 2006).

48

This reasoning may also account for the higher selectivity of birnessite for Cs+ than for
K+. In addition, it may explain why Na+ so readily exchanges out of the interlayer region of
birnessite; it is the more hydrated cation compared to K+ and Cs+. The situation with Ba2+, being
divalent, is more complex. Kodoma et al. (2004) determined that uptake of alkaline earth metals
by an ultrafine Na-4-mica preceded much more slowly than the uptake of alkali metals. Palmer
and Gunter (2001) also point out that higher charge divalent cations hold waters of hydration
more tightly than monovalent cations. Thus, divalent cations may not as easily shed their waters
of hydration to adjust their size to fit into a particular site or channel. These reasons are most
likely why Ba-exchange occurred more slowly than that of K-, and Cs-exchange.

3.5 Conclusions
This study reports cation exchange rates in birnessite for the first time by using timeresolved analysis of X-ray diffraction results. Our results reveal that cation exchange rates for
Na in birnessite decrease in the order: Cs >> K > Ba. Our results are consistent with the theory
that the more strongly hydrated cation is favored in the solution phase (Teppen and Miller 2006).
Our kinetic modeling supports a two-stage reaction pathway for cation exchange, and we
can correlate these kinetic steps with changes in crystal structure. Specifically, our examination
of the electron difference maps revealed that the first and more rapid stage of exchange involves
the complete transfer of Na out of the birnessite structure and the substituting cation into the
interlayer. The second and slower step entails the positional ordering of the substituting cations
within the interlayer. Thus, our analysis of the crystal structure changes with time has given us a
better understanding of the possible mechanisms and reaction pathways of cation exchange in
birnessite, and these insights may be applied to other clay minerals.
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Table 3 - 1. Final Rietveld refinement parameters for end-member K-birnessite at varying
concentrations.
Space Group
Unit cell
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (Å3)
Refinement
No. of diffraction
points
No. of reflections
Diffraction Range
(2θ)
No. of variables
R(F2)
Rwp
χ2

0.001M
CĪ

0.01M
CĪ

0.05M
CĪ

5.13064
2.84799
7.25926
90.281
100.979
89.695
104.129

5.1371(3)
2.8476(6)
7.2131(2)
89.96(2)
100.75(3)
89.702(9)
103.66(5)

5.1690(6)
2.8455(5)
7.1959(2)
90.09(2)
100.55(7)
90.01(1)
104.05(2)

2529

2470

2019

158

167

98

3.985-57.405

4.085-58.385

4.525-47.125

59
0.059
0.026
2.47

60
0.043
0.020
1.80

55
0.025
0.022
2.92
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Table 3 - 2. Final Rietveld refinement parameters for end-member Ba-birnessite at varying
concentrations.

Space Group
Unit cell
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (Å3)
Refinement
No. of diffraction
points
No. of reflections
Diffraction Range
(2θ)
No. of variables
R(F2)
Rwp
χ2

0.001M
CĪ

0.01M
CĪ

0.05M
CĪ

5.1564(7)
2.8457(3)
7.2735(8)
89.84(8)
102.523(8)
89.977(8)
104.19(2)

5.1411(7)
2.8434(8)
7.2265(8)
89.98(1)
102.426(9)
90.11(9)
102.85(5)

5.1555(4)
2.8420(6)
7.2512(8)
89.77(2)
102.443(9)
89.956(8)
103.75(2)

1730

1960

1966

88

73

77

4.20-49.10

4.50-46.50

4.60-46.50

55
0.026
0.016
1.19

58
0.026
0.019
1.71

55
0.029
0.017
1.64

53
Table 3 - 3. Final Rietveld refinement parameters for end-member Cs-birnessite at varying
concentrations.

Space Group
Unit cell
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (Å3)
Refinement
No. of diffraction
points
No. of reflections
Diffraction Range
(2θ)
No. of variables
R(F2)
Rwp
χ2

0.001M
CĪ

0.01M
CĪ

0.05M
CĪ

5.1342(7)
2.8469(6)
7.4815(7)
90.310(8)
101.559(6)
89.944(5)
107.139(7)

5.1298(4)
2.8445(6)
7.5029(7)
90.12(3)
101.395(7)
89.958(7)
107.32(6)

5.1349(9)
2.8465(2)
7.5135(4)
89.94(4)
101.561(8)
89.997(7)
107.59(6)

2123

2162

2176

182*

206*

88

4.40-49.30

4.684-49.164

4.60-49.30

65
0.013
0.011
0.40

64
0.021
0.013
0.81

59
0.020
0.15
0.78

* Modeled with two phases present, Cs-birnessite and Na-birnessite (~97% Cs-birnessite)

k1 (min-1)
0.0379
0.1458
0.2888

Ri (Å3/min)
0.0366
0.1484
0.3155

k1 (min-1)
0.0188
0.0735
0.5697

Cs+
Ri (Å3/min)
0.0222
0.2862
1.5478

Ba2+
k1 (min-1)
Ri (Å3/min)
0.0579
0.0315
0.1133
0.1650
0.3679
0.2085

Note – Only k1 are reported in this table for simplicity, as they are ones used in the initial rate calculations. For full list of fitting
parameters and rate constants see Figures 3 – 2, 3 – 3, and 3 – 4.

Concentration [M]
0.001 M
0.01 M
0.05 M

K+

Table 3 - 4: Results of initial rate calculations using Equation 35 and the rate constants listed below for each cation concentration
using the two-stage fitting parameters. These values were then used in calculating expressions for rates as a function of solution
concentration (Figures 3 - 5 to 3 - 7).
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Table 3 - 5: Comparison of the rate constants for the exchange reactions collected in this study
with properties of the substituting cation.
Ionic radiusa Ionic Potential
(Å)
(charge/i.r.)
+
Na
1.16
0.862
K+
1.52
0.658
+
Cs
1.8
0.556
Ba2+
1.49
1.342
a
from Shannon , R.D. (1976), for CN = 6
b
from Nightingale, E.R. (1959)
c
from Burgess, J. (1978)
d
calculated from Equation 35 in text.
Cation

Hydrated radius b
(Å)
3.58
3.31
3.29
4.04

∆Hhydc
(kJ/mol)
-405.43
-320.91
-263.17
-1303.73

Rate constantd,
(min-1)
NA
0.243
1.610
0.060

20
2 - Theta (deg)

30

40

36.17

0

Time (min)

87.83

Figure 3 - 1: Stacked XRD plot of intensity versus 2θ for 0.01M Cs-exchange for Na in birnessite. Each line is a diffraction pattern representing
~ 2 minutes in time. Patterns were collected at NSLS with a wavelength of 0.9255 Å.

10

144.66
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
3
a (Å )
105.3354 ± 0.0429
105.3227± 0.0328
105.40 ± 0 (Fixed)
b (Å3)
104.0899 ± 0.0295
104.1237 ± 0.0317
104.41 ± 0 (Fixed)
3
c (Å )
NA
NA
104.1098 ± 0.0315
k1 (min-1)
0.0285 ± 0.0025
0.0263 ± 8.653E-8
0.0379 ± 0.0074
-1
k2 (min )
NA
NA
0.0469 ± 0.0613
n
1
0.7728 ± 0.1119
1
2
R
0.97679
0.97978
0.97431
0.0040
0.000369
0.00443
reduced χ2
2
2
*chi /dof; where chi is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-2a: Data fitting results for 0.001 M K-exchange for Na in birnessite where the 1-stage
linear fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
a (Å3)
104.8559 ± 0.0716
104.9333 ± 0.0552
104.9165 ± 0.0536
3
b (Å )
103.6133 ± 0.0251
103.4413 ± 0.0301
103.8989 ± 0.0946
c (Å3)
NA
NA
103.5037 ± 0.0759
-1
k1 (min )
0.0814 ± 0.0096
0.1483 ± 0.0301
0.1458 ± 0.0310
k2 (min-1)
NA
NA
0.0115 ± 0.0071
n
1
2.4987 ± 0.6379
1
R2
0.9585
0.98222
0.98357
0.00674
0.00309
0.00308
reduced χ2*
*chi2/dof; where chi2 is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-2b: Data fitting results for 0.01 M K-exchange for Na in birnessite where the 1-stage
linear fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
a (Å3)
105.0933 ± 0.1423
105.0860 ± 0.1402
105.0922 ± 0.1521
3
b (Å )
103.9594 ± 0.0591
103.9624 ± 0.0819
104.0 ± 0 (Fixed)
c (Å3)
NA
NA
103.9557 ± 0.0663
k1 (min-1)
0.2862 ± 0.0811
0.2934 ± 1.949E-6
0.2884 ± 0.6197
k2 (min-1)
NA
NA
0.8393 ± 110.142
n
1
0.9652 ± 0.4401
1
R2
0.88432
0.88584
0.88583
0.02196
0.02477
0.02477
reduced χ2*
*chi2/dof; where chi2 is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-2c: Data fitting results for 0.05 M K-exchange for Na in birnessite where the 1-stage
(linear) fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
a (Å3)
105.3295 ± 0.0722
105.39 ± 0 (Fixed)
105.3176 ± 0.0797
3
b (Å )
107.5299 ± 0.2330
107.15 ± 0 (Fixed)
106.5 ± 0 (Fixed)
c (Å3)
NA
NA
107.4 ± 0 (Fixed)
k1 (min-1)
0.0097 ± 0.0022
0.0103 ± 0.0012
0.0188 ± 0.0036
k2 (min-1)
NA
NA
0.0119 ± 0.0044
n
1
0.5545 ± 0.1505
1
R2
0.97431
0.97009
0.97543
0.01332
0.01432
0.01529
reduced χ2*
*chi2/dof; where chi2 is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-3a: Data fitting results for 0.001 M Cs-exchange for Na in birnessite where the 1-stage
linear fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
a (Å3)
105.0936 ± 0.1323
105.1077 ± 0.1108
105.1675 ± 0.0889
3
b (Å )
107.5564 ± 0.0780
107.5684 ± 0.0603
108.3251 ± 0.5671
c (Å3)
NA
NA
107.35 ± 0 (Fixed)
-1
-7
k1 (min )
0.1176 ± 0.0125
0.1129 ± 6.527E
0.0735 ± 0.0184
k2 (min-1)
NA
NA
0.0274 ± 0.0143
n
1
0.9388 ± 0.1283
1
R2
0.95345
0.95682
0.97904
0.02418
0.02368
0.01149
reduced χ2*
*chi2/dof; where chi2 is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-3b: Data fitting results for 0.01 M Cs-exchange for Na in birnessite where the 1-stage
linear fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
a (Å3)
105.3600 ± 0.2052
105.3497 ± 0.2215
105.3586 ± 0.1537
3
b (Å )
107.7880 ± 0.0833
107.7766 ± 0.1044
108.0753 ± 0.2048
c (Å3)
NA
NA
107.4351 ± 0.6619
-1
-6
k1 (min )
0.7953 ± 0.2101
0.8195 ± 9.320E
0.5697 ± 0.1271
k2 (min-1)
NA
NA
0.0181 ± 0.0412
n
1
0.9865 ± 0.2814
1
R2
0.94574
0.94571
0.97821
0.04213
0.04918
0.02368
reduced χ2*
*chi2/dof; where chi2 is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-3c: Data fitting results for 0.05 M Cs-exchange for Na in birnessite where the 1-stage
linear fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
3
a (Å )
105.3229 ± 0.0417
105.3247 ± 0.0351
105.2940 ± 0.0439
b (Å3)
104.2041 ± 0.0294
104.2220 ± 0.0360
104.75 ± 0.00 (fixed)
c (Å3)
NA
NA
104.2173 ± 0.0252
k1 (min-1)
0.0436 ± 0.0043
0.04219 ± 1.433E-6
0.05795 ± 0.0459
-1
k2 (min )
NA
NA
0.1019 ± 0.2506
n
1
0.8659 ± 0.1358
1
2
R
0.97617
0.97897
0.98232
0.00392
0.00372
0.00313
reduced χ2*
2
2
*chi /dof; where chi is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-4a: Data fitting results for 0.001 M Ba-exchange for Na in birnessite where the 1-stage
linear fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
3
a (Å )
104.9785 ± 0.1446
105.1864 ± 0.0775
105.2242 ± 0.0323
b (Å3)
103.0451 ± 0.0596
102.6311 ± 0.0499
103.7677 ± 0.0519
c (Å3)
NA
NA
102.4503 ± 0.19
-1
k1 (min )
0.0394 ± 0.0055
0.0650 ± 0.0074
0.1133 ± 0.0098
k2 (min-1)
NA
NA
0.0055 ± 0.0015
n
1
2.5 (fixed)
1
R2
0.92727
0.98319
0.99749
0.02686
0.00621
0.00105
reduced χ2*
2
2
*chi /dof; where chi is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-4b: Data fitting results for 0.01 M Ba-exchange for Na in birnessite where the 1-stage
linear fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Term
1-stage, linear (Eq. 12)
1-stage, nonlinear (Eq. 21)
2-stage, linear (Eq. 31)
3
a (Å )
104.9879 ± 0.0453
105.0212 ± 0.0454
105.2780 ± 0.018
b (Å3)
103.7764 ± 0.0404
103.7340 ± 0.0419
104.7112 ± 0.017
c (Å3)
NA
NA
103.6520 ± 0.020
-1
k1 (min )
0.0240 ± 0.0028
0.0267 ± 0.0033
0.3679 ± 0.0384
k2 (min-1)
NA
NA
0.0138 ± 0.0008
n
1
1.2 (fixed)
1
R2
0.95984
0.9645
0.9982
0.00753
0.00666
0.00037
reduced χ2*
2
2
*chi /dof; where chi is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 3-4c: Data fitting results for 0.05 M Ba-exchange for Na in birnessite where the 1-stage
linear fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the
solid line. Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the
above table.
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Figure 3 - 5: Plot of initial rates, dV/dt (Å3 min-1), versus aqueous cation concentration (M) for
K-exchange reactions. Initial rates were calculated based on fitting parameters from the 2-stage
model using Equation 34 in the text. A linear regression of these data points results in a rate
equation in the form of Equation 35, listed on the top of the figure.
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Figure 3 - 6: Plot of initial rates, dV/dt (Å3 min-1) versus aqueous cation concentration (M) for
Cs-exchange reactions. Initial rates were calculated based on fitting parameters from the 2-stage
model using Equation 34 in the text. A linear regression of these data points results in a rate
equation in the form of Equation 35, listed on the top of the figure.

68

0.5
2+ 0.50

dV/dt = 0.060*[Ba ]
0.0

Log dv/dt

-0.5

-1.0
y = 0.4992x+0.0602
2
R = 0.9083

-1.5

-2.0
-3.2

-3.0

-2.8

-2.6

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4

-1.2

2+

log [Ba(aq)]

Figure 3 - 7: Plot of initial rates, dV/dt (A3 min-1) versus aqueous cation concentration (M) for
Ba-exchange reactions. Initial rates were calculated based on fitting parameters from the 2-stage
model using Equation 34 in the text. A linear regression of these data points results in a rate
equation in the form of Equation 35, listed on the top of the figure.
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Figure 3 - 8: Plots of chi2 versus aqueous solution concentration for a) K-exchange, b) Cs-exchange, and c) Baexchange. Chi2 is a measure of the sum of square errors, which measures the distance of the model line to the data
points.

k1 (2-stage)

+

Rate Constant vs. [K ](aq)

k2 (2-stage)
k (1 stage)

0.8

70

k (min-1)

0.6

0.4

0.2

0
0

0.01

0.02

a) -0.2

0.03

0.04

0.05

0.06

[K+](aq)

Rate Constant vs. [Cs+](aq)

k1 (2-stage)
k2 (2-stage)

1.2

k (1 stage)

1

-1

k (min )

0.8
0.6
0.4
0.2
0
0

0.01

0.02

0.03

0.04

0.05

0.06

-0.2

b)

+

[Cs ](aq)
k1 (2-stage)

2+

Rate Constant vs. [Ba ](aq)

k2 (2-stage)
k (1-stage)

0.5
0.4

-1

k (min )

0.3
0.2
0.1
0
0

0.01

0.02

0.03

0.04

0.05

0.06

-0.1
-0.2

c)

2+

[Ba ](aq)

Figure 3 - 9: Plots of rate constants (calculated from the data fitting parameters in Eq. 12 for the 1-stage, linear
model and Eq. 31 for the 2-stage linear model) versus concentration for: a) K-exchange, b) Cs-exchange, and c)
Ba-exchange.
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Figure 3-11: Plot of rate constant of cation exchange, k (min-1), versus the hydrated radius (Å) of K+, Cs+, Ba2+ as defined in
Nightingale (1959).
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Figure 3-12: Plot of rate constant of cation exchange, k (min-1), versus the hydration enthalpy, ∆H (kJ/mol) for K+, Cs+, Ba2+ tabulated
in Burgess (1978).
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Figure 3-13: Plot of rate constant of cation exchange, k (min-1), versus the ionic potential for K+, Cs+, Ba2+, which is calculated from
the charge of the ion divided by the ionic radius (Å) (Shannon, 1976).
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Chapter 4
The Effect of pH on K-exchange for Na in Synthetic Birnessite
4.1 Introduction
Metal retention by minerals often is accomplished by surface attachment due to a pHdependent charge. However, metal ion “sorption” frequently is accompanied by concomitant
processes such as ion-exchange.

Consequently, adsorption isotherms may not adequately

describe a mineral’s ability to sequester a dissolved metal species if diadochic substitutions also
occur.

Similar problems arise with the concept of the cation exchange capacity (CEC).

Calculations of the CEC for a given mineral typically do not distinguish between adsorbed and
exchanged species.
Differentiating between adsorption and ion exchange can be difficult, as both processes
result in the removal of a dissolved species from solution through uptake by a solid.
Nevertheless, the distinctions must be accounted for in mechanistic and kinetic models of metal
sequestration. Ion exchange by definition is a stoichiometric process in which each ion that is
removed is replaced by an equivalently charged species. By contrast, in adsorption the solid can
take up a solute or electrolyte without replacement by another species (Helferrich, 1962). In
addition, the longevity of sequestration may vary markedly for ions that are exchanged in
comparison with those that are adsorbed. Ions that are sorbed to surfaces through outer-sphere
complexation generally are more weakly bound to the mineral than those attached by innersphere bonds. Ion exchange, on the other hand, can strongly bond substituent cations even as
fully hydrated, outer-sphere complexes, because the substituent cations are satisfying a large and
localized charge deficit.
Birnessite is an important example of a mineral that is capable of removing metals from
solution both through surface sorption and through ion exchange. Birnessite is a layer-type Mnoxide (with a variety of compositions, but in this study: Na0.58(Mn4+1.42,Mn3+0.58)O4⋅1.5H2O) in
which approximately one-third of the octahedral sites contain trivalent rather than tetravalent
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Mn. The presence of Mn3+ confers a net negative charge on the octahedral layer, and this charge
is balanced by hydrated cations in an interlayer region (e.g. Na+).
Birnessite behaves similarly to swelling clays. The octahedral layer charge is analogous
to the permanent charge that forms when Al3+ substitutes for Si4+ in smectitic clays, in distinction
to the charge associated with a pH-dependent surface hydroxylation that controls adsorptivity.
Thus, the number of reactive sites for H+ adsorption or desorption on the surface of birnessite is
generally insignificant compared with the number of exchange sites in the interlayer. Just as
adsorption of cations to mineral surfaces is strongly dependent on pH, the cation exchange
capacity (CEC) is also very sensitive to the activity of dissolved H+. In general, the CEC
increases with higher pH (Stumm and Morgan, 1996).
A number of researchers have demonstrated that the interlayer Na cations in Nabirnessite will completely exchange for H in the presence of aqueous solutions that are pH 3 or
lower (Silvester et al., 1997; Drits et al., 1997; Lanson et al., 2000); however, few studies have
examined the effect of pH on ion exchange in Na-birnessite. Questions to be addressed include:
1) Do greater activities of dissolved H+ alter the pathway for cation exchange, leading to
differences in interlayer cation configurations? and 2) Do the kinetics of exchange depend on
solution pH?
A number of studies have explored the exchange of K for Na in birnessite (Post and
Veblen, 1990; Kuma et al, 1994; Lopano et al., 2007).

This chapter examines the effect of

variable pH (from 4 to 7) on K-exchange in Na-birnessite both crystallographically and
kinetically when dissolved K concentration is constant (0.01 M KCl). As birnessite is the most
common Mn-oxide mineral in nature and has shown promise for heavy metal remediation, the
results of this study will help us understand how solution pH might alter the efficiency of cation
exchange reactions in birnessite. These insights should be particularly pertinent for modeling the
fate of dissolved metals in acid mine waste sites for which birnessite-like phases are dominant
mineralogies (Tan et al., 2006).
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4.2 Experimental Methods
4.2.1 Sample Preparation
Synthetic birnessite was prepared using the methods outlined in Chapter 2 (Lopano et al.,
2007), but the procedure is summarized here for review. The starting Na-birnessite samples used
in the cation exchange reactions were synthesized using the methods employed by Post and
Veblen (1990) based on protocols in Golden et al.(1986). A chilled solution of 5.5 M NaOH was
added to 200 ml of a chilled 0.5 M MnCl2 solution and reacted at room temperature while
oxygen was bubbled through the resulting Mn(OH)2 suspension at a rate over 1.5 liter/min
through a glass frit. Similar to the procedure outlined in Kuma et al. (1994), the precipitate was
filtered through a 0.1 μm Millipore filter, washed numerous times, and stored as a suspension
until aliquots were removed and air-dried for use. A small amount (approximately 1 mg) of Nabirnessite 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 as
illustrated in chapter 1 (Figure 1-2).

4.2.2 Setup and Data Collection
Solutions of 0.01 M KCl at pH 4.0, 5.5, and 7.0 were flowed through the sample cell (at
an average rate of about 1 drop/minute) while X-ray diffraction patterns were collected every
two to three minutes with a MAR345 full imaging plate detector for periods of two to four hours
depending on solution concentration. An example of stacked diffraction plots can be seen in
Figures 4-1, 4-2, and 4-3, for reactions at pH 4.0, 5.5, and 7.0, respectively.
The exchanged samples from the reactions at pH 4 and 5.5 were pressed flat on a carbon
stub and analyzed using a Cameca SX-50 Electron Probe Micro Analyzer (EPMA) to determine
whether Na was still present in the exchanged solid. No sodium was detected in any of these Kexchanged samples; therefore the exchange process was verified to be complete for each of these
samples. As outlined in Chapter 2 (Lopano et al., 2007), the pH 7 K-exchange sample was
placed on a carbon stub and analyzed using energy dispersive X-ray spectroscopy (EDS), with a
JEOL JSM-840A scanning electron microscope (SEM) and an attached Noran System six-energy
dispersive X-ray analyzer at the Smithsonian Institution. These results also indicated that
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exchange was complete for the 0.01 M solution at pH 7. Again, the small sample size and the
fine-grained nature of the powder prevented accurate quantitative chemical analysis by electron
beam methods, but we are confident that exchange was complete for these reactions.

4.2.3 Structure Analyses
As described in full detail in Lopano et al. 2007, Rietveld structure refinements (Rietveld,
1969) were performed using the EXPGUI 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 described in
Post et al. (2002). For the calculation of Fourier electron difference (DELF) maps the interlayer
species were excluded. The backgrounds for the X-ray diffraction (XRD) patterns were fit using
26 to 28 terms with a linear interpolation function. The peak profiles were modeled by a
pseudovoigt profile function as parameterized by Thompson et al. (1987) with asymmetry
corrections proposed 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 in order to
determine the interlayer atom positions. Once located, the interlayer atoms were added to the
refinement as a single Oint site, which served to model the average combined water and cation
sites. For both the pH 4.0 and 5.5 reactions, excess intensity was still present in electron
difference maps at the end of refinement. Based on the positions of the excess electron density
and incorporating findings by Heaney et al. (unpublished data) and Drits et al. (1997) that
include a Mn atom in the interlayer region of birnessite, a Mn atom was added into the interlayer
region to compensate for the areas of excess electron density. Following refinements of the
interlayer atom positions, occupancy factors and isotropic atomic displacement factors for the
interlayer sites were allowed to vary. Octahedral layer Mn occupancies were then refined as
well. Refinement results for the end-member K-exchanged birnessites at the different pH values
are presented in Table 4-1, while atom positions and bond distance calculations can be found in
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Tables 4-2 and 4-3, respectively. Crystal structure diagrams of each of the end-members are
found in Figures 4-4, 4-5, and 4-6.
During the refinements of the K-birnessite end-members, soft constraints were applied to
the Mn-O distances (constrained to 1.85 Å, with a standard deviation of 0.03 Å), and the
weighting factor was gradually reduced in successive cycles until it was nearly eliminated. For
these refinements, K+ and O(H2O) were modeled as a single atomic species (oxygen, Oint). The
combined effects of partial occupancies, positional disorder, and similarities in X-ray scattering
factors for Na, K, and O rendered it impossible to distinguish among these species during the
refinement. As described in Lopano et al. (2007) for pH 7.0 K-exchange, for clarification of the
end-member structures, we modeled the interlayer O site with separate O (water) and cation
sites, both constrained to occupy the same position. We did not follow this procedure for the pH
4.0 and 5.5 end-members at this point because they contained the added Mn interlayer atoms,
which complicated the interpretation of the interlayer cation locations.

4.3 Data Fitting
The three kinetic equations derived in Chapter 3 in the form of volume versus time
(single stage linear, single stage non-linear, and double stage linear) were used in this chapter to
fit the 0.01 M K-exchange reactions at various pH. The models presume that the degree of
exchange varies linearly with unit-cell volume, as is consistent with Vegard’s Law (Denton and
Ashcroft, 1991). The models for determining the kinetics of exchange are as follows:

Single-stage nonlinear:
For the single-stage models, the following reaction is proposed:
+
+
+
Na - birnessite (s) + K (aq)
+ H (aq)
⎯⎯→ (K, H) - birnessite (s) + Na (aq)
k

Both the solution concentration (0.01 M) and pH were assumed to be constant during the very
rapid exchange reactions; thus these values are wrapped into the rate constant value (as described
in Chapter 3). Therefore, as in chapter 3, the single-stage nonlinear data-fitting model is as
follows:
V = (a − b)e − kt + b

[4-1]
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where V (Å3) is the unit-cell volume, k (min-1) is the rate constant, and a and b (Å3) are fitting
constants relating V to the mole fraction of the birnessite interlayer cation (X). Equation 1 was
used to fit the unit-cell volume versus time data with three variables: a, b and k. The results are
plotted as dashed lines in Figures 4-7 to 4-9.

Single-stage linear:
Allowing the reaction order (n) to vary results in the following fitting equation:
V = a(nkt − kt + 1 )

1

− n +1

+ b( 1 − (nkt − kt + 1 )

1

− n +1

)

[4-2]

Where V (Å3) is the unit-cell volume, k (min-1) is the rate constant, n is the reaction order, and a
and b (Å3) are fitting constants relating V to the mole fraction of the birnessite interlayer cation
(X). Equation 2 was used to fit the unit-cell volume versus time data with four variables (a, b, k,
and n); the results are plotted in dotted lines in Figures 4-7 to 4-9.

Double-stage nonlinear:
For the double-stage model, the following reaction is proposed:
k2
k1
+
+
+
Na - birnessite(s) + K (aq)
+ H (aq)
⎯⎯→
(K, H) - birnessite(disordered) ⎯⎯→
(K, H) - birnessite(ordered) + Na (aq)

Again, the solution concentration (0.01 M) and pH were assumed to be constant and wrapped
into the rate constants as described in chapter 3. The fitting equation for this model is:
Vtot = a e −k1t +

k1 b
c
(e −k1t − e −k 2t ) +
[k 2 (1 − e −k1t ) − k1 (1 − e −k2t )]
k 2 − k1
k 2 − k1

[4-3]

where k1 and k2 (min-1) are rate constants, and a, b, and c (Å) are fitting constants relating V to
X. Equation 3 was used to fit the unit-cell volume versus time data with five variables (a, b, c,
k1, and k2); the results are plotted in solid lines in Figures 4-7 to 4-9.

Initial Rate Comparisons
As in Chapter 3, the data fitting equations and fitting parameters from the results of
Equation 4-1 were used to calculate initial rates in terms of unit-cell volume (Å3) (at time = 0)
for each reaction using the following equation:
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dV
= k (b − a )
dt

[4-4]

where k is the rate constant (min-1), and a and b are the fitting parameters described above.
Because we believe that the exchange portion of the reaction occurs very quickly, with the first
stage of volume change versus time, we calculated the initial rates (at time = 0) for each reaction
using equation 4-4. The initial rates calculated from this equation were then plotted on a
logarithmic scale as a function of pH in order to determine the general rate equation for K+
exchange with solution pH (Figures 3-5 to 3-7), in the form of:
R≈

dV
+
= k [H (aq)
]n
dt

[4-5]

Where dV/dt is related to the reaction rate, R (M min-1), and [H+] is the aqueous hydrogen atom
concentration. Comparisons were then made between cation exchange rates at the various pH
values.

4.4 Results and Discussion
4.4.1 Refinement Results
We know from the previous two chapters that K+ substitution for Na+ in the interlayer of
birnessite results in a contraction of the birnessite unit-cell, most notably in the c-parameter of
the unit-cell. This decrease occurs because the smaller hydration radius for K+ induces a small
unit-cell contraction of the interlayer region, as reflected in decreases in a, c, β, and V (Lopano et
al., 2007). This decrease in unit-cell parameters is consistent across solution concentration
(whether 0.05 M, 0.01 M, or 0.001 M), and it is also apparent for 0.01 M K-exchange reactions
with varying pH. The unit-cell volumes for the fully exchanged K-birnessite at pH 4 and pH 5.5
were similar (104.31 Å3 and 104.16 Å3, respectively); but for the pH 7 exchange reaction the
unit-cell volume contracted to a value of 103.66 Å3 (Table 4-1; Figure 4-11). The reason for the
difference in end-member unit-cell volumes is not clear. It is possible that the composition and
atomic configuration of the interlayer varies with pH, as is discussed further below.
The electron difference (DELF) maps for each reaction can be found in Figures 4-12, 413, and 4-14. An electron density ellipsoid that represents a split occupancy for the interlayer
species at z ~ 0.5 is apparent for the exchanged products at all pH values studied, and the rotation
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of the major axis of this ellipsoid from an orientation parallel to the b-axis in Na-birnessite to one
that paralleled the a-axis in K-birnessite also is observed from pH 4 to 7. However, the splitting
is more pronounced in the K-birnessite exchanged at pH 4.0 and 5.5, indicating a more profound
degree of positional disorder at lower pH. Moreover, refinement of the interlayer using only one
species (Oint, which models Na/K and H2O) resulted in residual electron density with coordinates
of approximately 0 0 0.60 within the interlayer region between the octahedral sheet and the Oint
ions for the powders exchanged at pH 4 and 5.5.
Based on suggestions in Lanson et al. (1997), we modeled this residual density by the
inclusion of a partially occupied Mn site at (xyz) for the samples exchanged at pH 4.0 and 5.5.
Several lines of evidence support this assignment. Whereas the occupancies of Mn in the
octahedral sheets refined robustly to 1.00 for the pH 7.0 exchange reactions, at pH 4.0 and 5.5
the octahedral Mn occupancy refined to 0.88 (Table 4-2). The occupancy of this interlayer Mn
refined close to the Oint position (Table 4.2), and with a multiplicity of 4 for this site (which is
double the multiplicity for the octahedral Mn) the sum of the octahedral and interlayer Mn is
consistently close to 1.0. This result indicates that Mn was conserved in the exchange reaction,
implying that a small but detectable amount of Mn was leached from the octahedral sheet into
the interlayer region. (This contradicts the assumption made in chapter 3, in which we assume
that [birnessite] is constant, i.e. the Mn-O octahedral layer does not dissolve with exchange.
However, there is a small amount (if any) being leached, and what might leach is retained in the
interlayer structure, thus we maintain the [birn] assumption for the data-fitting in this current
chapter). Moreover, the “goodness of fit” values improved when the excess electron density was
modeled as Mn rather than as a second O. For example, the χ2 value for the pH 4.0 end-member
K-birnessite with the second interlayer atom modeled as Mn was 2.08 versus a χ2 value of 2.26
for the second interlayer atom modeled as O; if no second interlayer atom was included in the
refinement, then a χ2 value of 2.71 resulted.
Lanson et al. (1997) argue that this leached Mn results from reduction of octahedral Mn
to Mn2+ and diffusion to the interlayer. The presence of interlayer Mn2+ may explain the larger
values for the c-axis (and thus the unit-cell volumes) for the samples exchanged at pH 4.0 and
5.5 relative to the sample exchanged at neutral pH. The presence of Mn2+ in the interlayer may
restrict the amount of K+ that can enter the structure by satisfying some of the octahedral layer
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charge. K-exchange typically causes the layer structure of Na-birnessite to contract; if fewer K+
ions substitute into the interlayer, then the unit-cell volume might contract to a lesser degree.
This effect might be especially large if the Mn2+ is fully hydrated. Mn2+ has an ionic radius of
0.80 Å (Shannon, 1976), but a hydrated radius of 4.4Å (Nightingale, 1959). The hydrated radius
for K+ ions is 3.31 Å (Nightingale, 1959).
A number of refinements were performed in which the position of the additional
interlayer Mn2+ atom was constrained. However, once the restraints were released, each of the
models converged to roughly the same structural configuration. The results based on the best fit
between the experimental and the calculated patterns are reported in Tables 4-1, 4-2, and 4-3.
The interlayer regions for samples exchanged at pH 4.0 and 5.5 were highly disordered,
more so than in the sample exchanged at pH 7. We know from Lopano et al. (2007) and Post
and Veblen (1990) that the positional disorder for the Oint site serves to model the average
electron density generated by the combined interlayer water species and cations. Specifically, the
Na+ and the K+ cations and the H2O molecules occupy close but not identical crystallographic
positions in the interlayer regions of adjacent unit cells. If one assumes that K+ is sited at the
center of the electron density ellipsoid in the interlayer, its bond distances to the interlayer
oxygen atoms are 2.96 Å for pH 4.0; 2.89 Å for pH 5.5; and 2.85 Å for pH 7. On the other hand,
if K+ is situated on the lobes of the DELF ellipsoids, the corresponding K-O distances are 2.61 Å
for pH 4.0; 2.73 Å for pH 5.5; and 2.66 Å for pH 7. An ideal KVII-OVI bond distance is 2.89 Å
(Shannon 1976). Therefore, as is consistent with the results of pH neutral exchange presented in
Lopano et al. (2007), we infer that K+ is located on the centroid of the split sites when it
substitutes into the interlayer, even at pH 4.0 and 5.5. In contrast, when H2O occupies that site,
the oxygen atom is sited on the electron density lobes to achieve O-H···O bond distances on the
order of 2.61 – 2.73 Å, as is more characteristic of hydrogen bonds.
This disorder with the dominant interlayer constituents (K+/H2O) appears to induce
position disorder with respect to the Mn2+ interlayer cation. Since both of the modeled interlayer
constituents (Oint and Mn2+) are disordered, it is quite difficult to determine the coordination
environment for the interlayer constituents. As an example, for the pH 4.0 end-member, the only
reasonable Mn2+ ion coordination was 5-fold, bonding with 4 interlayer Oint sites (presumably
water) and one octahedral layer oxygen. The bond distances for Mnint-Oint sites in this case were:

84

2.32 Å, 2.22 Å (centroid), 1.91 Å, and 1.79 Å. The Mnint - Olayer bond distance was 2.61 Å.
Some of these bond distances are short in comparison to typical Mn2+(V)-O distances, which are
on the order of 2.2-2.3 Å (Shannon, 1976). These shorter bonds might indicate that the interlayer
Mn is not necessarily in the divalent state. For the samples exchanged at pH 5.5, the positional
disorder was sufficiently large that meaningful coordinations for the interlayer Mn could not be
resolved.

4.4.2 Exchange Process
Multiple studies have documented the transformation from Na-birnessite to H-birnessite
at pH < 7.0 (Silvester et al., 1997; Lanson et al., 2000). These studies postulate that Mn leaches
from the octahedral sheet and migrates to the interlayer as the result of a disproportionation
reaction. Disproportionation refers to coupled oxidation and reduction, and Silvester et al.
(1997) propose that at low pH, Mn3+ in birnessite undergoes a “partial re-equilibration”
according to the following reaction:
+
+
4+
2+
4+
2+
Mn 3layer
+ Mn 3layer
→ Mn layer
+ Mn layer
→ Mn layer
+ Vacancy + Mn (aq)

In other words, the Mn3+ cations from the octahedral layer disproportionate into Mn4+ and Mn2+,
and Mn2+ then migrates to the interlayer region. Silvester et al. (1997) suggest that this reaction
is driven by the release of the strain associated with the Jahn-Teller distortion in an Mn3+-O
octahedral site. However, the octahedral layer retains its net negative charge following the Mn
redox reaction, and the migration of Mn2+ to the interlayer increases the charge further. This
disproportionation seems to be of particular importance at lower pH (< 5), where studies have
found that the reaction is marked by a rapid exchange of interlayer Na+ with solution H+ and
partial loss of Mn2+ to solution (Silvester et al., 1997). However, Silvester, et al. also found that
re-adsorption of the Mn2+ in the interlayer region from solution increases with pH in the range of
pH 2 to pH 5, with 80% uptake at pH 4 and 100% uptake at pH 5 (i.e., more Mn2+ is found in the
interlayer region at pH 5 than at pH 4) (Silvester et al., 1997).
In our refinements, the Mnint occupancy value decreases slightly from 0.046 at pH 5.5 to
0.037 at pH 4.0.

Though small, these differences are consistent with results described in

(Silvester et al., 1997) and (Drits et al., 1997). Jahn-Teller distortion arises when Mn3+ is
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octahedrally coordinated, and the substitution of Mn3+ for Mn4+ in the octahedral sheet of
birnessite results in greater strain than an octahedral sheet only of Mn4+-O bonds. With the
disproportionation of Mn3+ into Mn4+ and Mn2+in the samples exchanged at lower pH, we might
expect to see the Mn-O octahedral layer bond distances decrease as well. In the Mn-O polyhedra
of birnessite, Mn4+ - O distances generally range from about 1.87 to 1.91 Å, whereas Mn3+ - O
distances are on the order of ~1.85 to 2.30 Å, averaging ~ 2.01 Å (Post and Veblen, 1990). As
can be seen in Table 4-3, however, the Mn-O octahedral bond distances range from 1.859 Å to
2.002 Å for the samples exchanged at pH 4; 1.849 Å to 2.024 Å for the pH 5.5 exchange; and
1.842 Å – 1.978 Å for the pH 7 exchange. Consequently, whatever Jahn-Teller distortions are
present in the samples exchanged at neutral pH are evident in the samples exchanged under more
acid conditions. Thus, a significant amount of Mn3+ remained in the octahedral layers of samples
exchanged at low pH.
Lanson et al. (2000) and Drits et al. (1997) also describe superstructures resulting from
the formation of H-birnessite in detail. The superstructures most likely result from long-range
periodicities in the distribution of cations in the interlayer region of birnessite, and different
superstructures can form with different interlayer constituents (Post and Veblen, 1990; Manceau
et al., 1992). We also found evidence for a superstructure in samples exchanged at pH 7.0 from
0.01M KCl solutions in powder X-ray diffraction patterns that revealed additional minor peaks
(Figure 4-15). However, the superstructure reflections near the 001 and 002 peaks for the pH 4.0
and 5.5 exchange results are more intense (Figure 4-15).

The increased intensity of the

superstructure reflections in samples exchanged in solutions below neutral pH may result from
the additional configurational variability allowed when Mn2+ ions co-exist in the interlayer
region with K+ ions and water molecules.
Although pH clearly affects the structural transformation and the rate of exchange when
Na-birnessite is exposed to K-rich solutions, we did not observe the formation of a monoclinic or
hexagonal H-birnessite phase at the pH levels studied. Silvester et al. (1997) found less Hbirnessite forming at pH 5 than at pH 2; however, they still report the formation of H-birnessite.
We believe that the absence of H-birnessite in our experiments can be attributed to the
competition between dissolved H+ and K+ for the interlayer sites in Na-birnessite. The activity
of dissolved K+ in the 0.01 M KCl solutions employed for these experiments was significantly
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larger than that of the crystallographic Na+ or the dissolved H+. Lanson et al. (2002) found that
the presence of additional dissolved metals in the exchange solutions resulted in a decreased
amount of H+ exchange into the birnessite structure. They hypothesized that the sorption of
protons significantly decreases with the presence of other metals in solution because the
concentration of metals very often overwhelms that of H+ (Lanson et al., 2002). Similarly, we
believe that H+ plays a key role in the reaction, in some way leading to the disproportionation
that generates Mn2+ in the interlayer region, as is found in H-birnessite at different pH values
(Silvester et al. 1997; Drits et al. 1997; and Lanson et al. 2000). Nevertheless, the significant
presence of K+ out-competes dissolved H+ and prevents the formation of H-birnessite. This
observation suggests that Na-birnessite is less effective at the neutralization of acid solutions
when high levels of metal cations also are present.

4.4.3 Cation Exchange Rates
Using the approach we developed in Chapter 3 to fit the cation exchange data, we found
that the simplest, single-stage non-linear model (Equation 4-1) provided the best fit for the
exchange reactions at pH 4.0 and 5.5 (Figures 4-7 and 4-8); the pH 7.0 reaction kinetics were
best-fit by the double-stage model (Equation 4-3, Figure 4-9). Most likely, as with the 0.05 M
K-exchange reactions described in Chapter 4, the exchange reactions at lower pH occurred so
rapidly that the first reaction step (in which Na cations were swapped out of the structure and
replaced by positionally disordered K cations) was not completely captured in the data. The
calculation of the initial rates based on the single-stage nonlinear fitting results revealed that the
rate of K+ exchange for Na+ increased with decreasing pH (or increasing H+ concentration), as
described by the equation: dV/dt = 0.145*[H+(aq)]0.139 (where dV/dt is the change in unit-cell
volume with time, which is related to the cation exchange rate (R) by a constant ((b-a)/[birn]), as
shown in equation 4-5). The plot of log initial rate (dV/dt) versus pH results in a log-linear fit
with an R2 value of nearly 1 (Figure 4-10).
The cause of the faster exchange kinetics in more acidic solutions is unclear. It is
possible that protons facilitate metal exchange; however the mechanisms behind this are not
clear. Lanson et al. (2000) argue that these reactions are characterized by an initial period of
rapid exchange (on the order of ~1 min) in which about 1/3 of the initial Na interlayer cations are
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replaced by H+. Since X-ray diffraction cannot detect hydrogen, we cannot verify this model.
However, this displacement of Na+ by the smaller H+ may lead to more room for hydrated K+ to
quickly exchange into the interlayer. Another explanation for the increased exchange rate may
be due to the effects of increased H+ concentration on hydration energy differences in the bulk
solution phase, as argued in chapter 3 for why Cs-exchange was faster than K- and Ba-exchange.
The hydration energy (∆Hhyd) of H+ is more negative (-260.7 kcal/mol) and thus more strongly
hydrated than that of K+ (-76.7 kcal/mol) (Burgess, 1978). The faster rate at low pH may reflect
the fact that with the higher H+ concentrations, the aqueous H+ ion out-competes K+ for water
molecules; thus the K+ ion more rapidly goes into the birnessite crystal structure.

4.5 Conclusions
This chapter provides the first measurements of the rates of K-exchange with Na in
birnessite at constant solution concentration (0.01 M KCl) over different pH values (pH 4, pH
5.5, and pH 7). Our results quantitatively demonstrate that decreasing pH leads to faster cation
exchange reaction kinetics. This observation runs counter to the usual observation that CEC
increases with increasing pH (Stumm and Morgan, 1996). However, that general behavior is
based on the removal of cations by adsorption, which increases with higher pH due to changes in
the surface charge. Since birnessite has a point of zero charge (PZC) of ~2.25 (Murray, 1975),
the surface of birnessite is increasingly negatively charged with higher pH. If surface charge
controls the removal of metals from solution, then we would expect to see a higher rather than a
lower rate of exchange at neutral pH.
We hypothesize that the enhanced K+ exchange with increased H+ concentration is
caused mechanistically by the role that H+ plays during the diadochic substitution. H+ protons
have the mobility to quickly displace Na+ cations in the birnessite interlayer, creating a rapid
exchange process. This increase in H+ also results in a re-equilibration of the Mn-O octahedral
layer (which was described fully in Silvester et al. (1997)), such that Mn3+ disproportionates to
Mn4+ and Mn2+ in order to relieve some of the stress caused by Jahn-Teller distortions. The
Mn2+ cations then migrate to the interlayer leaving octahedral vacancies in their wake. We found
no evidence for octahedral vacancies or Mn2+ in the interlayer for K-exchange at pH 7; thus, the
cation exchange presumably occurred by a simple stoichiometric cation exchange process,
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without chemical interaction with the Mn-O octahedral layer. Future work should focus on the
pH effects of cation exchange rates in birnessite over a wider range of pH and solution
concentration. Other future work should explore the interactions of other cations with dissolved
protons during cation in birnessite.
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Table 4 - 1. Final Rietveld refinement parameters for end-member 0.01M K-exchanged
birnessite at varying pH.
Space Group
Unit cell
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (Å3)
Refinement
No. of diffraction
points
No. of reflections
Diffraction Range
(2θ)
No. of variables
R(F2)
Rwp
χ2

pH 4.0
CĪ

pH 5.5
CĪ

pH 7.0
CĪ

5.1721(0)
2.8475(5)
7.2049(5)
90.07(7)
100.550(7)
89.966(9)
104.31(9)

5.1680(8)
2.8461(6)
7.2047(4)
89.94(1)
100.597(7)
90.01(4)
104.16(8)

5.1371(3)
2.8476(6)
7.2131(2)
89.96(2)
100.75(3)
89.702(9)
103.66(5)

2056

2083

2470

88

88

167

4.50 – 49.250

4.50 – 49.250

4.085 - 58.385

64
0.024
0.021
2.08

64
0.024
0.019
1.61

60
0.043
0.020
1.80

-0.1744(6)

Mnint

0.6099(4)

-0.1835(6)
-0.1835(6)

Oint
K

0.6099(4)

0.0331(1)

0.3717(4)

O

0

0

Mn

0.4931(1)

0.4931(1)

0.1348(0)

0

0.5697(9)

0.4778(1)

0.1411(7)

0

0.5535(2)

0.4934(7)

0.1369(7)

0

z

* fixed.
** See Chapter 1 for full detail and description of refinement results for pH 7.0
***Determined from analytical data in Post and Veblen (1990).

7.0**

0.4374(1)

-0.2375(6)

Oint
0.1212(5)

0.036(7)

0.3762(1)

0

0.0654(1)

O

-0.0455(7)

Mnint

0.5414(4)

0

-0.2339(7)

Oint

-0.031(2)

0

y

Mn

0.3730(8)

O

5.5

0

Mn

4.0

x

Atom

pH

0.115***

0.388(6)

1.0

1.0

0.046(0)

0.520(7)

1.0

0.880(0)

0.037(6)

0.506(5)

1.0

6.73(2)

6.73(2)

3.18(0)

0.58(8)

0.80*

4.93(0)

4.25(6)

2.11(6)

0.80*

6.11(8)

4.09(1)

2.21(2)

(Å2)

factor
0.881(8)

Uiso x 102

Site occupancy

Table 4-2. Atomic coordinates and isotropic displacement factors for 0.01M K-exchanged birnessite at pH 4.0, 5.5, and 7.0.
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Table 4-3: Bond distance values for end-member 0.01M K-exchanged birnessites at varying pH.
pH 4.0

pH 5.5

pH 7.0

Mn-O1
-O1
-O1

2.002(0)
1.984(4)
1.859(2)

2.024(4)
2.005(6)
1.849(0)

1.977(5)
1.978(7)
1.842(2)

O1-O1
-O1
-O1
-O1
-O1
-O1

2.677(7)
2.479(5)
2.847(5)
2.569(6)
2.952(8)
2.951(4)

2.603(8)
2.517(5)
2.846(2)
2.745(9)
2.950(3)
2.949(7)

2.657(9)
2.438(2)
2.847(6)
2.551(0)
2.943(2)
2.930(4)

O1-Oint
-Oint

2.732(9)
2.959(9)

2.614(1)
3.024(1)
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Figure 4-1: Series of X-ray diffraction patterns showing changes in peak positions (x-axis) and intensity (z-axis)
during 0.01M, pH 4.0 K-exchange for Na in the birnessite interlayer: a) 5-20o 2θ; b) 20-30o 2θ.
Each line represents about 2 minutes in time.
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Figure 4-2: Series of X-ray diffraction patterns showing changes in peak positions (x-axis) and intensity (z-axis)
during 0.01M, pH 5.5 K-exchange for Na in the birnessite interlayer: a) 5-20o 2θ; b) 20-30o 2θ.
Each line represents about 2 minutes in time.
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Figure 4-3: Series of X-ray diffraction patterns showing changes in peak positions (x-axis) and intensity (z-axis)
during 0.01M, pH 7.0 K-exchange for Na in the birnessite interlayer: a) 5-20o 2θ; b) 20-30o 2θ.
Each line represents about 2 minutes in time.
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Figure 4-4: Crystal structure diagram for 0.01M K-exchange, pH 4.0. Dark interlayer atoms are
Oint(H2O/K), lighter interlayer atoms are Mn(II) atoms.
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Figure 4-5: Crystal structure diagram for 0.01M K-exchange, pH 5.5. Dark interlayer atoms are
Oint(H2O/K), lighter interlayer atoms are Mn(II) atoms.
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Figure 4-6: Crystal structure diagram for 0.01M K-exchange, pH 7.0. Interlayer atoms are
Oint(H2O/K).
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1-stage (n = 1)
1-stage (n ≠ 1)
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*chi /dof; where chi is the sum of square errors, and dof is the degrees of freedom (the number
of data points minus the number of model parameters)

Figure 4-7: Data fitting results for 0.01 M K-exchange (at pH 4.0) for Na in birnessite where the 1-stage
(linear) fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the solid line.
Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the above table.
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Figure 4-8: Data fitting results for 0.01 M K-exchange (at pH 5.5) for Na in birnessite where the 1-stage
(linear) fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the solid line.
Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the above table.
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Figure 4-9: Data fitting results for 0.01 M K-exchange (at pH 7.0) for Na in birnessite where the 1-stage
(linear) fit is in a dashed line, 1-stage (nonlinear) is in a dotted line, and 2-stage (linear) is in the solid line.
Fitting parameters and goodness of fit values (R2 and reduced χ2) are listed in the above table.
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Figure 4-10: Plot of initial rates, dV/dt (M min-1) versus pH for K-exchange reactions at pH 4.0,
5.5, and 7.0. Initial rates were calculated based on fitting parameters from the 1-stage nonlinear
model for pH 4 and 5.5; and the 2-stage model for pH 7. A linear regression of these data points
results in a reaction rate equation in the form of Equation 5, listed on the top of the figure.
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Figure 4-11: Plot of changes in unit-cell for 0.01 M K-exchange at pH 4.0 (squares), 5.5
(triangles), and 7.0 (triangles), versus time.
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Figure 4 - 12: Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for pH 4.0, 0.01 M K-exchange reactions with Nabirnessite, for exchange times of a) 0 min.; b) 2.58 min.; c) 5.17 min.; d) 23.25 min.; e) 74.92 min.; and f) 113.67 min. The contour interval is 0.1 e-/Å3.
Elongation of the areas of electron density represents positional disorder of the interlayer cation and water species.
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Figure 4 - 13: Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for pH 5.5, 0.01 M K-exchange reactions with Nabirnessite, for exchange times of a) 0 min.; b) 6.42 min.; c) 11.58 min.; d) 21.92 min.; e) 73.58 min.; and f) 112.33 min. The contour interval is 0.1 e-/Å3.
Elongation of the areas of electron density represents positional disorder of the interlayer cation and water species.
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Figure 4 - 14: Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for pH 7.0, 0.01 M K-exchange reactions with Nabirnessite, for exchange times of a) 0 min.; b) 11.50 min.; c) 15.33 min.; d) 19.17 min.; e) 65.17 min.; and f) 226.17 min. The contour interval is 0.1 e-/Å3.
Elongation of the areas of electron density represents positional disorder of the interlayer cation and water species.
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Chapter 5
Investigation of Cation Exchange Processes by Analyses of Cs-exchange in
Birnessite using XRD, TEM and SEM
5.1 Introduction
The complexity of the structure of Cs-birnessite in tandem with the environmental
importance of removing Cs from contaminated soils merits the dedication of an entire chapter to
the process of Cs-exchange in birnessite. Radioactive

137

Cs is a fission product of irradiated U

and Pu, and it has a half-life of 35.7 years (Zachara et al., 2002).

137

Cs is a dangerous, highly

soluble radionuclide that can be extremely mobile in soil environments (Bostick et al., 2002).
Because of its rapid diffusion through soils,

137

Cs is the most commonly used indicator for

contaminant migration to monitor fallout from nuclear weapons testing and nuclear reactor
accidents such as at Chernobyl (Almgren and Isaksson, 2006). In the United States, nuclear
processing and production facilities at the Hanford and Savannah River sites have inadvertently
released

137

Cs into soils and groundwaters, mandating multibillion-dollar cleanup programs

(Zachara et al., 2002).
Studies in the past have linked radionuclide Cs-adsorption to a variety of clay minerals
(Comans et al., 1991; Sutton and Sposito, 2001; Bostick et al., 2002; Zachara et al., 2002) and
pollucite (Xu et al., 2002). Cs+ also partakes in cation-exchange reactions with swelling clays
(Zachara et al., 2002). Comans et al. (1991) have argued that Cs-adsorption on some clays (e.g.
illite) initially is rapid (most likely due to attachment at edge-sites), but this stage is followed by
a slower uptake process during which Cs+ migrates more slowly to energetically favorable
interlayer sites.

Cormans and Hockley (1992) also found that sorption during the nearly

instantaneous initial period is reversible, whereas after aging, Cs-adsorption is irreversible.
Grutter et al. (1990) found that Cs+ uptake strongly correlates with cation exchange capacity, and
they propose that exchange is a more significant mechanism than adsorption in the removal of Cs
from contaminated fluids.
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In natural systems, Cs+ adsorbs preferentially to mineral surfaces rather than organic
ligands (Cremers et al., 1988; Bostick et al., 2002). Clay minerals offer specific sorption sites:
The frayed edges and the interlayers of phyllosilicates are considered high affinity and the planar
surfaces low affinity (Cremers et al., 1988; Flury et al., 2002). Organic matter in general is less
selective for large cations (Dumat et al., 1997). Therefore, the mineralogical controls on Cs
adsorption in soils are of great interest.
Few researchers have studied Cs exchange or adsorption in Mn oxides, with the
exception of the Kuma et al. (1994) investigation of a variety of metal-exchanged synthetic
birnessite-like phases. Birnessite is fine-grained, has a high cation-exchange capacity, and is the
most common Mn-oxide found in soils. As shown in Chapter 3, Cs very readily exchanges for
Na in the interlayer of birnessite, but the mechanism remains unclear. The avenue of exchange
bears strongly on the usefulness of birnessite for the remediation of contaminated soils, since
different pathways for cation exchange may be variably efficient for Cs sequestration in
birnessite. In this chapter, we explore three distinct exchange mechanisms: 1) Diffusion of
cations into and out of the interlayer; 2) Complete dissolution of Na-birnessite crystals and reprecipitation of Cs-birnessite; and 3) Delamination of birnessite sheets followed by re-assembly
with different interlayer cations.

In order to evaluate these three possible pathways, we

examined the partial and complete run products of Cs-exchanged Na-birnessite using a diversity
of techniques, including X-ray diffraction (XRD), transmission electron microscopy (TEM), and
scanning electron microscopy (SEM).

5.2 Experimental Methods
5.2.1 Na-birnessite Preparation
Synthetic birnessite was prepared using the methods outlined in previous chapters and
Lopano et al. (2007); these methods are summarized here for review. The starting Na-birnessite
samples for the cation exchange reactions were synthesized using the methods employed by Post
and Veblen (1990), based on protocols in Golden et al. (1986). A chilled 250 mL solution of 5.5
M NaOH (55 g of NaOH in 250 ml of H2O) was reacted with 200 ml of a chilled 0.5 M MnCl2
solution at room temperature while oxygen was bubbled through the resulting Mn(OH)2
suspension at a rate of over 1.5 liter/min.

Similar to the procedure outlined in Kuma et al.
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(1994), the precipitate was filtered through a 0.1 μm Millipore filter, washed, and stored as a
suspension until aliquots were removed and air-dried for use in the synchrotron X-ray diffraction
experiments.

5.2.2 Batch Experiment Preparation
Laboratory batch experiments were performed in order to synthesize a ~50% exchanged
Cs,Na-birnessite, and also a completely exchanged Cs-birnessite end-member.

The batch

exchange method was modified from that specified in Golden et al. (1986). For our syntheses of
completely exchanged Cs-birnessite, 25 mg of Na-birnessite were reacted with 40 mL of a 1 M
CsCl solution in 50 mL centrifuge tubes. These centrifuge tubes were placed on a shaker table
and reacted for 24 hours. After 24 hours the exchange product was centrifuged and 40 mL of
new solution was added. This process was repeated over a period of 5 days for a total of 200 mL
of solution used in exchange. The reacted sample was then rinsed with distilled deionized water
with subsequent centrifugation five times in order to remove excess salt. The sample was then
filtered with 0.1 μm Millipore filters and allowed to air-dry before being ground lightly under
alcohol with a mortar and pestle.
The incompletely exchanged Cs,Na-birnessite sample was synthesized using a method
modified from Kuma et al. (1994), by reacting 1 g of Na-birnessite with 40 mL of 0.5 M CsCl
solution in 50 mL centrifuge tubes. These centrifuge tubes were placed on a shaker table and
reacted for 24 hours. The resulting product was rinsed with distilled deionized water, with
subsequent centrifugation five times in order to remove the excess salt. The solution then was
filtered and air-dried before being lightly ground under alcohol.
As detailed below, the laboratory synthesized birnessites were analyzed using a variety of
chemical analyses and microscopy techniques to ensure that a completely exchanged endmember was achieved, and also to quantify the concentrations of Na and Cs in the incompletely
exchanged samples.
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5.2.3 Synchrotron X-ray Diffraction
5.2.3.1 Setup
A small amount (approximately 1 mg) of Na-birnessite was loaded into 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 as illustrated in Chapter 1 (Fig 1 - 2). Solutions of
0.001M, 0.01M, and 0.05M CsCl at pH 7 passed through the sample cell at an average rate of
about 1 drop/minute while X-ray diffraction patterns were collected every two minutes with a
MAR345 full imaging plate detector for periods of one to three hours depending on
concentration. The stacked diffraction plots for each Cs-exchange concentration are shown in
Figures 5-1, 5-2, and 5-3.
The reacted samples from the synchrotron experiments were pressed flat on a carbon stub
and analyzed using a Cameca SX-50 Electron Probe Microanalyzer (EPMA) to determine
whether any Na remained in the exchanged solid. No Na was detected in most of the Csexchanged samples. However, a small amount of Na (~<1 wt%) remained in the 0.001M Csexchanged sample. The small sample size and the fine-grained, powdered nature of the material
prevented accurate quantitative chemical analysis by electron beam methods, but we are
confident that exchange was virtually complete for all reactions.

5.2.3.2 Structure Analyses of X-ray Diffraction Data
Rietveld structure refinements (Rietveld, 1969) were performed using the EXPGUI
interface (Toby, 2001) of the General Structure Analysis System (GSAS) developed by Larson
and Von Dreele (1994). The initial structure parameters for the starting Na-birnessite material
came from the triclinic structure described in Post et al. (2002). For the calculation of Fourier
electron difference maps, the interlayer species were excluded. The backgrounds for the X-ray
diffraction patterns were fit using up to 26 terms for Cs-birnessite, with a linear interpolation
function. The peak profiles were modeled by a pseudovoigt profile function as parameterized by
Thompson et al. (1987) with asymmetry corrections proposed by Finger et al. (1994) and
microstrain anisotropic broadening terms proposed 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
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electron Fourier (DELF) maps were performed in order to determine the interlayer atom
positions. Once located, the interlayer atoms were added to the refinement as Oint sites, which
serve to model the average combined water and cation sites. For the Cs-exchange experiments
described in this chapter, it was found that two interlayer sites were required to satisfy the
interlayer electron density. Following refinements of the interlayer atom positions, occupancy
factors and isotropic atomic displacement factors for the interlayer site were allowed to vary.
Refinement results for the end-member exchanged birnessites at the different concentrations are
presented in Table 5-1; atom positions are included in Table 5-2; and a summary of bond
distances are displayed in Table 5-3.

5.2.4 Batch Experiment Chemical Analyses
5.2.4.1 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
The starting Na-birnessite material and the laboratory batch synthesized Cs-birnessite and
Cs,Na-birnessite were analyzed via Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) in order to determine the composition of the samples. A Leeman Labs PS3000UV
inductively coupled plasma spectrophotometer was used in this study.

The samples were

dissolved in reverse aqua regia, then heated to dryness and dissolved in HCl. The Mn and Na
quantities were determined by ICP, and the amount of Cs was determined by flame emission
after spiking with 1g of LiBO2 per 100 ml. The results of these analyses can be found in Table
5-4.

5.2.4.2 X-Ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) was used to determine the Mn oxidation state in
each sample to ensure that it did not vary with exchange. A Kratos Analytical Axis Ultra
instrument with 15 mm spatial resolution and a monochromatic Al Kα X-ray (1486.7 eV) source
was used for these analyses. Natural manganese oxide reference minerals (pyrolusite (β-MnO2)
for Mn4+; manganite (γ-MnOOH) for Mn3+, and manganosite (MnO) for Mn2+) were obtained
from the Smithsonian Institution for use as standards. The sample powders were pressed into
3M-brand double-sided tape with a mortar and pestle. Loose particles were blown off the tape
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with high purity nitrogen and the assemblage was secured to a sample stub with carbon tape.
Peak shapes for the Mn3+ and Mn4+ oxidation states were determined using the Mn(III)
hydroxide and Mn(IV) oxide standards.

5.2.5 Batch Experiment Microscopy
5.2.5.1 Scanning Electron Microscopy (SEM)
Preliminary analyses were performed using the FEI Quanta 200 environmental scanning
electron microscope (ESEM), which allowed us to examine uncoated birnessite samples at
sufficiently high pressures to prevent dehydration and structural collapse. Na-birnessite, Csbirnessite, and incompletely exchanged Cs,Na-birnessite samples were sprinkled onto carbon
tape adhered to a standard SEM aluminum mounting stub. Images were taken at low vacuum
with a working distance (focal distance) set between 8 and 10 mm and an accelerating voltage of
20 kV. EDS also was performed to confirm the composition of each sample.
A JEOL 6700F Field Emission Scanning Electron Microscope (FE-SEM) also was used
to look at the three birnessite samples (Na-birnessite, Cs,Na-birnessite, and Cs-birnessite) with
higher resolution, but these samples were subjected to higher vacuum and are presumed to have
dehydrated. The FE-SEM was operated under an accelerating voltage of 200 kV with an
emission current of 20 μA. Samples were mounted by sprinkling the powders on carbon tape on
aluminum stubs, and they were coated with a very fine layer of gold in order to minimize
charging.

5.2.5.2 Transmission Electron Microscopy (TEM)
The birnessite grains typically measured several microns in diameter and 250 to 600 Å in
thickness (Post and Veblen, 1990). Consequently, TEM was employed to isolate and study
individual crystals of birnessite. A JEOL 2010 TEM with a LaB6 (lanthanum hexaboride) source
was operated at an accelerating voltage of 200 keV and beam current typically around ~ 111 μA.
The JEOL 2010 has a point-to-point resolution of 0.20 nm. It is also EDS capable, with an
Advanced Analysis Technologies (AAT) lithium-drifted silicon crystal detector and Revolution
brand software. The birnessite samples were dispersed in alcohol (typically methanol) and
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sonicated for ~1-5 minutes in an attempt to break-up agglomerated fine particles. The birnessite
particles were supported on 3.0 mm, 300 mesh holey carbon-coated copper grids. These were
prepared by dipping the grids very quickly (~ 2 seconds) into the alcohol suspensions, then
allowing them to dry. Samples were mounted in a Gatan double tilt holder.

5.3 Results and Discussion
5.3.1 Growth Mechanisms
Examination of each sample at standard pressure using the ESEM

did not reveal

significant morphological differences among Na-birnessite, Cs-birnessite, and intermediate
Cs,Na- birnessite (Figures 5-4, 5-5, and 5-6). All were platy and severely agglomerated. The
EDS results (Figure 5-7) confirmed that there was no Na present in the end-member laboratory
synthesized Cs-birnessite, and no Cs+ present in the end-member Na-birnessite.
The FE-SEM offers the advantage of higher resolution at the risk of inducing some
degree of dehydration and structural collapse upon exposure to the higher vacuum.
Nevertheless, it is unlikely that these atomic-scale changes would affect the gross morphological
characteristics that we observed by FE-SEM. As seen in Figures 5-8, 5-9, and 5-10, the starting
Na-birnessite consists of nanofibers that assemble into the rods and platelets that have been
previously described in birnessite (Post and Veblen, 1990; Yang and Wang, 2001). These
textures are reminiscent of the microstructure of todorokite, a 3x3 tunnel-type Mn-oxide that
forms from the hydrothermal heating of birnessite, which occurs as fine fibers inter-grown as a
“matted matrix” (Feng et al., 2004). XRD ruled out the possibility that the fibers in our samples
belonged to a second phase, as the powders contained only a small amount of hausmannite (~1
wt %), and hausmannite typically does not display a fibrous morphology.
Our SEM observations suggest that the birnessite growth mechanism consists of two
stages of oriented aggregation: First, the birnessite nanofibers assemble into laths (Figure 58c,d); and second, the laths attach to form pseudo-hexagonal plates (Figure 5-8a).

Oriented

aggregation has been demonstrated to characterize the titania system, in which the formation of
large anatase crystals occurs by the congregation and epitaxial attachment of anatase
nanoparticles (Penn and Banfield, 1999). Our data are the first to document oriented aggregation
as a growth mechanism for birnessite.
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When Na-birnessite powders were exchanged with Cs, the resulting Cs-birnessite and
Cs,Na-birnessite samples did not contain these fibers (Figures 5-9 and 5-10). In addition, the
laths and platelets observed in these two samples seemed much more ragged than those found in
the original Na-birnessite samples. We can offer two explanations for the absence of fibers in
the exchanged Cs-birnessite and the Cs,Na-birnessite samples. First, the laths might have been
present in the exchanged samples but lost during specimen preparation; it is possible that after
the exchanged samples were washed by centrifugation, the small nanofibers remained in the
decanted suspension, which was discarded. Alternatively, the fibers may either have dissolved
during ion exchange or rapidly aggregated into laths and plates. FE-SEM images collected from
Na-birnessite synthesized by Yunchul Cho (PSU, Dept. of Soil Sciences) using the same method
(Golden et al, 1986) and also washed by centrifugation revealed no nanofibers (Figure 5-11).
Consequently, the absence of nanofibers in our Cs-exchanged samples may simply be an artifact
of preparation and does not indicate a role for the nanofibers in cation exchange.

5.3.2 Cation Exchange Process
5.3.2.1 Background
We can propose three reaction mechanisms that might govern the exchange of Cs for Na
in birnessite: diffusion, dissolution/re-precipitation, and delamination. In the diffusion model,
the substitution of one cation for another occurs by solid-state transport of one species into the
interlayer region as the other species diffuses out. This scenario is the traditional paradigm for
understanding cation exchange, and it implies that the Mn-O octahedral sheets are passive
scaffolds and undergo no structural change during the diadochic reaction. In this view, the
exchange is constrained by the counter-ions being redistributed by diffusion until equilibrium is
achieved (Helfferich, 1962).
In contrast, Putnis (2002) argues that many mineral replacement reactions take place
primarily by dissolution/re-precipitation processes. For example, O’Neil and Taylor (1967) used
18

O to monitor the reaction between albite (NaAlSi3O8) and KCl in hydrothermal solutions to

produce sanidine (KAlSi3O8), and they found that during the reaction the oxygen isotope
distribution re-equilibrates in the product. They attributed this result to the breaking of Si-O and
Al-O bonds. Similarly, O’Neil (1977) demonstrated by stable isotope experiments that simple
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cation exchange reactions in feldspars involved structural recrystallization rather than diffusion
through a passive aluminosilicate framework. O’Neil (1977) has suggested that in feldspar the
cation exchange process occurs through a “fine-scale” solution and re-deposition of the new
precipitate in a fluid film at the interface between exchanged and un-exchanged feldspar. All of
these experiments were performed at high temperature (on the order of 500-600˚C), in contrast to
the room-temperature exchanges that we monitored during our experiments with birnessite.
The third scenario, delamination, has been discussed in the materials science literature
with reference to organic substitution in the interlayer of birnessite. These studies have found
that the exchange of TMA+ (tetramethylalkylammonium) or TBA+ (tetrabutylammonium) ions
swells the basal spacing in birnessite, and delamination then occurs upon washing of the samples
in water (Liu et al., 2000) (Figure 5-12). It appears that basal swelling is required for
delamination to occur. The amount of swelling is a function of the number of cations and
molecular layers of water in the interlayer (Liu et al., 2000). No researchers have reported
evidence for delamination of Na-birnessite upon washing.
An exfoliation, or delamination/reassembly (or restacking) process, is involved in the
synthesis of a variety of important materials, including nano-composites (Yang et al., 2004). If
the cation exchanges in our experiments occur through delamination, then presumably the Mn-O
octahedral layers (and thus the Mn-O bonds) remain intact but exfoliate and then re-order, or
self-assemble (Figure 5-13). Thus, we might expect to observe an intermediate reaction stage in
which an amorphous phase precedes the appearance of the end-member exchanged crystalline
material.
We used a variety of techniques, including XRD, TEM, and EDS, to probe these possible
exchange scenarios.

Chemical analyses were also performed in order to determine the

composition of the batch experiment syntheses of the incompletely exchanged Cs,Na-birnessite
and end-member Cs-birnessite.

5.3.2.2 Synchrotron XRD results
We monitored Cs-exchange in Na-birnessite in real time using synchrotron X-ray
diffraction to determine whether the exchange process is homogeneous (affected by a gradual
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evolution from one structure to another) or heterogeneous (involving the co-existence of distinct
end-members throughout the exchange).

5.3.2.2.1 Unit-cell
The variations in unit-cell parameters with time for each concentration can be seen in
Chapter 3 (Figure 3-3). For both the 0.01 M and 0.001 M Cs-exchange reactions, two phases
(Na-birnessite and Cs-birnessite) were modeled for all time intervals in the refinements. During
the earliest stages of the exchange reaction, however, it was very difficult to model the two
phases separately as the unit-cell parameters were very similar (Figure 5-14). Each Rietveld
refinement contained two interlayer atoms in order to satisfy the electron density found in the
DELF maps (Figures 5-15, 5-16, and 5-17). Each of these atoms was modeled as an oxygen
atom due to the extremely disordered nature of the interlayer atom positions. It is not unusual for
Cs-exchanged or adsorbed minerals to exhibit considerable positional disorder in the interlayer.
Johnson and Post (2006) found that a number of metal-exchanged birnessites contain two to
three structurally different water sites, related to disordering of cations in the interlayer sites.
The waters associated with the relatively large Cs atom most likely have more distorted
geometries in order to coordinate the larger cation into the interlayer plane (Johnson and Post,
2006). Because Cs has a low hydration energy, it does not bind the waters as tightly as would a
smaller, more highly charged cation.
Bostick et al. (2002) studied Cs-adsorption on a variety of clay minerals using EXAFS
and found that bond distances varied with the disorder of Cs+ coordination environments. They
found that when outer-sphere complexes form (i.e., when the cation retains its solvation shell),
Cs-O bonds are consistent with those of Cs ions in aqueous solution. Thus, the bonds will be
short (on the order of 3.0 - 3.2 Å) because hydrated Cs ions typically exhibit a lower
coordination than Cs+ ions in solids (Bostick et al., 2002). Partial dehydration of the Cs+ ion can
result in inner-sphere complexes for which Cs-O bond distances are longer (on the order of 3.3 to
4.8 Å).
In our refinements of Cs-substituted birnessite, each of the two sites in the interlayer is a
split position best described by two maxima separated by approximately 1 Å; therefore, the two
positions of the binary site are never both occupied within the same unit cell. Most of the O-Oint
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and Oint-Oint bond distances (Table 5-3) were close to the values expected for Cs as an outersphere complex (remembering that Oint is modeling Cs as well as H2O), though some of the
distances (on the order of 3.4 Å) might represent Cs-atoms that are slightly dehydrated. CsVI-OIV
bond distances calculated from Shannon (1976) are 3.1 Å. Consequently, bond distances that are
much smaller than this value (e.g., ~2.6 Å in Table 5-3), most likely represent hydrogen bonds
between water molecules. In light of the degree of disorder in the Cs-birnessite interlayer, it is
not possible to determine the spatial distribution of Cs+ cations and H2O molecules as clearly as
we have for interlayer K and Ba (Lopano et al., 2007).

5.3.2.2.2 XRD and Mechanisms of Exchange
The degree of Cs exchange is apparent in the progressive change of the 002 diffraction
peak (e.g. Figure 5-18). Thus, a visual examination of the stacked patterns in Figures 5-19, 5-20
and 5-21 reveals that the transition rate from Na-birnessite to Cs-birnessite increases with higher
ionic strength. The formation of end-member Cs-birnessite during exchange with the 0.05 M
CsCl solution began as soon as the solution touched the sample. Precipitation of Cs-birnessite
when the powder reacted with the 0.01 M CsCl solution was a bit slower, but occurred within the
first 10 minutes of the experiment. For reactions using a 0.001 M CsCl solution, the appearance
of the Cs-birnessite peak required on the order of 20 minutes to develop. These observations are
consistent with the kinetic analyses presented in Chapter 3.
When Cs exchanges for Na in birnessite, the change in the basal spacing is sufficiently
large that distinct peaks for Cs- and Na-birnessite are apparent, as is not the case with K- and Baexchange (Lopano et al., 2007). It is possible that the substitution of K and Ba into the birnessite
interlayer actually involves the co-existence of structurally distinct end-members, but the
diffraction resolution of our experiments, even when using synchrotron X-ray radiation, may not
have been sufficiently great to distinguish a true solid solution from co-existing end-members
with similar structures.

Consequently, we viewed K- and Ba-exchange as homogeneous

reactions that occurred through simple diffusion of cations into and out of the interlayer, forming
a solid solution between Na-birnessite and K- or Ba-birnessite. The fact that Cs exchange in Nabirnessite generates a larger change in the unit-cell volume allows us to explore the possibility
that diadochy occurs through heterogeneous exchange.

The issue of homogeneous versus
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heterogeneous exchange offers insight into which of the three proposed mechanisms governs
these cation exchange reactions. For all concentrations of the CsCl solutions, the diffraction
patterns retained sharp diffraction peaks throughout the process of exchange (Figures 5-1, 5-2,
and 5-3). In this respect, these results are similar to what we found for K- and Ba-exchange
(Chapters 2 and 3). If the entire samples exfoliated or delaminated during the exchange, then we
would expect to see periods during which the X-ray diffraction peaks disappeared and were
replaced by a broad and low-intensity background, as is generated by amorphous materials. This
behavior was observed by Liu et al. (2000) when they washed a birnessite sample numerous
times, and they interpreted the loss of diffraction intensity to a wholesale delamination of their
samples (Figure 5-22). The persistent crystallinity of birnessite during cation exchange argues
against the kind of exfoliation process that occurs during the synthesis of birnessite pillared with
organic cations.
Similarly, if exchange occurs by dissolution and re-precipitation, we also might expect an
intermediate stage in which diffraction peaks are replaced by a broad amorphous hump,
representing rupture of Mn-O bonds. Admittedly, this stage may occur so quickly (in less than
the 2 minutes of collection time for a new pattern) that we did not see a period of noncrystallinity. The fact that the Na-birnessite peaks gradually disappeared as the Cs-birnessite
peaks emerged argues against total dissolution of Na-birnessite on timescales that were smaller
than the temporal resolution of our experiments.
By analogy with the “fine-scale” solution and deposition model of O’Neil (1977), another
possibility is that, at any given time-step, just a small amount of Na-birnessite dissolved and reprecipitated as Cs-birnessite. In this event, a distinct Cs-birnessite pattern would slowly appear
as the Na-birnessite pattern diminished with a concomitant increase in the background intensity
due to increasing amounts of non-crystalline material. While we did see what could be Csbirnessite forming at the expense of Na-birnessite (Figures 5-18, 5-19, 5-20, 5-21), it seems hard
to imagine a scenario in which Na-birnessite partially dissolved while leaving the Cs-birnessite
and its Mn-O bonds intact to scatter x-rays.
On the other hand, if exchange occurred by the simple diffusion of cations in and out of
the interlayer regions of birnessite, then we might expect to observe homogeneous reaction,
marked by a smooth transition in the unit-cell parameters with time as ascertained by Rietveld
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analysis of the X-ray diffraction data. While we did document a gradual expansion of the Csbirnessite unit-cell volume over time with Cs-exchange (Figure 3-3), we also observed the
simultaneous existence of both Cs-birnessite and Na-birnessite peaks. It seems most likely at the
low temperatures that characterized our experiments that, as diffusion progressed, some unitcells still contained Na+. The Na+ was replaced by Cs+ just after the start of the reaction (e.g.,
perhaps from the unit-cells at the edges of the platelets in closest proximity to the solution), with
diffusion progressing until all or nearly all of the Na+ was exchanged out of all the unit-cells.
This model will be discussed further in the context of our TEM analyses.
In the diffraction patterns of the Cs-birnessite end-member (Figure 5-23), superstructure
humps appeared close to the 001 and 002 peaks, similar in character to superstructure reflections
previously attributed to layer stacking faults (Manceau et al., 1992; Drits et al., 1998). We
believe that the superstructures arise from long-range translational symmetries in the interlayer
atom configuration, as suggested in the electron difference maps (Figures 5-15, 5-16 and 5-17).
This superstructure also will be discussed in the section below describing our TEM results.

5.3.3. Batch Experiment Analyses
5.3.3.1 Chemical Analyses
. Based on ICP results (Table 5-4), the starting Na-birnessite had a chemical formula of
Na0.56 (Mn4+1.44Mn3+0.56)O4 ·1.5H2O, as was consistent with the chemical formula derived in Post
and Veblen (1990) for birnessite synthesized by the same methods. Analysis by ICP provided a
formula for Cs-birnessite as Cs0.49(Mn4+1.48Mn3+0.49)O4 ·1.5H2O. Therefore, the Na-birnessite
was indeed completely exchanged, in agreement with the XPS, EDS, and EPMA results. The
incompletely exchanged Cs,Na-birnessite contained half Na and half Cs (Table 5-4), with the
chemical formula: Na0.26Cs0.26(Mn4+1.48Mn3+0.52)O4 ·1.5H2O.

The chemical formulas were

derived for each sample based on the formula cell having 4 oxygens and 1.5 waters, as was
found in Post and Veblen (1990). We assumed that the Mn-O octahedral layers did not contain
vacancies. Consequently, layer charge is a function only of Mn3+ substitution for Mn4+ in the
birnessite octahedral layer as stipulated in Post and Veblen (1990), and the water content was
constant in each sample. In fact, the water content of Cs-birnessite likely was lower than that of
Na-birnessite based on the lower hydration energy of Cs, but this difference does not affect our
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calculation of layer charge. Thus, the Mn3+ occupancies in the birnessite samples appeared to
have varied slightly but not significantly. This interpretation received further support from XPS
results, which confirmed that the Mn oxidation state was constant for each sample (Figure 5-24).

5.3.3.2 TEM results
SAED patterns and EDS analyses were collected along trajectories from the edges to the
centers of individual grains of the incompletely exchanged Cs,Na-birnessite sample. We
obtained these structural profiles in hopes of determining the compositional homogeneity of each
grain. We proceeded along the following presumptions:
1. If a grain contained Na+ in the center, but Cs+ at the rim, then most likely
exchange occurred via a diffusion process.
2. If each grain contained exclusively Na or Cs, then that would support exchange
by dissolution/re-precipitation.
TEM analysis of the three birnessite compositions was challenged by technical
difficulties.

Particles were consistently agglomerated in our suspension mounts, making it

difficult to isolate individual grains (Figures 5-25, 5-26 and 5-27). Moreover, the growth by
oriented aggregation that we documented by SEM generated grains of variable thickness evident
by TEM (e.g. Figures 5-25a and 5-26a).
Nevertheless, our EDS results of single grains revealed again that Na-birnessite and Csbirnessite were chemical end-members (Figures 5-28 and 5-29). Significantly, the chemical
compositions of the incompletely exchanged Cs,Na-birnessite did not change across a single
grain, nor did the compositions vary from grain to grain (Figures 5-30 and 5-31). Thus, there
was no evidence for chemical zonation, nor for a reaction rim, as we might expect if diffusion
was the operational exchange process.
These observations can be explained in several ways: 1) The samples were produced by a
dissolution/re-precipitation process controlled by chemical equilibrium that resulted in the
formation of a Na-Cs solid solution; 2) Solid-state diffusion is the operative mechanism, but
diffusion occurred from the tops and bottoms of the platelets towards the central plane, rather
than from the edges of the grains inward, perhaps assisted by partial delamination in a zipper-like
process; or 3) The platelets examined were actually agglomerations of nanoparticles that served
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as the chemically reactive units, preventing us from distinguishing chemical zoning across the
operative length scale.
Single-grain SAED patterns also proved difficult to obtain due to particle agglomeration.
Three of the most representative patterns are shown in Figure 5-32. The presence of streaking is
indicative of the high degree of structural disorder in each of the samples.

The electron

diffraction patterns demonstrate that the end-member Na- and Cs-birnessite phases exhibit a
unique superstructure. Electron diffraction patterns of Na-birnessite contain streaks along the
<110> directions, whereas streaking in Cs-birnessite is strongest along the <310> direction.
These observations are consistent with the findings in Post and Veblen (1990), who concluded
that the different superstructures for different metal-exchanged birnessites are most likely a result
of the long-range ordering of interlayer water molecules and cations. Alternatively, Drits et al.
(1998) argue that the superstructures result from stacking faults involving the Mn-O octahedral
layers. Kuma et al. (1994) also documented a pronounced streaking in the a-direction of Csexchanged birnessite, most likely caused by disordering of the interlayer cations along a.
Our study revealed increasing disorder of the interlayer region of birnessite with Csexchange, as evidenced by the electron difference maps generated by our synchrotron XRD
analyses. We also note a gradual increase in intensity of the superstructure diffractions along
<310> with increasing Cs content. A comparison of the SAED patterns from our three samples
(Figure 5-32) reveals that the intermediate Cs,Na-birnessite sample contains features consistent
with both Na-birnessite and Cs-birnessite.

The Cs,Na-birnessite SAED pattern retains the

streaking in the <110> direction (as in Na-birnessite), but also contains superstructure reflections
parallel to <310> (as in Cs-birnessite). Reflections are present one-third of the way between the
origin and 310, thus the superstructure is 3d310.
The presence of structural motifs from the end-member Cs- and Na-birnessite in the
Cs,Na intermediate suggests that Na-birnessite and Cs-birnessite may co-exist in individual
grains of birnessite. Our EDS results revealed that both Na+ and Cs+ were homogeneously
distributed throughout individual grains. That observation argues against cation exchange by
diffusion of Cs from the outer edges of the grains inward. However, a diffusion process that
occurs from the top and bottom surfaces of the grain towards the central plane, perhaps by
sequential delamination, cannot be ruled out by the EDS results.
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5.4 Conclusions
This chapter yielded better understanding of how birnessite interacts with Cs+, which is
an environmentally significant contaminant; and to better resolve the mechanisms behind cation
exchange. We explored three distinct exchange mechanisms: 1) Diffusion of cations into and out
of the interlayer; 2) Complete dissolution of Na-birnessite crystals and re-precipitation of Csbirnessite; and 3) Delamination of birnessite sheets followed by re-assembly with different
interlayer cations. Our findings have shown that exchanging Cs+ into the interlayer of birnessite
resulted in a unique expanded structure with a very disordered interlayer region. It would appear
that Cs-birnessite formed at the expense of Na-birnessite, resulting in both phases co-existing
together. None of the reaction mechanisms can be ruled out as a result of this research; however,
it is likely that Cs-exchange occurred as part of a diffusion process, possibly aided by partial
delamination. As Cs-exchange reaction progressed, some “sliding” of the Mn-O octahedra or
partial delamination may have also occurred; which helps to explain some of the disorder and the
formation of more pronounced super-structure reflections with exchange (e.g. possible schematic
Figure 5-33). Future work with extensive microscopy on a full series of laboratory synthesized
intermediate phases might help to better resolve the cation exchange mechanisms. Molecular
modeling may also give insight into the most energetically favorable exchange process.
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Table 5 - 1. Final Rietveld refinement parameters for end-member Cs-birnessite at varying
concentrations.

Space Group
Unit cell
a (Å)
b (Å)
c (Å)
α (º)
β (º)
γ (º)
V (Å3)
Refinement
No. of diffraction
points
No. of reflections
Diffraction Range
(2θ)
No. of variables
R(F2)
Rwp
χ2

0.001M
CĪ

0.01M
CĪ

0.05M
CĪ

5.1342(7)
2.8469(6)
7.4815(7)
90.310(8)
101.559(6)
89.944(5)
107.139(7)

5.1298(4)
2.8445(6)
7.5029(7)
90.12(3)
101.395(7)
89.958(7)
107.32(6)

5.1349(9)
2.8465(2)
7.5135(4)
89.94(4)
101.561(8)
89.997(7)
107.59(6)

2123

2162

2176

182*

206*

88

4.40-49.30

4.684-49.164

4.60-49.30

65
0.013
0.011
0.40

64
0.021
0.013
0.81

59
0.020
0.15
0.78

* Modeled with two phases present, Cs-birnessite and Na-birnessite (~97% Cs-birnessite)

0.05 M

0.01 M

0.001 M

Concentration

Solution

-0.0835(4)
0.3698(4)

0.2828(1)
0.4018(9)

Oint

Oint-2

0.3794(4)

0.4097(4)
0.2613(3)

Oint

Oint-2

-0.0205(4)
-0.4317(7)
0.3515(6)

0.3710(5)
0.2221(5)
0.3980(8)

O
Oint

Oint-2

0

0

Mn

-0.1038(6)

0.0045(5)

0.3781(9)

O

0

0

Mn

0.0877(5)

0.3811(3)

O

0

y

0

x

Mn

Atom

0.5061(5)

0.5177(6)

0.1254(1)

0

0.4984(2)

0.5078(4)

0.1348(8)

0

0.5079(8)

0.4996(3)

0.1342(4)

0

z

0.707(0)

0.399(0)

1.0

1.0

0.527(0)

0.559(0)

1.0

1.0

0.521(0)

0.506(0)

1.0

1.0

factor

Site occupancy

1.29(4)

1.02(0)

3.55(1)

2.96(5)

1.55(2)

0.32(5)

2.86(7)

2.26(2)

1.07(0)

4.34(6)

3.36(1)

3.03(0)

(Å2)

Uiso x 102

Table 5-2. Atomic coordinates and isotropic displacement factors for the Cs-exchanged birnessite end-members.
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Table 5-3: Bond distance values for end-member 0.001M, 0.01M, and 0.05 M Cs-exchanged
birnessites at neutral pH.
0.001 M
0.01 M
0.05 M
Mn-O1
-O1
-O1

2.012(6)
1.897(2)
1.925(4)

2.003(1)
1.912(7)
1.927(9)

1.949(8)
1.941(5)
1.855(1)

O1-O1
-O1
-O1
-O1
-O1
-O1
-O1

2.846(9)
2.551(1)
2.936(6)
2.934(2)
2.628(0)
2.583(9)
2.892(9)

2.844(6)
2.580(4)
2.933(8)
2.931(9)
2.619(5)
2.595(0)

2.846(5)
2.513(8)
2.935(6)
2.935(5)
2.942(3)
2.554(3)

O1-Oint
-Oint
-Oint
-Oint

2.892(9)
2.939(1)
3.281(6)
3.259(6)
3.427(5)

2.966(9)
2.901(8)
3.204(6)
3.322(0)

3.397(3)
3.424(7)
3.312(3)
3.142(5)
2.819(4)

O1 - Oint-2
- Oint-2
- Oint-2
- Oint-2
- Oint-2
- Oint-2

3.327(7)
2.955(7)
2.898(6)
3.208(3)
3.483(9)

2.923(1)
3.009(3)
3.492(1)
3.227(3)
3.189(7)
3.427(0)

3.350(8)
3.028(4)

Oint-Oint
Oint-Oint
Oint-Oint
Oint-Oint
Oint-Oint

2.846(9)
2.933(2)
3.260(0)
2.936(6)
2.934(2)

2.844(6)
2.360(2)
2.933(8)
2.931(1)
2.657(7)

2.846(5)
3.162(0)
3.291(0)
2.623(1)

Oint - Oint-2
- Oint-2
- Oint-2
- Oint-2
- Oint-2

2.610(3)
3.348(5)
3.174(4)
2.425(9)

2.670(7)
3.313(3)
3.335(2)
3.417(7)
2.371(9)

2.413(9)
3.162(0)
3.291(0)
2.623(1)

Oint-2 - Oint-2

2.846(9)
2.346(3)
2.936(6)
2.934(2)
2.655(9)

2.844(6)
2.749(7)
3.323(3)
2.514(9)
2.933(8)
2.931(9)

2.846(5)
2.935(6)
2.935(5)
2.722(1)
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Table 5-4: ICP-AES results as weight percent oxide and atomic percent.

Weight Percent Oxide
Sample

Atomic Percent

MnO (%)

Na2O (%)

Cs2O (%)

Mn (%)

Na (%)

Cs (%)

Na-birnessite

69.0

8.4

-

78.2

21.8

0

Cs,Na-birnessite

58.0

3.3

15.2

79.2

10.3

10.5

Cs-birnessite

50.7

<0.05

24.6

80.3

0

19.6
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Figure 5 - 1: Stacked X-ray diffraction patterns for the 0.001 M Cs-exchange reaction, with 2θ (°) along the
x-axis, intensity along the y-axis, and time (min) along the z-axis (into the page) where each line represents ~
2 min. in time. Patterns were collected at NSLS with a wavelength of 0.92182 Å.
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Figure 5 - 2: Stacked X-ray diffraction patterns for the 0.01 M Cs-exchange reaction, with 2θ (°) along the
x-axis, intensity along the y-axis, and time (min) along the z-axis (into the page) where each line represents ~
2 min in time. Patterns were collected at NSLS with a wavelength of 0.92182 Å.
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Figure 5 - 3: Stacked X-ray diffraction patterns for the 0.05 M Cs-exchange reaction, with 2θ (°) along the
x-axis, intensity along the y-axis, and time (min) along the z-axis (into the page) where each line represents ~
2 min in time. Patterns were collected at NSLS with a wavelength of 0.92182 Å.
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a

b
Figure 5 - 4: ESEM images of Na-birnessite at magnifications of a) 5,000x and b) 10,000x. Note
that the small plates and fibers are severely agglomerated.
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a

b
Figure 5 - 5: ESEM images of incompletely exchanged Na/Cs-birnessite at magnifications of a)
5,000x and b) 10,000x. Note that the small plates and/or fibers are severely agglomerated.
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a

b
Figure 5 - 6: ESEM images of incompletely exchanged Cs-birnessite at magnifications of a)
5,000x and b) 10,000x. Note that the small plates and/or fibers are severely agglomerated.
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a

b

c
Figure 5 - 7: EDS patterns of a) Na-birnessite, b) incompletely exchanged Na/Cs-birnessite, and
c) Cs-birnessite. The carbon and aluminum peaks are from the carbon tape and the aluminum
sample stub. Energy (keV) is on the x-axis and Intensity (counts) is along the y-axis.
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Figure 5 - 8a: FE-SEM image of the Na-birnessite starting material taken at 15,000x
magnification. Note the fibers along with the rods and plates.
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Figure 5 - 8b: FE-SEM image of the same Na-birnessite starting material taken at 50,000x
magnification.
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Figure 5 - 8c: FE-SEM image of the Na-birnessite starting material taken at 100,000x
magnification. Note that the fibers appear to make up the rods, which in turn appear to make up
the plates.
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Figure 5 - 8d: FE-SEM image of the Na-birnessite starting material taken at 150,000x
magnification. Note that the fibers appear to make up the rods, which in turn appear to make up
the plates.
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Figure 5 - 9a: FE-SEM image of the incompletely exchanged Na/Cs-birnessite material taken at
20,000x magnification. Note the roughed edges and distorted nature of the plates.
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Figure 5 - 9b: FE-SEM image of the incompletely exchanged Na/Cs-birnessite material taken at
50,000x magnification. Note the roughed edges and distorted nature of the plates.
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Figure 5 - 9c: FE-SEM image of the incompletely exchanged Na/Cs-birnessite material taken at
100,000x magnification. Note the roughed edges and distorted nature of the plates. Also note at
this magnification that the surface of the plates appears to be roughened as well.
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Figure 5 - 10a: FE-SEM image of the incompletely exchanged Cs-birnessite material taken at
20,000x magnification.
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Figure 5 - 10b: FE-SEM image of the incompletely exchanged Cs-birnessite material taken at
50,000x magnification. The plates still have a slightly distorted and rough edges, but not as
pronounced as in the incompletely exchanged sample (Figure 5-13).
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Figure 5 - 10c: FE-SEM image of the incompletely exchanged Cs-birnessite material taken at
100,000x magnification.
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Figure 5 – 11: FE-SEM images at magnifications of a) 20,000x and b) 50,000x, of a Nabirnessite sample synthesized (by Y. Cho) using the method in Golden et al. (1987). This sample
was washed by centrifugation. Note the absence of the fibers that are seen in Figure 5-12.
(Images collected by J. Cantolina and C. Lopano)
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Figure 5 - 12: Schematic diagrams for swelling and delamination by intercalation of cations, directly from
Liu et al. (2000).
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Self-assembly

Exfoliated MnO2 nanosheets

Self-assembled crystal

Figure 5 - 13: The proposed shematic model for the exfoliation of and reassembled birnessite
from Yang et al. (2004)
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Figure 5 - 14: Weight percent Cs-birnessite present during the exchange process versus time for
a) 0.01 M Cs-exchange, and b) 0.001 M Cs-exchange. Note for the 0.001 M Cs-exchange results
that the Cs-birnessite phase was not able to be modeled as its unit-cell parameters were too
similar to the other, Na-birnessite phase. The 0.05 M Cs-exchange reaction occurred too quickly
for two phases to be modeled, thus the results are not presented here.
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Figure 5 - 15: Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for 0.001 M Cs-exchange reactions with Na-birnessite,
for exchange times of a) 0 min.; b) 21.0 min.; c) 91.0 min.; d) 114.3 min.; e) 149.3 min.; and f) 177.3 min. The contour interval is 0.1 e-/Å3. Elongation of
the areas of electron density represents positional disorder of the interlayer cation and water species.
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Figure 5 - 16: Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for 0.01 M Cs-exchange reactions with Na-birnessite,
for exchange times of a) 0 min.; b) 2.6 min.; c) 10.3 min.; d) 23.3 min.; e) 74.9 min.; and f) 144.6 min. The contour interval is 0.1 e-/Å3. Elongation of
the areas of electron density represents positional disorder of the interlayer cation and water species.

d) Line 10, time = 23.3 min.
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Figure 5 - 17: Difference electron Fourier (DELF) maps of the interlayer region calculated by GSAS for 0.05 M Cs-exchange reactions with Na-birnessite,
for exchange times of a) 0 min.; b) 2.6 min.; c) 5.2 min.; d) 10.3 min.; e) 49.1 min.; and f) 90.4 min. The contour interval is 0.1 e-/Å3. Elongation of
the areas of electron density represents positional disorder of the interlayer cation and water species.
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Figure 5 - 18: Plot of the 002 peak from line 3 (time = 7.8 min) of 0.001M (pH 7) Cs-exchange
for Na in birnessite with intensity (counts) along the y-axis, and 2-theta (˚) along the x-axis. The
left peak illustrates the appearance of the Cs-birnessite peak as compared to the Na-birnessite
peak, representing a noticeable shift in the unit-cell as the exchange is occurring.
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Figure 5 - 19: A portion (12-18° 2theta) of stacked X-ray diffractograms from 0.001 M Cs-exchange with Na in birnessite. You can see that the
transition between Na-birnessite (the first line) and the formation of Cs-birnessite following occur more gradually than with 0.01M Cs-exchange.
2-Theta(°) is along the x-axis, intensity along the the y-axis, and time (min) along the z-axis (going into the page).
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Figure 5 - 20: A portion (12-18° 2-theta) of stacked X-ray diffractograms representing the 002 reflection from 0.01M Cs-exchange with Na in
birnessite. You can very readily see the transition between Na-birnessite (the first line) and the formation of Cs-birnessite following; note that the
progression is slower than that in 0.05M Cs-exchange. 2-Theta (°) is along the x-axis, intensity along the the y-axis, and time (min) along the
z-axis (going into the page).
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Figure 5 - 21: A portion (12-18˚ 2-theta) of stacked X-ray diffractograms representing the 002 reflection from 0.05 M Cs-exchange with Na in
birnessite. You can see that the transition between Na-birnessite (the first line) with the formation of Cs-birnessite very quickly following. 2-Theta
(°) is along the x-axis, intensity along the the y-axis, and time (min) along the z-axis (going into the page).
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Figure 5 - 22: Figure directly from Liu et al. (2000) showing the changes of XRD patterns of TMA+
intercalated birnessite samples due to washing and after drying where: (a) TMA+-intercalated sample at TAl/Hs
= 25 (wet state); (b) sample ‘a’ washed four times with water (wet state); (c) sample ‘b’ dried at room temperature
for 3 days; and (d) sample ‘b’ freeze-dried. In particular, pattern (b) is referred to by Liu et al. (2002) as an
“amorphous halo”; where this halo might be interpreted as scattering from the delaminated Mn-O nano-sheets.
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Figure 5 - 23: End-member Cs-birnessite diffraction patterns from the synchrotron exchange experiments with
intensity (counts) along the y-axis and 2-theta (°) along the x-axis for a) 0.001 M Cs-exchange; b) 0.01 M Csexchange; and c) 0.05 M Cs-exchange. Arrows point towards examples of superstructure peaks.
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Figure 5 - 24: The Mn 2p XPS spectra, which shows that the spectra does not change with each birnessite sample:
the Cs,Na-birnessite is spectrum on the bottom, Cs-birnessite is the spectrum in the middle, and the Na-birnessite
spectrum is on the top (data collected by B. Hengstebeck, PSU-MCL).

Figure 5 – 25a: TEM micrographs of Na-birnessite taken at a) 80,000 magnification with a scale bar of 100 nm, and b) 250,000
magnification with a scale bar of 20 nm. The twinning platelets appear to consist of fibers
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100 nm

Figure 5 – 25b: TEM micrographs of Na-birnessite taken at a) 50,000 magnification with a scale bar of 100 nm, and b) 80,000
magnification with a scale bar of 100 nm. The platelet appears to consist of fibers or is completely covered with birnessite fibers.
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Figure 5 – 25c: TEM micrographs of Na-birnessite taken at a) 80,000 magnification with a scale bar of 100 nm, and b) Selected-area
electron diffraction (SAED) pattern of Na-birnessite grain taken parallel to the c-axis, in the a-b plane, at a camera distance of 100 cm.
The a* axis is vertical and the b* axis is horizontal.
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Figure 5 – 25d: TEM micrographs of Na-birnessite taken at a) 30,000 magnification with a scale bar of 200 nm, and b) 80,000
magnification with a scale bar of 50 nm. This grain is blotchy, indicating that there is variable thickness throughout the grain.
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Figure 5 – 26a: TEM micrographs of incompletely exchanged Cs,Na-birnessite taken at 60,000 magnification with scalebars
of 100 nm. The spot indicates areas where EDS patterns were collected a) in the center, and b) on the edge . The spot-size is
about 20 nm in size. The EDS patterns for this grain can be seen in Figure 5-21.
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Figure 5 – 26b: TEM micrographs of incompletely exchanged Cs,Na-birnessite taken at 100,000 magnification with scalebars
of 50 nm. The spot indicates areas where EDS patterns were collected a) in the center, and b) on the edge . The spot-size is
about 40 nm in size. The EDS pattern for this grain can be seen in Figure 5-22.
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Figure 5 – 26c: Sample TEM micrographs of incompletely exchanged Cs,Na-birnessite taken at a) 50,000 magnification with a scale bar
of 100 nm, and b) a sample selected area electron diffraction (SAED) pattern of an incompletely exchanged Cs,Na-birnessite grain taken
parallel to the c-axis, in the a-b plane, at a camera distance of 100 cm. The a* axis is vertical and the b* axis is horizontal.
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Figure 5 - 27: TEM micrographs of Cs-birnessite taken at a) 100,000 magnification with a scale bar of 50 nm, and b) Selected-area
electron diffraction (SAED) pattern of Cs-birnessite grain taken parallel to the c-axis, in the a-b plane, at a camera distance of 100 cm.
The a* axis is roughly vertical and the b* axis is roughly horizontal. (Spots on the micrograph on the left are drying spots on the negative.)
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EDS Spectra: Na-birnessite (center)
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EDS Spectra: Na-birnessite (edge)
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Figure 5 - 28: EDS spectra collected from the starting Na-birnessite material using TEM, taken at
a) the center, and b) the edge of a grain. The copper (Cu) and carbon (C) are from the sample grid.
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EDS Spectra: Cs-birnessite (edge)
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Figure 5 - 29: EDS spectra collected from a completely exchanged Cs-birnessite grain using TEM,
taken at a) the center, and b) the edge of the particle. The Cu and C are from the sample grid.
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EDS Spectra - Inc. Na,Cs-birnessite (edge)
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Figure 5 - 30: EDS spectra collected from a grain of Cs, Na-birnessite (incompletely exchanged) using
TEM, taken at a) the center, and b) the edge of a grain. The Cu and C peaks are from the sample grid.
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Figure 5 - 31: EDS spectra collected from a grain of Cs, Na-birnessite (incompletely exchanged) using
TEM, taken at a) the center, and b) the edge of a grain. The Cu and C peaks are from the sample grid.
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Figure 5- 32: Comparison of selected-area electron diffraction (SAED) pattern of a) Na-birnessite,
b) incompletely exchanged Cs,Na-birnessite, and c) Cs-birnessite grains, taken parallel to the caxis, in the a-b plane, at a camera distance of 100 cm. The indices were obtained based on the
triclinic crystal system and are psuedo-hexagonal.
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Cs-birnessite

Figure 5 - 33: Schematic for proposed reaction process where exchange is associated with disorder, and interlayer disorder can lead to “sliding” of
the Mn-O octahedral layers such that the final end-member structure contains stacking faults that can be the source of superstructure reflections in
diffraction patterns.
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Chapter 6
Summary

6.1 Review of Research Goals
The goals of this dissertation were to gain a better understanding of the structural changes
that occur as cations exchange into the interlayer region of birnessite. This is of interest to
scientists and engineers who wish to use birnessite as a remediation material. Though many
studies have explored cation exchange in birnessite, few have documented the structural
pathways for exchange. By using a variety of techniques, including time-resolved synchrotron
X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning electron
microscopy (SEM), we tested the following hypotheses in this dissertation:
1. Cation exchange in birnessite occurs rapidly (within a few hours), and different cations
adopt different configurations within the interlayer region, dependent on ionic radius,
hydration radius, and charge.
2. Exchange mechanisms and rates can be captured in real-time by refining crystal
structures as a function of time.
3. Cation exchange rates are dependent on solution concentration and pH.
4. The cation exchange process in birnessite progresses either by a diffusion, dissolution/reprecipitation, or delamination mechanism.

6.1.1 Results Synopsis
The real-time study of K- and Ba-exchange for Na in the interlayer of birnessite (Chapter
2, Lopano et al. (2007)) showed that time-resolved Rietveld refinements using synchrotron X-ray
diffraction can document changes in unit-cell parameters and in atomic positions in response to
cation substitution in synthetic Na-birnessite in real time. These cation substitution reactions
occurred quickly, completely exchanging within the first 20 minutes of reaction. Rietveld
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analyses of the X-ray diffraction patterns for K- and Ba-exchanged birnessite revealed decreases
in the a, c, and β unit-cell parameters, thus resulting in decreased unit-cell volume relative to Nabirnessite. These dimensional decreases were more pronounced for K+ substitution than for Ba2+
substitution. The Fourier electron difference maps revealed that the changes in the configuration
of the interlayer species corresponded with the changes in the unit-cell with time. The charge,
size, and hydration of the substituting cations serve as the primary controls on changes in the
unit-cell parameters.
Time-resolved analysis of X-ray diffraction results allowed the estimation of cation
exchange rates in birnessite for the first time (Chapter 3). These results showed that cation
exchange rates increase with increasing concentration. The exchange rates for Na in birnessite
were found to decrease in the order: Cs >> K > Ba for capillary flow-through reactions held at
constant concentration at 25˚C. These results are consistent with the theory that the more
strongly hydrated cation is favored in the solution phase (Teppen and Miller, 2006).
Our kinetic modeling supported a two-stage reaction pathway for cation exchange, and
we correlated these kinetic steps with changes in crystal structure. The examination of the
Fourier electron difference maps revealed that the first and more rapid step of unit-cell volume
change corresponds with changes in the electron configuration with time. These trends likely
represent transfer of Na+ out of the birnessite structure and substitution of the exchanging cation
into the interlayer. The second, slower step most likely entails the positional ordering of the
substituting cations within the interlayer. Thus, our analyses of the birnessite crystal structure
changes with reaction time have given us a better understanding of the mechanisms and reaction
pathways of cation exchange in birnessite.
Rates of K-exchange with Na in birnessite at constant solution concentration (0.01 M
KCl) at varying pH levels (pH 4, 5.5, and 7) were examined via synchrotron XRD and Rietveld
analyses. It was found that H+ concentration not only affects the exchange rates, but also affects
the birnessite crystal structure in ways that differ from exchange reactions at neutral pH. It was
found that more acidic solutions (decreasing pH) resulted in faster cation exchange reaction
rates. We considered two possible explanations for this behavior. First, the small H+ protons
have the mobility to quickly displace some of the Na+ cations in the birnessite interlayer. This
displacement by H+ leads to more room for hydrated K+ to quickly exchange into the interlayer.
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Another explanation for the increased exchange rate may be due to the effects of increased H+
concentration on hydration, such that at low pH H+ out-competes K+ for water molecules (for
cation hydration), which allows for a rapid exchange process at lower pH. The concept of
competition for waters of hydration is consistent with a conclusion presented in Chapter 3 that
the less strongly hydrated ion (e.g. K+ as opposed to H+) will more readily go into the crystal
structure. The increase in H+ also may result in a re-equilibration of the Mn-O octahedral layer
(Silvester et al., 1997), where Mn3+ disproportionates to Mn4+ and Mn2+ in order to relieve some
of the stress caused by Jahn-Teller distortion in the polyhedron. The Mn2+ then migrates to the
interlayer leaving vacancies in its wake. We did find evidence for vacancies in the octahedral
layer, and also the possibility of Mn2+ in the interlayer region for pH 4.0 and pH 5.5 K-exchange
reactions. In contrast, there was no evidence for vacancies or Mn2+ in the interlayer for Kexchange at pH 7. This is the first time that cation exchange rates of birnessite have been
quantified with varying pH.
The mechanisms of ion-exchange for the environmentally significant contaminant Cs
were studied via time-resolved XRD experiments as well as TEM and SEM analyses of batch
synthesized Cs-birnessite samples (Chapter 5). We found that exchanging Cs+ into the interlayer
of birnessite resulted in a uniquely expanded structure with a very disordered interlayer region.
It appears that both Cs-birnessite and Na-birnessite diffraction peaks co-exist during the
exchange process, unlike the situation for both K-exchange and Ba-exchange. TEM analyses of
batch experiments attempted to resolve whether individual grains were Na-rich, Cs-rich, or
mixed. These analyses were complicated by severe agglomeration of extremely fine particles. In
the intermediate (Cs,Na-birnessite) sample, EDS spot analyses suggested that all grains were of a
uniform composition representing true solid solution. In-situ X-ray diffraction (at 25˚C) showed
that birnessite remained crystalline throughout the exchange process.

Thus dissolution/re-

precipitation could be ruled out as the reaction method since we would expect to see a period of
non-crystallinity for this mechanism (unless the reaction occurred faster than the temporal
resolution of these experiments). Similarly, complete delamination can be ruled out since we did
not see an amorphous stage in the X-ray diffraction series, as was found in Liu et al. (2000).
Thus, it seems most likely that the cation exchange occurred through a diffusion process where
the reaction may have progressed until all (or nearly all) of the Na+ was exchanged out of all the
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unit-cells, which would result in the co-existence of the Na-birnessite and Cs-birnessite phases
until exchange was complete.
Interestingly, the FE-SEM and TEM analyses (Chapter 5) also revealed that Na-birnessite
likely forms as part of a possible 2-stage oriented aggregation growth mechanism. This growth
mechanism involves Na-birnessite precipitating first as fibers, which then assemble into laths
(which are often reported as a birnessite morphology). These laths then appeared to assemble
into pseudo-hexagonal plates (also a commonly reported birnessite morphology). It is unclear
what role these nano-fibers and the birnessite growth mechanism play on the cation exchange
process.

6.1.2. Overall Contributions
This research consisted of many firsts in the study of cation exchange in birnessite. This
study marks the first time that cation exchange was monitored in-situ using synchrotron X-ray
diffraction. It is also the first time that anyone has attempted to derive cation exchange rates
based on changes in the crystal structure of the solid as opposed to analysis of solution effluent.
This made it possible to capture cation exchange rates in birnessite that normally are written off
as “instantaneous”.

Cation exchange rates proved to be quite rapid, and increased with

increasing solution concentration and decreasing pH. The mechanisms behind exchange are not
yet fully clarified; however, we have learned much about the influence of various cations on
exchange rates in birnessite. This research has added an important missing piece to those studies
that merely look at various ways to synthesize metal-exchanged birnessite.

6.2 Future Work
Future work should focus on the pH effects of cation exchange rates in birnessite over a
wider range of pH and solution concentration in order to see if the cation exchange trend is
consistent at all K+ concentrations and also to see how exchange varies with different cations.
Exchange experiments involving more alkaline earth metals besides Ba2+ will help to establish
any trends that might exist among this group of ions. Once the trends of the alkali and alkaline
earth metals are established, it might be easier to move on to studying the cation exchange
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behavior of various environmentally significant transition metals, such as cobalt, lead, copper,
and chromium.
Other future areas for analysis with respect to solution pH should also focus on how the
presence of protons might further affect the exchange of other cations in birnessite. This might
be best accomplished by using molecular modeling to investigate interactions of H+ and cations
in the interlayer region of birnessite. Synchrotron techniques, such as X-ray adsorption finestructure (XAFS) and X-ray adsorption near edge structure (XANES) might also be useful for
helping to determine the coordination environment and speciation of the interlayer ions. This
might help to resolve whether Mn2+ is in fact present in the interlayer region with exchange at
low pH, and to further resolve the coordination environment of Cs-birnessite.
Additional extensive microscopy on a full series of laboratory synthesized intermediate
phases might help to better reveal the exchange mechanisms that we attempted to resolve in
Chapter 5 for Cs-exchange in birnessite. Molecular modeling may also give insight into the most
energetically favorable exchange process. A more thorough study investigating the birnessite
crystallization and growth process is also necessary in order to determine what role the growth
mechanisms might play in the cation exchange process.

A better comprehension of these

processes could prove invaluable for the synthesis of manganese oxide catalysts and molecular
sieves, many of which are related to birnessite.
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