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Abstract
Birnessite and other charged layered manganese oxide minerals exhibit interlayers with variable
cation-water behavior that controls many environmentally important cation exchange, adsorption, and
redox processes. The occurrence of birnessite phases as fine-grained materials with corresponding
high-surface areas makes them effective in controlling soil sediment and groundwater compositions,
but difficult to structurally characterize using conventional analytical methods. Molecular simulations
provide an alternative approach in which many details of bulk and interlayer structure can be ascertained
to supplement and interpret the experimental findings. Classical and electronic structure methods are
used to evaluate Na-, K-, and Ba-birnessite phases. Computational results compare favorably with
structures obtained by synchrotron X‑ray diffraction and difference electron Fourier mapping of the
interlayer region. Based on the analysis of the 1 ns atomic trajectories, dynamics of water molecules
is enhanced in the interlayer of K-birnessite relative to the limited motion of water molecules and
cations in the other birnessite phases. Molecular dynamics simulations of ranciéite, a complex layered
manganese oxide having octahedral vacancies, indicate multiple sites for Ca2+ in the interlayer. In addition to manganese layer charge and layer structure, the hydration enthalpy for the interlayer cation
affects the structure and dynamics of the interlayer in birnessite minerals.
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Introduction
Birnessite-group minerals are the most common hydrated
phyllomanganates and have a general formula of MXMn2O4⋅nH2O,
where M is one or more interlayer cation species and Mn occurs
in either tri- or tetravalent states, and they are typically found
with a mean valency of +3.75 (Giovanoli et al. 1970; Post 1999;
Gaillot et al. 2003; Johnson and Post 2006; Drits et al. 2007;
Lopano et al. 2007). Birnessite minerals occur extensively as
fine-grained phases in soils, sediments, marine nodules, and
as mineral coatings. Having large surface areas and charged
Mn layers, birnessite displays significant adsorption, cation
exchange, and redox capacity. As a result, birnessite minerals
can significantly affect the chemical composition of sediments
and groundwater systems (Manceau and Charlet 1992; Paterson
et al. 1994; Tu et al. 1994; Banerjee and Nesbitt 1999; Lopano
et al. 2009; Zhao et al. 2009). Heavy metal and trace element
mobility is strongly controlled by the presence of birnessite and
other manganese oxide phases in the environment (Loganathan
and Burau 1973; Nicholson and Eley 1997; Powell et al. 2006;
Beak et al. 2008). Additionally, because of these unique properties, natural and synthetic birnessite materials have been used
in water purification, cation exchangers, catalysis, and batteries
(Bach et al. 1996; Feng et al. 1999; Post 1999; Renuka and
Ramamurthy 2000).
In this study, we demonstrate the ability of molecular simulation to accurately describe the general structure and behavior of
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birnessite minerals. The fine-grained nature and atomic disorder
of birnessite minerals limits the quality of structural information
that can be extracted from most experimental and spectroscopic
methods including those utilizing synchrotron X‑ray radiation.
Molecular simulation offers an opportunity to test and validate
candidate models for bulk and interlayer structures of birnessite
minerals and provides guidance in interpreting complicated diffraction and spectroscopic results. Moreover, especially for the
interlayer species of birnessite where interlayer cations and water
O atoms have similar X‑ray scattering factors, molecular models
normally incorporate explicit atomic identity that avoids complications associated with partial occupancies, positional disorder,
layer stacking disorder, poor crystallinity, and multiple domains.
Electronic structure calculations, primarily density functional
theory (DFT) methods, have been recently used to evaluate the
bulk structure of defective birnessite (Kwon et al. 2009) and the
adsorption of metal contaminants onto external surfaces of the
phase (Zhu et al. 2009; Kwon et al. 2010; Peña et al. 2010). Kwon
et al. (2009) used spin-polarized DFT to examine the electronic
states of birnessite having octahedral vacancies characteristic
of biogenic birnessite phases and that can enhance adsorption
behavior. A similar computational approach was incorporated
by Kwon et al. (2010) to evaluate Pb2+ adsorption onto birnessite
edges and by Peña et al. (2010) to compare edge site adsorption
with the incorporation of Ni into the octahedral sheet. Zhu et al.
(2009) used DFT and cluster models, with variable functional
groups, to model pH effects on As3+ and As4+ adsorption onto
birnessite surfaces.
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