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Abstract
Birnessite-like minerals are among the most common Mn oxides in surficial soils and sediments, and 

they mediate important environmental processes (e.g., biogeochemical cycles, heavy metal confinement) 
and have novel technological applications (e.g., water oxidation catalysis). Ca is the dominant interlayer 
cation in both biotic and abiotic birnessites, especially when they form in association with carbonates. 
The current study investigated the structures of a series of synthetic Ca-birnessite analogs prepared by 
cation-exchange with synthetic Na-birnessite at pH values from 2 to 7.5. The resulting Ca-exchanged 
birnessite phases were characterized using powder X‑ray diffraction and Rietveld refinement, Fourier 
transform infrared spectroscopy, Raman spectroscopy, X‑ray photoelectron spectroscopy, and scanning 
and transmission electron microscopy. All samples synthesized at pH values greater than 3 exhibited 
a similar triclinic structure with nearly identical unit-cell parameters. The samples exchanged at pH 2 
and 3 yielded hexagonal structures, or mixtures of hexagonal and triclinic phases. Rietveld structure 
refinement and X‑ray photoelectron spectroscopy showed that exchange of Na by Ca triggered reduc-
tion of some Mn3+, generating interlayer Mn2+ and vacancies in the octahedral layers. The triclinic and 
hexagonal Ca-birnessite structures described in this study were distinct from Na- and H-birnessite, 
respectively. Therefore, modeling X‑ray absorption spectra of natural Ca-rich birnessites through mixing 
of Na- and H-birnessite end-members will not yield an accurate representation of the true structure.
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Introduction
Phyllomanganates are a highly reactive layer and structure of 

Mn-oxide minerals that are found in a wide variety of geological 
settings and are important constituents in soils and sediments. In 
particular, phyllomanganates having a birnessite-like structure 
readily participate in redox and cation-exchange reactions and 
exhibit high adsorption capacities for a variety of organic pol-
lutants and toxic metallic ions (Le Goff et al. 1996; Manning 
et al. 2002; Feng et al. 2007; Lopano et al. 2007; Fleeger et al. 
2013; Kwon et al. 2013; Shumlas et al. 2016). Layer Mn oxides 
have low point-of-zero charges (PZC) and therefore possess a 
relatively high negative charge at near-neutral pH values (Tan 
et al. 2008; Wang et al. 2010). Because of this high reactivity, 
phyllomanganates play an important role in controlling the 
concentration of trace metal ions in soils, sediments, and natural 
water systems (Post 1999; Tan et al. 2008). They also have been 
identified as promising heterogeneous compounds for water-
oxidation catalysis (Sauer and Yachandra 2002; Feng et al. 2007; 
Jiao and Frei 2010; Wiechen et al. 2012; Frey et al. 2014).

Birnessite was first described by Jones and Milne (1956) as 
a natural phase discovered in Aberdeenshire, Scotland, with a 
chemical formula of Na0.7Ca0.3Mn7O14·2.8H2O. Subsequently, 
numerous natural phases with “birnessite-like” structures have 

been described, including ranciéite (Post et al. 2008), takanelite 
(McKenzie 1971; Golden et al. 1986), and lagalyite (Witzke 
et al. 2017). They commonly occur as fine-grained, poorly 
crystalline aggregates and coatings, making the studies of their 
structures and behaviors challenging. Additionally, various 
synthetic birnessite-like structures containing almost every alkali 
and alkaline earth element, as well as many of the transition 
metals, have been synthesized (e.g., McKenzie 1971; Golden 
et al. 1986) in attempts to elucidate the structural and chemi-
cal features of birnessite-like phyllomanganates (e.g., Post and 
Veblen 1990; Kuma et al. 1994; Drits et al. 1997; Lanson et al. 
2000; Post et al. 2003a; Feng et al. 2004; Händel et al. 2013) 
and their reactivities (e.g., Lanson et al. 2000; Manceau et al. 
2002; Feng et al. 2007; Lopano et al. 2007, 2011; Wang et al. 
2010, 2012; Landrot et al. 2012; Kwon et al. 2013; Lefkowitz et 
al. 2013; Yin et al. 2013; Fischel et al. 2015; Hinkle et al. 2016; 
Zhao et al. 2016; Fischer et al. 2018). Laboratory studies have 
also demonstrated that formation of birnessite-like phases can 
be initiated, or enhanced, by certain microbes and fungi (Tebo 
et al. 2004; Webb et al. 2005; Grangeon et al. 2010; Santelli et 
al. 2011), and it is therefore likely that biologically mediated 
phyllomanganates are important in natural systems.

The birnessite structure is constructed of stacked layers of 
nominally Mn4+-O6 octahedra; substitution of Mn3+ or other lower 
valence cations and/or vacancies for Mn result in a net negative 
charge on the octahedral sheets (Fig. 1). The charge is offset by 
the addition of large uni- or divalent cations (e.g., Na+, Ba2+, 
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