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Structure of nanocrystalline phyllomanganates produced by freshwater fungi
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aBStract

The crystal structures of biogenic Mn oxides produced by three fungal strains isolated from stream 
pebbles were determined using chemical analyses, XANES and EXAFS spectroscopy, and powder 
X-ray diffraction. The fungi-mediated oxidation of aqueous Mn2+ produces layered Mn oxides analo-
gous to vernadite, a natural nanostructured and turbostratic variety of birnessite. The crystallites have 
domain dimensions of ~10 nm in the layer plane (equivalent to ~35 MnO6 octahedra), and ~1.5–2.2 
nm perpendicularly (equivalent to ~2–3 layers), on average. The layers have hexagonal symmetry and 
from 22 to 30% vacant octahedral sites. This proportion likely includes edge sites, given the extremely 
small lateral size of the layers. The layer charge deficit, resulting from the missing layer Mn4+ cations, 
is balanced mainly by interlayer Mn3+ cations in triple-corner sharing position above and/or below 
vacant layer octahedra. The high surface area, defective crystal structure, and mixed Mn valence 
confer to these bio-minerals an extremely high chemical reactivity. They serve in the environment as 
sorption substrate for trace elements and possess catalytic redox properties.
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introduction

The structural characterization of nanocrystalline bio-
minerals is an expanding field of study because of their natural 
abundance and high capacity to sorb trace metals. Chemically 
reactive nano-manganese dioxides can be produced by a va-
riety of living organisms including bacteria, fungi, and plants 
(Mandernack et al. 1995; Tani et al. 2003, 2004a; Jürgensen et 
al. 2004; Miyata et al. 2004, 2007a, 2007b; Tebo et al. 2004; 
Bargar et al. 2005, 2009; Webb et al. 2005, 2006; Saratovsky et 
al. 2006; Toner et al. 2006; Villalobos et al. 2006; Lanson et al. 
2008; Spiro et al. 2010). The biotic oxidation of Mn2+ to Mn4+ is 
approximately two orders of magnitude faster than the heteroge-
neous oxidation catalyzed by mineral surfaces, thus supporting 
the currently held view that the biogenic route to Mn oxide 
formation prevails in nature (Crerar and Barnes 1974; Tebo and 
Emerson 1985; Sunda and Huntsman 1988; Tebo 1991; Tebo et 
al. 2004; Morgan 2005; De Schamphelaire et al. 2007). Vernadite, 
a nanosized phyllomanganate consisting of randomly stacked 
layers of edge-sharing (Mn4+O6)8– octahedra (Giovanoli 1980), 
is the main biogenic Mn oxide (Jürgensen et al. 2004; Bargar 
et al. 2005; Webb et al. 2005; Villalobos et al. 2006; Lanson et 
al. 2008), possibly with tectomanganates, such as todorokite 
(e.g., Tebo et al. 2004). However, because phyllomanganates 
can transform into tectomanganates in the solid-state by topot-

actic reactions (Bodei et al. 2007), vernadite may be the sole 
oxidation product of Mn2+. Well-crystallized phyllomanganates, 
such as birnessite, owe their surface reactivity to the presence 
of vacant layer sites and/or to Mn3+ for Mn4+ substitutions that 
confer to the layer a charge deficit up to three times higher than 
that of smectite (Brindley 1980; Drits et al. 1997; Silvester et 
al. 1997; Lanson et al. 2000). Vernadite is even more reactive 
because very small particles have in addition high amounts of 
border sites. The ratio of external to internal Mn sites increases 
when the crystal size decreases, and biogenic vernadite with a 
layer dimension of 6–7 nm (Lanson et al. 2008) has ~20% of its 
Mn atoms exposed at the crystal edge compared to ~0.4% for a 
birnessite layer of ~30 nm in diameter (Lanson et al. 2000). Thus, 
organic pollutants can be degraded and trace metals taken up by 
vernadite in natural systems (McKenzie 1980; Stone 1987; Stone 
and Ulrich 1989; Sunda and Kieber 1994; Manceau et al. 2003, 
2004, 2007a, 2007b; Villatoro-Monzón et al. 2003; Marcus et 
al. 2004a; Tebo et al. 2004; Hochella et al. 2005a, 2005b; Isaure 
et al. 2005; Villalobos et al. 2005; Peacock and Sherman 2007; 
Peacock 2009).

The production and sorption capacity of fungal vernadite are 
well documented (Tani et al. 2003, 2004a; Miyata et al. 2004, 
2007a, 2007b), but progress in the interpretation and modeling 
of sorption data are limited by the lack of a comprehensive 
structure model (Appelo and Postma 1999; Tonkin et al. 2004). 
In the present study, chemical analyses, X-ray absorption near 
edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) spectroscopy, and powder X-ray diffraction 
(XRD) were combined to determine the nature and amounts of 
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