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AbstRAct

The thermodynamic stabilities of different manganese carbonate phases at ambient conditions were 

determined by acid solution and water adsorption calorimetry. Amorphous manganese carbonate precursor 

provides a low energy pathway for MnCO3 crystallization analogous to that observed in (Ca-Mg-Fe)CO3 

systems where crystallization enthalpies appear to be controlled by cation size (become less exothermic 

with increase in ionic radius). The surface energy of nanophase MnCO3 (0.64 r 0.08 J/m2 for hydrous 

and 0.94 r 0.12 J/m2 for anhydrous surface) is lower than that of nano-calcite and MnCO3 binds surface 

water less strongly (–65.3 ± 3 kJ/mol) than calcite (–96.26 r������N-�PRO���7KLV�SUREDEO\�UHÀHFWV�WKH�
greater basicity of CaO compared to MnO. Substantial particle size driven shifts in the MnCO3-manganese 

oxide Eh-pH and oxygen fugacity-CO2 fugacity diagrams were calculated using the measured surface 

HQHUJLHV��7KHVH�VKLIWV�H[SDQG�WKH�VWDELOLW\�¿HOG�RI�KDXVPDQQLWH��0Q3O4, in both aqueous and anhydrous 

environments. The particle size driven (caused by differences in surface energy) shifts in oxidation 

potential (Eh, oxygen fugacity) and pH of phase boundaries could affect stability, a electrochemical and 

FDWDO\WLF�SURSHUWLHV�DQG�KHQFH�LQÀXHQFH�JHRFKHPLFDO�DQG�WHFKQRORJLFDO�SURFHVVHV��0DQJDQHVH�R[LGHV�
(mainly hausmannite) dominate at the nanoscale in aerated environments, while manganese carbonate 

is favored in coarse-grained materials and reducing environments. In supercritical CO2, the expansion 

of the MnCO3�VWDELOLW\�¿HOG�OHDGV�WR�VLJQL¿FDQW�UHGXFWLRQ�RI�WKH�0Q3O4�VWDELOLW\�¿HOG�
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diagram, CO2 sequestration

IntRoductIon

Manganese carbonate minerals play a vital role in manganese 

geochemistry by regulating Mn(II) mobility, heavy metal transport, 

and in the carbon cycle by trapping CO2 through mineralization 

(Bourg and Bertin 1994; Goren et al. 2012; Pedersen and Price 

1982; Schaef et al. 2009, 2010). Mn-substituted calcite phases 

were observed in pilot studies on the reactivity of different basalt 

samples obtained from sites in the U.S., India, and South Africa 

with aqueous dissolved CO2 and CO2-H2S mixtures under super-

critical CO2 (Schaef et al. 2009, 2010). MnCO3 is also used as a 

cost effective and environmentally friendly catalyst support, water 

treatment agent, and precursor for synthesis of metal oxides for 

lithium-ion battery materials (Cui et al. 2009; Takahara et al. 2012; 

Wang and Ao 2007; Yang et al. 2007). Recently, advancements in 

synthetic strategies have led to the development of multifunctional 

nano/microporous manganese carbonate composites with porous 

surfaces having potential in drug delivery, protein encapsulation, 

biosensing, and as antimicrobial agents (Peng et al. 2011; Qi et al. 

2010; Wang et al. 2009; Zhang et al. 2009) as well as promising, 

less expensive, Li-ion battery anode materials (Aragón et al. 2007, 

2011; Mirhashemihaghighi et al. 2012).

MnCO3 minerals are found in anaerobic soils, a marine sedi-

ments, hydrothermal veins and sporadically in high-temperature 

metasomatic deposits as crystalline MnCO3 (rhodochrosite) or as 

solid solution with other carbonate minerals with rhombohedral 

calcite-type structure (Goren et al. 2012; Pedersen and Price 1982). 

Rhodochrosite (MnCO3) crystal growth kinetic studies suggest 

that its growth depends on the chemical speciation of the mineral 

surface (Sternbeck 1997). Surface potential studies using Kelvin 

probe electron force microscopy indicate surface heterogeneity 

due to growth of thin films of manganese oxide nanostructures 

(Kendall et al. 2008; Na et al. 2007; Na and Martin 2009). These 

thin films alter crystal growth, reactivity, and surface electrical 

properties of the less reactive rhodochrosite surface by trans-

forming it into a surface with regions of strongly reactive sites. 

Analogous phase transformations in other M-O (M = Fe, Mn, and 

Co) systems have been shown to have thermodynamic underpin-

nings due to surface energy driven shifts in redox equilibria at the 

nanoscale (Birkner and Navrotsky 2012; Navrotsky et al. 2010).

There is growing evidence that calcium carbonate nucleation 

and growth takes place not only by classical nucleation system 

(De Yoreo and Vekilov 2003; De Yoreo et al. 2009; Hu et al. 2012) 

but also by non-classical mechanisms through prenucleation 

clusters (0.2 to 2 nm size), and liquid-like metastable amorphous, 

nanophase, and mesocrystal precursors in the early stages (Bew-

ernitz et al. 2012; De Yoreo et al. 2007; Fernandez-Martinez et 

al. 2013; Gebauer and Coelfen 2011; Gebauer et al. 2008; Raiteri 

and Gale 2010; Tribello et al. 2009; Wallace et al. 2013; Wolf et 

al. 2011). Our previous thermodynamic studies suggest that the 
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