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INTRODUCTION

SulÞ des and other chalcogenides form important classes 
of minerals as well as semiconductors and other technological 
materials. Both binary and ternary sulÞ des show complexities in 
crystal structures, signiÞ cant homogeneity ranges, and variations 
in the nominal oxidation state of the metals (Kim et al. 1987; 
Cheung and Steele 1980). There is recent interest in sulÞ de, 
chalcogenide, and pnictide nanoparticles (e.g., ZnS, Walker et 
al. 2003; CdSe, Walker et al. 2003; and GaAs, Malik et al. 2003) 
as quantum dot electronic materials (Li et al. 1999) and sensors. 
Nanoparticle sulÞ des with properties different from bulk may 
be important for ore deposits, bacterial degradation of sulÞ des, 
and environmental science (Watson et al. 2001). SulÞ de minerals 
are the major ores of metals such as Pb, Fe, Co, Ni, Cu, Zn, and 
Ag (Kapustinsky and Korshunov 1939). Oxidation of exposed 
ore deposits is a major source of acid mine drainage and heavy 
metal pollution (Magombedze and Brattli 2003).

Despite this interest, thermochemical data for sulfides 
and related materials are quite incomplete. Determining their 
enthalpies of formation presents challenges of sample charac-
terization and of slow kinetics of reaction. Thus, many differ-
ent thermodynamic methods have been tried, but few are of 
general applicability. These include direct ignition of reaction 
mixtures (Kapustinsky and Korshunov 1939), electrochemical 
determination (Schaefer 1978), bromine reaction calorimetry 
(Stuve 1981), HCl acid solution calorimetry (Adami and King 
1964), high-temperature direct-synthesis calorimetry (Bryndzia 
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and Kleppa 1988), and high-temperature solution calorimetry 
(Cemic and Kleppa 1986). 

High-temperature oxide melt solution calorimetry has re-
cently been extended to two classes of materials potentially rel-
evant to sulÞ de thermochemistry. In this method, small pellets 
of sample are dropped into a molten oxide solvent. In addition 
to extensive work on oxides (see Navrotsky 1977, 1997 for 
reviews), calorimetry of sulfates (CaSO4, PbSO4, and BaSO4) 
(Majzlan et al. 2002) and nitrides (Elder et al. 1993; Navrotsky 
2001) have been developed. Both sulfate and nitride calorimetry 
use 3Na2O·4MoO3 near 975 K as the solvent of choice. The stud-
ies show that both anhydrous (Majzlan et al. 2002) and hydrated 
(Drouet and Navrotsky 2003) sulfates dissolve readily, and that 
the SO4

�2 ion remains dissolved in the solvent. Oxidative drop 
solution calorimetry of nitrides converts them quantitatively to 
dissolved oxides, with the evolution of N2 gas (Elder et al. 1993). 
The molybdate in the solvent appears to take part catalytically 
in the oxidation; Mo6+ species are converted to lower oxidation 
states, turning the solvent blue, and then reoxidized to a light 
yellow melt by oxygen gas bubbling through the solvent. This 
process enhances the rate of oxidative dissolution of the nitrides, 
and has been applied to a variety of nitrides, including GaN and 
InN (Ranade et al. 2000; Ranade 2001). 

The proposed calorimetric scheme for sulÞ des is illustrated 
for a binary sulÞ de, MeS, as follows:

MeS (xl, 298 K) + 2O2 (gas, 975 K) = 
Me2+ (soln, 975 K) + SO4

2�
 (soln, 975 K)  (1)

�xl� means crystalline solid and �soln� means dissolved oxides 


