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SUMMARY 

The MINTEQ geochemical computer code, developed at the Pacific Northwest 

Laboratory ( PNL), integrates many 

predecessors, MINEQL and WATEQ3. 

of the capabilities of its two immediate 

The MI NTEQ code wi 11 be used in the Speci a 1 

Waste Form Lysimeters-Arid program to perform the calculations necessary to 

simulate (model) the contact of low-level waste solutions with heterogeneous 

sediments or the interaction of ground water with solidified low-level 

wastes. The code can calculate ion speciation/solubility, adsorption, 

oxidation-rectuction, gas phase equilibria, and precipitation/dissolution of 

solid phases. 

Under the Special \~aste Form Lysimeters-Arid program, the composition of 

effluents (leachates) from column and batch experiments, using laboratory-scale 

waste forms, will be used to develop a geochemical model of the interaction of 

ground water with commercial, solidified low-level wastes. The wastes heing 

evaluated include power-reactor waste streams that have been solidified in 

cement, vinyl ester-styrene, and bitumen. The thermodynamic database for the 

code was upgraded preparatory to performing the geochemical modeling. Thermo­

dynamic data for solid phases and aqueous species containing Sb, Ce, Cs, or Co 

were added to the MINTEQ database. The need to add these data was idPntified 

from the characterization of the waste streams. The geochemical model devel­

oped from the laboratory data will then be applied to predict the release from 

a field-lysimeter facility that contains full-scale waste samples. The con­

taminant concentrations migrating from the waste forms predicted using MINTEQ 

will he compared to the long-term lysimeter data. This comparison will con­

stitute a partial field validation of the geochemical model. 
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INTRODUCTION 

The Special Waste Form lysimeters-Arid program was initiated in 1983 under 

the Low-Level Waste Management Program, for the long-term field evaluation of 

commercial, solidified, low-level wastes intended for shallow land burial 

(Graham and Halter 1984; ~Jalter et al. 1984). A similar task is being con­

ducted at the Savannah River Laboratory for a humid climate. The primary 

objective of this program is to conduct waste-form leaching tests in a field 

facility to identify typical source terms generated by these wastes. The 

solidification agents being tested are cement, vinyl ester-styrene, and bitu­

men. The chemical reactions and physical processes that control the concentra­

tions of radionuclides in the soil solution surrounding the waste in an arid 

climate are being identified. 

In addition to the field monitoring, a series of laboratory testing and 

geochemical mot1eling exercises are under way. Standard leaching tests have 

been completed at Brookhaven National Laboratory. Colurm experiments are 

currently under way at Pacific Northwest Laboratory (PNL) to determine if the 

release of radionuclides from the waste is primarily controlled by diffusion 

through the waste form or by factors related to the adsorption of leachate onto 

the surrounding soil. The MINTEQ geochemical code will be used to develop an 

understanding of the contact of the low-level waste solutions with heterogene­

ous sediments and of the interaction of ground water with solidified, low-level 

wastes. MINTEQ will be used to model the waste stream, the waste form, and the 

column effluent from the field and laboratory experiments. Specifically, the 

goals of the laboratory and modeling work arP to irlentify the mechanisms that 

control the release of radionuclides from the waste forms. Only reactions 

involving inorganic species will be considered in the modeling effort. 

For the purposes of this report, a geochemical code is defined as the for­

mulation in computer language of a mathematical l'lodel userl to predict cherrlical 

behavior in geologic settings. One such code, MINTEQ, is being used on the 

Special Waste Form Lysimeters-Arid program to develop an understanding of the 

chemical interactions that occur when ground water contacts commercial, low­

level wastes and when leachates from these wastes contact the surrounding 
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sediments in an arid environment. This report provides an overview of the 

MINTEQ geochemical code in the context of applications to performance asses­

sments of shallow land burial of low-level wastes. Additionally, information 

on thermodynamic data for the solid and aqueous species of Sb, Ce, Cs, and Co 

is given. The background of the Special Waste Form Lysimeters-Arid program ard 

the rationale for selecting I~INTEQ are described, :~s is the geochemical model­

ing process, including examples of the application of MINTEW to other problems. 
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FEATURES OF THE M1NTEQ CODE 

The MINTEQ geochemical computer code was constructPd by Felmy, Girvin and 

Jenne (1984) of PNL, who combined the best features of its two immediate prede­

cessors, M1NEQL (Westall et al. 1976) and WATEQ3 (Ball et al. 1981). M1NTEQ 

can calculate ion speciation/solubility, adsorption, oxidation-reduction, gas 

phase equilibria, and precipitation/dissolution of solid phases. Moreover, 

MINTEQ can accept a finite mass for any solid considered for dissolution. 

Therefore, MINTEQ will continue to calculate the dissolution of the specified 

solid phase only until its initial mass is exhausted. MINTEQ is the only 

member of the REOEQL family of co~puter codes known to have this capability. 

[Other members of this family of computer codes include REDEQL (Morel and 

Morgan 1972), REDEQLZ (McDuff and Morel 1973), GEOCHEI1 (Sposito and Matti god 

1980), and M1NEQL (Hestall et al. 1976).] This valuable feature enables M1NTEQ 

to model flow-through systems. In such syster1s, the masses of solirl phases 

that precipitate at earlier pore volu~es can be dissolved at later pore volumes 

according to thermodynamic constraints imposed by the solution composition and 

solid phases present. It is imperative to have this feature incorporated into 

the computer code to perform the predictive geochemical modeling necessary to 

evaluate shallow land burial sites. For a discussion of other geochemical 

computer codes, see Jenne (19~1). 
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SELECTION OF THE MINTEQ CODE 

Kincaid et al. (1984a, 1984b), after an exhaustive study of the existing 

geochemical computer codes, recommended MINTEQ and EQ3/EQ6 as the best codes 

available for modeling solute migration. From about 25 geochemical codes, they 

selected six for further evaluation on the basis of documented capabilities 

(Kincaid et al. 19l:!4a). Five of these six codes were evaluated on their 

abilities to simulate solid-waste scenarios associated with deposits of fly 

ash, bottom ash, and flue gas desulfurization sludge (Kincaid et al. 1984b). 

Although these codes were not evaluated for low-level waste problems, the key 

aspects of the codes considered in the analysis are applicable to modelin~ low­

level wastes. For the Special Waste Form Lysimeters-Arid program, the MINTEQ 

computer code was chosen over EQ3/EQ6 because it is more "user frienc!ly" and 

has the ability to model adsorption reactions, something the current version of 

EQ3/EQ6 (Wolery 1984) cannot do. Adsorption reactions are important in many 

natural systems and in predicting the concentrations of contaminants in plumes 

migrating from shallow land burial sites. 

Other important capabilities were considered in selecting the MHITEQ com­

puter code for potential application to evaluating the geochemistry of low­

level waste in shallow land burial sites. For example, unlike certain codes 

[e.g., PHREEQE (Parkhurst et al. 1980)], MINTEQ has the ability to automatic­

ally select and equilibrate a solution with the solids that are thermodynamic­

ally most stable in response to changes in solution composition. PHREEQE, in 

contrast, will not automatically consider all solids in the database that could 

enter into the P.quilibrium calculations. The MINTEQ computer program can also 

recompute the pH and pe (negative log of electron activity) as the solution 

composition changes in response to aqueous speciation and precipitation and 

dissolution of solid phases. The pH is computed from a modified form of the 

electroneutrality condition commonly termed the "proton condition" (t1orel and 

Morgan 1972). The pe is calculated by initializing the mass totals for each 

oxidation state of an element and including a rec!ox reaction hetween the compo­

nents of each oxidation state. Alternatively, the pH and pe can also be fixed 

at the analytically measured values. Further details of the computational 

'ethods are provided by Felmy et al. (1984) and Westall et al. (1976). 
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Finally, the completeness and credihility of the code 1 S thermodynamic 

database were important factors in the geochemical code selection. The thermo­

dynamic database in MINTEQ was taken from ti-Je database of WATEQ3 and is well 

documented. The \~A TEQ3 database was deve 1 operl and documented aver a peri orl of 

years by members of the U.S. Geological Survey {Truesdell and Jones 1974; Rall 

et al. 1980; Rall et al. 1981). The MINTEQ datab,.se (Felmy et al. 1984) has 

recently been expanded using published critical reviews and studies of the 

aqueous species and solids of Cr {Schmidt 1984). In addition, prelil"linary 

compilations have been completed hy S. R. Peterson and others at PNL for the 

aqueous spPcies and solids of f~o, Ra, Se, Th, and V, and for reduced sulfur 

species. 

Under the Special Waste Form lysimeters-Arid program, thermodynamic data 

for the solid phases and aqueous species of Sb, Ce, Cs, and Co were added to 

the MINTEQ database. The need to add these data was identified from the char­

acterization of the waste strear1s. Thermodynamic data for solid and aqueous 

species for Sb, Ce, Cs, and Co are tabulated in T.lhles 1 to 8. These tables 

list Gibb's free energies of formation (11G~. 298 ), enthalpies of formation 

(.6H~. 298 ) and entropies (s~98 ) for the solid phas.:!s and the aqueous species. 

Table 9 contains auxiliary thermodynamic data for the basis species used in 

formulating the chemical reactions. The referenc.~s •Jsed are also listed in 

Tables 1 to 9. The reactions for aqueous dnd solid species for Sh, Ce, Cs, and 

Co, as fomulated for the r~INTEQ database, are listed in Appendix 1\ along with 

their associated values for log Kzgs anrl 6H~ zqs ''alues. Also included in the 
• 

Appendix Tables are the designated identification (lO) numbers for each of the 

aqueous species and solid phases. The ID numbers are seven-digit numbers. For 

aqueous complexes, the first three digits represent the ID nunber of the cati­

onic component and the next three rligits represent the anionic component. The 

last digit is an arbitrary designation. The first two digits of the 10 numbers 

for solids correspond to the mineral group and rot!ghly follow the mineralogical 

classification in Dana's system (Dana and Ford 19~>7) and that described hy 

Robie et al. (1978). The next three digits represent the learling cation in the 

chemical formula and the last two digits are arbitrary designations. The data 

listed here have been calculated and formatted for the database of the geo­

chemical computer code via the data processing co11e t1CRT {Wolery 1984). 
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TABLE 1. Themochemi cal Data for the Aqueous Species of Antimony 

I:IG7 ,298 OH~ ,298 (a) s~98(a) 
Fonnula kJ/mo1 kJ /mo 1 J/K•mo1 References 

2-Sb1S4 -99.500 -119.100 -51.300 \~agma n et a1. 1981 

ShO+ -177.110 NA NA \~agrna n et a 1. 1981 

Sho· 1 -340.190 NA NA \,Jag man et a1. 1981 

Sb0F 0 -487.400 NA NA Wagman et a1. 1982 

Sb(OH )2F0 -724.600 NA NA Wagman et a1. 1982 

Sb(OH)~ -644.700 -773.600 116.300 Wagman et a1. 1981 

Sb(OH)6 -1188.709 NA NA Baes and Mesmer 1976 

(a) Values unavailable for data listed as 'NA'. Species without available 
data for t>.Gr 298 could not be added to the database because the 
log K298 vaDes could not be calculated. 

The thermodynamic data selected in the compilations are primarily based on 

accepted tabulations provided by such sources as the U.S. National Bureau of 

Standards (Wagman et al. 1982), the com~ittee on Data froM Science and Technol­

ogy of the International Council of Scientific Unions (CODATA Task Group 1978), 

and the u.s. Geological Survey (Robie et al. 1978). Some rlata, particularly 

for the cobalt sulfides, were taken from Vaughan and Craig (1978). Other 

sources of data include Cosovic et al. (1932) and Zhorov et al. (1976). Tirne 

constraints preclucled a thorough review of the most recent journal literature 

on thermodynamic data for solids and aqueous species of Sb, Ce, Cs, and Co. In 

addition to the compilations, a limited number of journal articles were used to 

augment the thermodynamic data for these elements. 

The data collected were not critically reviewed in the effort undertaken 

in the Special \.·/aste Form Lysimeters-1\rid program. \.Jhere values from sources 

differed, preference was given to data from compilations that had heen critic­

ally reviewed and checked for internal consistency hy the original authors. 

Tl1e following sources of data for the solid phases of Sb, Ce, Cs, and Co are 

listed in descending order of preference: 1) CODATA Task Group (1976, 1978), 

2) Robie et a1. (1978), 3) l~a9man et a1. (1982), and 4) Stull and Prophet 

(1971). Data from other sources were used only if data from these sources were 
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TABLE 2. Thennochemical Data for the Solid Phases of Antimony 

Sh 

sb 2o3 
Sb2o4 
sh2o5 
Sh2s3 

Formula 

Sb4o6 Cubic 

Sb406 Orthorhombic 

SbC1 3 
Sb(OH)3 

Sb8r3 

6Gf 298 • 
kJ/mol 

0 

-626.345 

-795.700 

-829.200 

-173.600 

-1268.100 

-1253.000 

-323.670 

-685.200 

-239.3 

6Hf 298(a) 
• 

kJ/mol 

0 

-708.560 

-907.500 

-971.900 

-174.900 

-1440.600 

-1417.100 

-382.170 

NA 
-259.4 

s~98(a) 
J/K•mol 

45.69 

123.010 

127.200 

125.100 

182 .'JOO 

220.900 

246.000 

184.100 

NA 
207.1 

References 

Wagman et al. 1982 

Robie et al. 1973 

Hagman et al. 1982 

Wagman et al. 1982 

Robie et al. 1978 

Hagman et al. 1982 

Wagmao et al. 1982 

~/agman et a 1. 1982 

\~agman et al. 1982 

Wagman et al. 1982 

(a) Values unavailable for data listed as 'NA', 
able data for llG~ 29 R caul d not he added to 
log K298 values cOula not be calculated. 

Species \~i thout ava i 1-
the database because the 

not available. For aqueous data, the following priMary sources are listed in 

descending order of preference: 1) CODATA Task Group (1976, 1978), 2) Wagman 

et al. (1982), 3) Raes and Mesmer (19761, anrl 4) Smith and Martell (1976). 

Data were selected frOfll other sources if infomat-ion could not be found for a 

particular species in any of these sources. 

The above sources list data for standard state pressures of either 1 har 

or 1 atmosphere. \Jagrnan et al. (1982) have point€~d out that the effect of th·is 

small difference in standard state pressures on thennochemi cal data for the 

condensed phases is negligible, an<1 hence the difference is ignored here. 

In cases where sources, such as Smith and Martell (1976), give data as 

log K values for a specific reaction, M1~, 293 for a particular aqueous specie'; 

or solid phase is calculated from 

6G~. 298 = - [2.303 R(298)](log K298 ) 

where R = 1.987 x 10-3 kcal/K•mol 



TABLE 3. Thermochemical Data for the Aqueous Species of Cerium 

oG~ ,298 oH~ 298(a) 5o (a) 
• 298 

Fonnul a kJ/mol kJ/mol J/K•mol References 

CeBr2+ -779.500 NA NA \~agman et a l • 1982 

ce4+ -503.800 -537.200 -301.000 ~Jagman et a l • 1982 

CeClO~+ -691.100 -874.900 -155.000 \~agman et a l • 1982 

CeF 2+ -973.600 NA NA Wagman et a l • 1982 

CeNoj+ -789.500 NA NA Wagrnan et al. 1982 

ceso;t -1436.300 -1590,800 -71.000 ~lag rna n et a l • 1982 

ce(so4 )z -2190.600 -2493.200 8.000 l~agrnan et a l • 1982 

cec1 2+ -798.7 -840.6 -88.1 Wagman et al. 1982 

ce3+ -672.0 -696.2 -205. Wagman et al. 1982 

(a) Values tJnavailable for data listed as 'NA'. 

The relationship 

6G~. 298 = 6G~. 298 (products) - 6G~. 298 (reactants) 

was then used to calculate 6G~ 298 for the unknown solid phase or aqueous 
• 

species in the specific reactions • .11. consistent set of auxiliary data 

(Table 9) were used in such calculations. Gibh 1 s free energies of formation 

taken from Naumov et al. (1974) \'/ere recalculated, when the log K298 for the 

associated reaction was given, by using the auxiliary rlata listed in Table g. 

Equilibrium constants are reported in compilations for solutions with par­

ticular ionic strengths. ln the above calculations, where Gihh's free energies 

of formation for a particular solid phase or aqueous species •>~ere calculated 

from log K298 , no attempt was made to correct the cal culater:! values for ionic 

strength effects. lnstead, ionic strengths are listed for the particular 

D.G~ 298 values, and the data should be viewed with this fact in mind • 
• 

It should be noted that the themodynamic data assume that all reactions 

are written as formation reactions 1-1ith either the solid or aqueous products on 

the right side. This convention is consistent with that userl in MINTEQ. In 
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TABLE 4. Thermochemical Data for the Solid Phases of Cerium 

IIG~ ,298 IIH~ 298(a) 5o (a) 

' 298 
Fonnula kJ /mol kJ /mol J/K·mol References 

Ce 0 0 72.0 Wagman et a l • 1982 

ce2o3 -1706.2 -1796.200 150.600 ~·Jagman et al. 1982 

ce2 (so4 )3 ·8H2o -5524.800 I lA NA Wagman et al. 1982 

CeCl 3 -977.800 -1053.500 151.000 Wagman et al. 1982 

Ce(I03 )3 ·2H2o -1582.600 NA NA Wagren et al. 1982 

ceo 2 -1024.6 -1088.7 6 2. 300 Hagf'1an et al. 1982 

CeS -451.500 -459.400 7f: .zoo I.Jagman et al. 1982 

CeCr03 -1452.0 -1540.0 10!:•.0 ~Jagrnan et al. 1982 

(a) Values unavailable for data listed as 'NA'. Species withotrt available 
data for ~Gr 298 could not he added to the database because the 
log K298 va ~es coulrl not he calculated. 

addition, reactions are written in terms of the basis species used in the 

MINTEQ code. For example, the formation of the aqueous complex CoOH+ is writ­

ten as 

2+ + + + Co + H20 +- CoOH + H ; 1 og K298 = -9.67 

A version of the data processing carle MCRT (~!olery 1984) was used to checV, 

hand calculations of equilihrium constants for the formation reactions. MCRT 

calculates log K298 as -6G~. 298 ;[2.303R(298)]. 

MCRT provides a check of reaction stoichiometries, charge balance, and 

internal consistency of the thermochemical data. The internal consistency was 

checked where possible with the following expression: 

In a few cases, data were detenninerl to be inconsistent with respect to this 

equation. The authors of the compilations listin9 such data generally indi­

cated that the free energy and enthalpy values were based on experi~ental 

10 



TABLE 5. Thermochemical Data for the Aqueous Species of Cesium 

6G~ 298 
' 

6H~ 298(a) 
• 

S~gs(a) 
Fa mula kJ/mo1 kJ /mo 1 J/K•mo1 References 

cs+ -291.72 -25S.04 132.84 CODATA Task Group 1978 

CsCl 0 -421.08 NA NA $(11i th and Martell 1976 

(a) Values unavailable for data listed as 1 NA 1
• 

measur·err~ents, whereas the entropies were estimated. In such cases, MCR.T was 

used to calculate entropy values given the measured values for free energies 

and enthalpies of formation. It is these calculated values that are reported 

here for such cases. 

MCRT also generates a set of correctly formatted files containing the 

assigned MINTEQ identification numbers and pertinent thermodynamic data for 

inclusion into the ~H NTEQ datahase. 

The thermodynafTliC data for the solids and aqueous species of Sb, Ce, Cs, 

and Co were added to the database because they are potentially important ac; 

migrating contaminants and, additionally, because it is important to have a 

ther~odynamic database that is as complete as possible. All components in the 

~INTEQ therModynamic database are potentially important to low-level waste, 

even though a particular component (element or species) may not be a constitu­

ent of the initial waste. This is the case because the waste l"lay react with 

surrounding sediments. ind1genous migrating solutions, or solidification agents 

that do contain the specified component. This external component could then be 

important in the adsorption/ rlesorption and precipitation/dissolution reactions 

that affect the concentrations of components found in the unreacted low-level 
waste. 
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TABLE 6. Thermochemical Data for the Solid Phases of Cesium 

~G~,298 ~H~,298(a) s~9B(a) 
Formula kJ /mo 1 kJ /mo 1 J/K·mo1 References 

Cs 0 0 85.23 Wagman et al. 1982 

CsOH ·370.702 -415.722 98.742 Robie et al. 1978 

cs2co3 -1054.368 -1139.722 204.4 72 \Jagman et al. 1981 

cs 2c r2o7 -1908.281 -2088.820 330.076 Wagman et al. 1981 

cs 2o -308 .361 -346.812 146.858 Robie et al. 1978 

cs2so4 -1323.818 -1443.020 211.920 Hagman et al. 1Q81 

cs2uo4 -1797.279 -1919,996 219.660 Robie et a1. 1978 

CsA1(S04)2(H20J 12 -5168.077 -6094.833 686.092 \~agman et a1. 1981 

CsBr -391.413 -405.806 113.052 Wagman et a 1 • 1981 

CsBr3 -405.011 -432.626 221.752 Wagman et a1. 1981 

CsBro3 -284.972 -375.807 163.594 Wag rna n et a1. 1981 

CsC1 -414.551 -443.044 101.169 ~lagl'lan et a1. 1981 

C sC 1 03 -307.942 -411.706 156.063 Wagman et a1. 1981 

CsC104 -314.344 -443.086 175.059 Wagman et a 1 • 1981 

CsCuC1 3 -627.182 -698.728 213.384 Wagman et a1. 1981 

CsF -525.510 -553.543 92.801 Wagman et a1. 1981 

CsHF 2 -858.975 -923.827 135.185 HagMan et a1. 1981 

Csl -340.578 -346.603 123.051 l~agman et a1. 1981 

Csi 2Br -385.346 -397.062 238.488 tJagman et a 1 • 1981 

Cs! 3 -354.803 -361.916 235.141 Wagman et a 1 • !981 
Csi 4 -357.732 -365.682 290 . .788 Wag rna n et a1. 1981 

CsiBr2 -422.584 NA NA l~agr1an et a1. 1981 
Cs!RrCl -443.504 NA Nil Wagrr1a n et a 1 • 1981 

Cs!RrF -546.012 NA Nl\ Hagman et a1. 1981 
Cs!03 -431.881 NA ~U\ Wa<Jma n et a1. 1981 

(a) Values unavailable for data listed as 'NA'. Species without 
available data for hG~ )98 could not he added to the database 
because the log K298 vA ues could not be calculated. 
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TABLE 6. (contd) 

I1G~,298 6Hf,29B(a) s~98(a) 
Fonnul a kJ/mol kJ /mol J/K•mol Referen-ces 

Csi04 -380.744 NA NA Hagman et al. 1981 

CsN03 -406.601 -505.971 155.226 Wagr1an et al. 1981 

CsB02 -915.1 -972.4 104.35 WagrTJan et al. 1982 

CsBCl 4 -826.7 -941.8 151.0 t>lagman et a l • 1982 

(a) Values unavailable for data listed as 1 NA 1
• Species 1-1ithout available 

data for 6G~ 298 caul d not be adderl to the database because the 1 og K298 
values could'not he calculated. 
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TARLe 7. Themoch eJTii ca 1 Data for the Aqueous Species of Cobalt 

0 '"~.298(a) 5o (a) 
11Gf,298 298 

Formula kJ/mo 1 kJ/mor J/K•mol References 
Co2+ -54.392 -58.199 -112.968 Robie et al. 1978 

CozOH3+ -281.583 NA NA Smith and Marte 11 1976 
co3+ 134.014 92.006 -305.892(b) Robie et a 1 • 1978 
Co4 (0H)~+ -993.282 NA NA Smith and Martell 1976 
CoCO~ -600.404 NA NA Cosovic et al. 1982, I = 0.56 
CoF+ -338.486 NA NA Smith and Marte 1 1 1976 

CoHCO~ -649.189 NA NA Zhorov et al. 1976, 1 • 0. 7 
CoHPog -1156.123 NA NA Smith and Marte 11 1976. I • 0.5 
CoHS+ -79.496 NA NA Smith and Martell 1976 
Co(HS)~ -80.333 NA NA Naumov et al. 1974 
Co(NH3)2+ -92.466 -145.185 12.552 Wagman et al. 1982 
Co(NH3)!+ -127.612 NA NA Wagman et al. 1982 
Co(NH3)J+ -158.992 NA NA Wagman et al. 1982 
Co(NH 3 )~+ -189.117 NA NA Wagman et al. 1982 

2+ Co(NH3)5 -216.313 NA NA Smith and f~artell 1976. T • 293 K 

[Co(NH3)5]c12+ -291.625 -628.018 341.414 Wagman et al. 1982 
[Co(NH3)5(N02JJ2+ -167.360 -613.374 163.176 Wagman et a 1 • 1982 
Co(NH 3 )~+ -156.900 -584.923 146.022 Wagman et al. 1982 
[Co(NH3)6]8r2+ -252.714 -718.393 163.176 Wagman et al. 1982 
[Co(NH3)6]c1 2+ -279.910 -770.274 117.152 I'Jagman et al. 1982 
[Co(NH3)6JI 2+ -202.924 -648.938 213.384 'llagman et al. 1982 
[Co(NH3)6]0H2+ -330.536 NA NA 'll'agman et al. 1982 
[co(NH3i 6Jso;t -920.898 -1492.433 238.070 Wagman et a 1 • 1982 
CoOH+ -236.396 NA NA Smith and Martell 1976 
Co(OH)~ -421.705 NA NA Wagman et a1. 1982 
Co(OH)j -581.994 NA NA .5mi th and Martell 1976 
Co(OH)~- -741.823 NA NA Smith and Martell 1976 
CoP2o?- -2008.320 NA NA ')mi th and Martell 1976 
cos2og -471.955 NA NA ~)mi th and Martell 1976, I • 0.1 
HCo02 -407.522 NA NA \Jagman et a1 • 1982 

(a I Values unavailable for data 1 i sted as 'NA I • 

(b I Calculated by MCRT. 
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TABLE 8. Thermochemical Data for the Solid Phases of Cobalt 

Formula 

Co, a hexagonal 

CoS04 •7H20 

Co3(As04)2 
Co3(P04)2 
Co304 
CoC1 2 
CoC1 2•2H20 

CoC1 2 •6H20 

CoC1 2 ·H20 

CoF 2 
CoHP04 
[Co(NH3)5C1]C1 2 
[Co(NH3)5H20]C1 3 
Co(NH3)5N02(N03)2 
Co(NH3)6Br3 
Co(NH3)6(C104)3 
Co(NH 3)6(N03)3 
CoO 
Co(OH) 2(b) 

Co(OH) 2(c) 

Co(OH) 2(d) 

Co(OH) 2(e) 

Co(OH) 3 
CoS04 
CoS04 •6H20 

IIG~ 298 • 
kJ /mo 1 

0.000 

-2473.42 

-1620.8 

-2398.6 

-772.868 

-269.8 

-764.835 

-1725.482 

-527.184 

-647.265 

-1181.9 

-582.5 

-777.8 

-412.9 

-500.9 

-221.1 

-524.5 

-214.179 

-450.198 

-454.382 

-458.148 

-459.82 

-596.638 

-782.3 

-2235.36 

IIH~ 298(a) 
• 

kJ/mol 

o.ooo 
-2979.93 

NA 
NA 

-891.192 

-312.5 

-922.990 

-2115.430 

-615.048 

-692.034 

NA 

-1017.1 

-1288.0 

-1088.7 

-1002.90 

-1034.7 

-1282.0 

-237.944 

NA 

-539.736 

NA 
NA 

-730.526 

-888.3 

-2683.6 

s~98(a) 
J/K•mol 

30.041 

406.06 

NA 
NA 

102.508 

109.16 

188.280 

343.088 

191.209 

81.965 

NA 

366.100 

346.0 

331.0 

325.1 

615.0 

448.0 

52.969 

NA 

79.496 

NA 
NA 

83.680 

118.0 

367.61 

(a) Values unavailable for data listed as 'NA'. 
(b) Blue precipitate. 
(c) Pink precipitate. 
(d) Pink precipitate, aged. 
(e) Transvaalite. 
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TABLE 8, ( contd I 

oG~ 298 
' 

oH~ 298(al 
' 

s~98(al 
Fonnula kJ /mo 1 kJ /mo 1 J/K·mol References 

CoS04 •H20 -1042.946 -1200.724 175.728 Na11mov et al. 1974 

cos2 -145.603 -153.134 69.036 Vaughan and Craig 1978 

Co9s 8 -834.708 -851.026 471.955(bl Vaughan and Craig 1978 

co3 (As04 12 ·8H2o -3518.744 NA NA Naumov et al. 1974 

CoOOH -398.735 NA NA Sil len and r1artell 1964 

CoS -95.3g5 -96.23< 58.576 Vaughan and Craig 1978 

Co3s 4 -348.946 -358.987 184.514 Vaughan and Craig 1978 

CoAs -49.371 -51.045 59.413 Naumov et al. 1974 

CoAs2 -%.650 -83.262 146.440 Naumov et a 1 • 197 4 

CoC0 3 -640.152 -716.092 38.617 tlaumov et al. 1974 

(a) Values unavailable for data listed as 'NA'. 
(hI Calculated by MCRT. 
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TABLE 9. Thennochemi cal Data for Auxiliary Species 

~G~ 298 • ~H~ 298 • s~98 
Formula kca1/m1 kcal/rnol ca1/K·mo1 References 

H20 -56.69 -68.32 16.72 Robie et a 1 • 1978 

F" -67.34 -80.15 -3.15 Robie et a1. 1978 

C1" -31.38 -39.93 13.56 Robie et a1. 1978 

sr· -24.87 -29.04 19.80 Robie et a1. 1978 

C104 -2.06 -30 0 91 43.50 Wagman et a1. 1982 

HS- 2.88 4.20 15.00 Robieetal. 1978 
s o2· 2 3 -1'2.80 -155.90 8.90 ~laumov et a 1. 197 4 

so~- -177.97 -217.32 4 .so Rohi e et a1. 1978 
co2· 3 -126.17 -161.84 -13.60 Robie et a1. 1978 
pol· 

4 -243.50 -305.30 -53.00 Robie et a1. 1978 

H 3As0~ -183.10 -215.70 44.00 \Jagman et al. 1982 

NO" 2 -8.9 -25.0 33.5 Robie et al. 1978 
NO" 3 -26.61 -49.57 35 .oo Robie et a1. 1978 
NH+ 4 -18.99 -31.85 26.57 Wagman et al. 1982 
H+ 0.000 o.ooo 0.000 By Definition 

]" -12.412 -13.599 25.500 CODATA 1976 
A1 3+ -116.900 -126.910 -73.610 Rohi e et a 1. 1978 
cu 2+ 15.720 15.700 -23.200 Cm·1an 1936 

uo2+ 
2 -227.700 -243.500 -23.200 langr~ui r 1978 

o2· C r 4 -174.810 -210.930 13.780 Schmidt 1984 

H380~ -231.560 -256.290 38.800 \~agman et al. 1968 
Mn 2+ -19.600 -27.000 -63.980 PlumMer et al. 1976 

MoO~- -199.900 -238.500 6.500 t~agman et a1. 1969 
vo• z -140.300 -155.300 -10.100 \~ag!'1an et a1. 1971 
vo2+ -106.700 -116.300 -32.00 Wagman et al. 1968 
1-lg?.+ -108.700 -111.580 -33.000 Parker et a 1 • 1971 

Cr(OH)z -153.350 -177.290 -10.030 Schmidt 1984 

e o.ooo o.ooo 15.604 CODATA 1g75 
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APPLICATIONS TO SPECIAL WASTE FORM LYSIMETERS-ARID PROGRAM 

For the modeling associated with the Special Waste Form Lysimeters-Arid 

program, the MINTEQ computer code can be considered to have four parts: 1) a 

speciation submodel, 2) a solubility submodel, 3) a mass transfer submodel, and 

4) an adsorption submodel. The calculations completed by each subrnodel are 

dependent on the thermodynamic data stored in the MINTEQ database. Based on a 

need identified from thorough characterization of the wastes being evaluated in 

the program, thermodynamic data for Sb, Ce, Cs, and Co were added to the data­

base. Recause of their interrelationship, the ion speciation and solubility 

submodels will be discussed together. 

SPECIATION AND SOLUBILITY 

In the speciation submodel, MINTEQ computes the activities of complexed 

and uncomplexed cationic and anionic species, neutral ion pairs, and the activ­

ities of cationic and anionic redox species. These activities are then used in 

the solubility submodel, which performs solubility calculations in which ion 

activity products for solids and minerals are calculated. The calculated 

activity products (AP) are compared to the solubility products (K) of minerals 

and solids stored in the thermodynamic database of MINTEQ to develop a satura­

tion index [log (AP/K)]. This saturation index indicates the degree of under­

saturation or oversaturation of a solution relative to solids and minerals of 

interest. If a solution is oversaturated with respect to a particular solid 

phase, the value of the saturation index [log (AP/K)] is greater than 0. Over­

saturation conditions are usually explained by precipitation kinetics and/or 

mineralogical factors that prevent the solid from precipitating at a rate suf­

ficient to control the concentrations of its dissolved components. If the sat­

uration index reflects undersaturation [log (AP/K) is less than 0], it is 

concluded that either 1) a less soluble (thermodynamically more stable) solid 

is controlling the dissolved constituents' concentrations, 2) another mechan­

ism, such as adsorption, is controlling the concentrations of the component 

species below their solubility products, or 3) the constituents' concentrations 

in the source are low. A consideration of the saturation indices of the solu­

tions resulting from the interactions of low-level waste with aqueous solutions 
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will provide useful information as to solids, minerals, and mechanisms that 

control or affect the concentrations of specified constituents of the system. 

It will then be possible, using this information, to make predictions about 

future environmental con cent rations of the canst i bents. 

MASS TRANSFER 

The results from the solubility submodel of MINTEQ are used by the mass 

transfer submodel to calculate the mass of solid t'nat precipitates or dis­

solves. MINTEQ keeps track of the mass of solid that precipitates from solu­

tion or dissolves from the sediment. The solids t1at represent the solution 

are those considered likely to precipitate from solution because of changes 

that occur in specific solution parameters (e.g., JH and pe) when the solution 

comes into contact with the assemblage of solid phases (chemical model) that 

represent the waste forms. If the solubility submodel indicates that a given 

solution is oversaturated with respect to a solid phase considered in the chem­

ical model of the system, the mass transfer submodel will precipitate that 

solid until the solution is at equilibrium [i.e., log (log AP/K) = 0] with the 

solid. If the solubility submodel indicates that ,3. solution is undersaturated 

with regard to a particular solid in the chemical model of the system, the 

t~INTEQ mass transfer submodel will dissolve that solid until solution equilib­

rium is achieved with respect to the solid, or until the finite r.1ass of the 

solid is completely dissolved. 

ADSORPTION 

Adsorption of a solute molecule on the surface of a solid can involve 

removing the solute molecule from the solution, removing solvent from the solid 

surface, and attaching the solute to the surface of the solid (Stumm and Morgan 

1981). The MINTEQ computer code can model adsorption onto solid surfaces via 

several mechanisms: 1) a distribution coefficient, Kd, 2) a Langmuir isotherrr1, 

3) a Freundlich isotherm, 4) an ion exchange model, 5) a constant-capacitance 

surface complexation model, and 6) a triple-layer surface complexation model. 
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The Kd is defined as the ratio of the mass of adsorbed species to the con­

centration of the species remaining in solution. Adsorption models conven­

iently describe the adsorption of solutes by solids at constant temperature 

(thus the label "isotherm"} in quantitative terms (Bohn et al. 1979). The 

langmuir isotherm has the advantage over the Kd (linear isotherm) in consider­

ing a mass balance on surface adsorption sites (Felmy et al. 1984). The 

Freundlich isotherm was derived empirically from adsorption data for dilute 

solutions. The Freundlich isotherm implies that the energy of adsorption 

decreases logarithmically as the fraction of surface covered increases (Bohn 

et al. 1979). In the MINTEQ code. the activities of the aqueous species that 

doMinate the adsorption reaction with the surface sites are used instead of the 

total concentrations of the adsorbate. The use of the acbvities instead of 

concentrations allows consi deration of the "effective" con cent ration of each 

adsorbate. Consequently. the K0 's and langmuir and Freundlich isothems are 

referred to as "activity" Kd's and "activity" langmuir and Freundlich iso­

therms. Ion exchange reactions involve the exchange of ions with 1 ike charge 

on the solid surface. The two surface complexation models include treatment 

of electrostatic effects due to surface charge and the effect of solution 

chemistry on the solid. A general description of each algorithm is given by 

Felmy et al. (1984). Additional details on the mathematical formulation and 

nuances of the algorithms can be obtained frofll references cited by Felmy et al. 

(1984) 0 
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GEOCHEMICAL MOOEL!NG PROCESS 

A chemical model of the interaction of low-level wastes with sediments and 

solutions indigenous to the shallow land burial site can be developed through 

many different methods and thought processes. Plummer ( 1984) has conveniently 

classified the modeling approach into "inverse" and "forward" methods. The 

inverse method, as described by Plummer, is similar to the inverse problem in 

hydrology (Freeze and Cherry 1979). The goal of both the inverse and forward 

methods is to identify the dominant mechanisms that account for concentration 

distributions of aqueous and solid phases along a flow path. These mechanisms 

involve such things as precipitation/dissolution of solids, adsorption/desorp­

tion, ion exchange, and advection-dispersion. Once the dominant mechanisms are 

identified and incorporated into a chemical model of the system, the chemical 

model can be used in the forward mode to predict aqueous concentrations and 

mass transfers in as yet unstudied systems. In this report, the term "inverse 

method" is used narrowly to mean a method that considers only mass transfers 

between two points such that the analytical data at the final point are repli­

cated exactly. Any other method is considered to be a forward method. 

The inverse method of modeling is more quantitative than the forward 

method. However, it can be employed only when appropriate hydrogeochemical 

data along the evolution-path (i.e., the flow path along which mass transfer 

mechanisms operate) are available. With the inverse method, one works from 

observed data at two points separated in space along a single flow path. The 

objective is to find a reaction model that produces mass transfers along the 

flow path that are consistent with the data at the two observed points. The 

inverse method is not constrained by thermodynamics; however, the results 

should be checked by the forward method using thermodynamic constraints on the 

plausible phases selected for the conceptual chemical model of the system. 

t1inimally, ion speciation and solubility calculations should be performed on 

the initial and final points in the system to check thermodynamic feasibility. 

In other words, the inverse method predicts the mass transfers that are consis­

tent with the geochemistry of the initial ancl final observation points. These 

mass transfers are unconstrained by thermodynamic considerations. 
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A simple mass balance computer code, such as BALANCE {Parkhurst et al. 

1982) is sufficient to develop a model using the inverse method. The column 

experiments conducted at PNL will provide the data necessary to perform the 

inverse modeling. The two points to be modeled are the chemistry of the batch 

leachate entering the soil column and the chemistry of the leachate after it 

passes through the column. 

The forward method uses a developed conceptual chemical model of the sys­

tem to predict the aqueous compositions and mass transfers resulting from the 

sediment/solution interaction. This is the only practical approach in the 

absence of analytical data sufficient for inverse nodeling. The conceptual 

chemical model of the system may or may not be constrained thermodynamically. 

Even if it is not constrained thermodynamically, the forward method differs 

from the inverse method by being used in a predictive mode. One may develop a 

chemical model using the inverse method and subsequently use the chemical model 

in a forward mode to predict water quality data and mass transfers in the 

future or at another site. To use thermodynamic c::mstraints in 111aking predic­

tions regarding a site, the forward method is implied. This use of thermody­

namic constraints is both an advantage and liability of the forward method. \-Je 

gain a better thermodynamic understanding of the s_ystem, but it is difficult to 

consider the rate-dependent or kinetic effects. The inverse method leads to 

field-derived kinetic data. The kinetic data are field derived in the sense 

that any reactions that might occur are merged in the postulated mass transfer 

reactions that produce the measured aqueous phase :ompositions at the final 

point in the evolution-path. 

Using either the forward or the inverse method, one tries to develop a 

conceptual chemical model of the system, hereafter referred to as a chemical 

model. Depending on the method selected, the chemical model is used to repli­

cate exactly or predict as closely as possible the observed or future analyti­

cal data at a point. Using the forward method, on1~ could develop a generic 

chemical model of the interactions of low-level wa·5tes with geologic sediments 

that could be used in a predictive mode at other sites; this would preclude the 

necessity of developing an individual chemical model for each site. The for­

ward method is the only alternative at sites where sufficient and appropriate 

24 



data are unavailable. Use of the forward method would enable a regulatory 

agency to evaluate a potential site for suitability as a low-level waste burial 

site. The inverse method can only be used at existing sites to develop a reac­

tion model to account for what has been observed at the site. However, this 

reaction model could then be used in a forward mode to predict future condi­

tions at the site. 

For the Special Waste Form Lysi)11eters-Arid program, the geochemical model 

will be developed using the laboratory data and employing both the inverse and 

forward methods. Once developed, the model will be used in the forward mode to 

predict the release from the field-lysimeter facility containing full-scale 

waste samples. The contaminant concentrations migrating from the wastes will 

be predicted and compared to the long-term lysimeter data. This will consti­

tute a partial field validation of the geochemical model. 

APPLICATION OF THE MODEL 

Peterson et al. (1983) were among the first to use a hypothesized solid­

phase assemblage to predict the aqueous compositions resulting from a solution 

contacting heterogeneous sediments in a flow-through system. The sol ids and 

minerals in this solid-phase assemblage were allowed to precipitate and dis­

solve as the solution cor1position changed. The solid-phase assemblage, in con­

junction with the MlNTEQ geochemical computer code, was used to sifllulate the 

contact of acid uranium mill tailings solutions from Wyoming with indigenous 

geologic sediments containing calcium carbonate. The compositions of the aque­

ous phase and the change in mass of each solid phase in the assemblage were 

calculated as successive pore volumes of solution interacted with the solid­

phase assemblage. This generic approach has heen successful in predicting con­

taminant concentrations in plumes migrating from uranium mill tailings waste 

impoundments, and it is currently being used to evaluate migration from coal 

combustion by-products. The MINTEQ computer code will be a useful tool for 

better understanding the interaction of low-level wastes with the surrounding 

environments, and in developing a chemical model of these interactions. This 
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chemical model. partially validated under the Special VJaste Form Lysimeters­

Arid program. will be valuable in helping evaluate the migration of radionu­

clides from solidified low-level waste at shallow land burial sites. 
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APPENDIX A 

REACTIONS INVOLVING AQUEOUS SPECIES AND 

SOLID PHASES OF ANTIMONY, CERIUM, CESIUM, AND COBALT 



ID Numhe r 

7403300 

7403301 

7 402700 

7402702 

7 407300 

7407410 

In t!umber 

1074000 

2074000 

2074001 

2074100 

2074002 

2074003 

2074004 

4174000 

4074000 

ID flumber 

1701710 

1702700 

1701800 

1701802 

170!300 

1707320 

1707321 

1704920 

TABLE A.l. Reactions Involving Antimony Aqueous Species 

R~act ion 

H+ + Sb(OH)§ t SbO+ + 2H20 

Sb(OH)~ t SbOz + H20 + H+ 

Sb(OH)§ + H+ + F- 1: Sb0F 0 + 2H20 

Sb(OH)S + F- + H+ t Sb(OH) 2F0 + HzO 

2Sb(OH)§ + 4HS- + 2H+ t Sb2sa- + 6Hz0 

Sb(OH)~ + 3H20 t Sb(OH)6 + 3H+ + 2e-

6H~ 298 
kJ)mol 

NA 
NA 
NA 

NA 
-316.64 

NA 

TARLE A.2. Reactions Involving Antimony Solid Phases 

Reaction 

2Sb(OH)§ + 3HS- + 3H+ t Sb2S3 + 6H20 

2Sb(O>I)§ t Sb203 + 3H20 

2Sb(OH)§ t Sb2o4 + 2H20 + 2H+ + 2e-

2Sb(OH)6 + 2H+ t Sb205 + 7 H20 

4Sb(OH)§ t Sb406 + 6H20 (cubic) 

4Sb(OH)§ t Sb4o6 + 6H20 (orthorhombic) 

Sb(OH)~ t Sb(OH) 3 (solid) 

Sb(OH)§ + 3Cl- + 3H+ ~ SbCl 3 + 3H20 

Sb(OH)§ + 3Br- + 3H+ t SbRr3 + 3H 20 

6H~ 298 
kJ )mol 

-239.91 

-18.79 

+68.07 

NA 
-61.09 

-37.59 

NA 
+35.20 

+21.23 

TARLE A.3. Reactions Involving Cerium Aqueous Species 

Reaction 

C 3+ c4•-e :t e +e 

Ce3+ + F+ + CeF2+ c 

Ce3+ + Cl- t CeC1 2+ 

ce3+ + Cl- + 4H20 :t CeClOa+ + SH+ + Se-

c 3+ B - C B- 2+ .e + r :. e r-

ce3+ + so~- :t ceso4 
ce3• + 250~- t Ce(S04l2 
ce3+ + NOJ t CeNoj+ 

A.! 

~H~ 298 
kJ )m l 

+159.00 

NA 
+22.68 

+1131.70 

NA 
+14.67 

+21.53 

NA 

Log K298 
+ 1.180 

-11.803 

+6.180 

+6.182 

+49.287 

-29.37 

Log K298 
+60.134 

+8.481 

-3.403 

+19.654 

+19.661 

+17.016 

+2.355 

-0.592 

-1.053 

log K298 

-29.467 
+3.477 

-0.804 

-185.866 

+0.605 

+3.446 

+5 .071 

+1.0811 



ID Number 

2017000 

2017001 

4117000 

4317002 

1017000 

5417001 

6017001 

ID tlumber 

2201800 

TABLE A.4. Reactions Involving Cerium Solid Phases 

Reaction 

Ce3+ + 2H20 t Ce02 (cerianite) + 4H+ + e-

2Ce3+ + 3H20 t Ce2o3 + 6H+ 

Ce3+ + 3Cl- t CeC1 3 
Ce3+ + 31- + 11H20 t Ce(!03)3•2H20 + 18Ht + 18e­

Ce3+ + HS- + e- t CeS + H+ 

Ce3+ + Cr(OH) 2+ + H20 t CeCr03 + 4H+ 

2Ce3+ t 350~- + 8H2o t Cez(S04)3•8H20 

l!H~ 298 
kJ)mol 

+179.18 
log K298 
-21.198 

+453.69 -60.901 

t143.94 -15.429 

NA -324.850 

+254.37 -36.518 

+183.81 -17.310 

NA +8.653 

TABLE A.5. Reactions Involving CesiuM Aqueous Species 

l!H~ 298 
Reaction kJ)mol Log K292 

Cs+ + Cl- • CsCl 0 NA -0.34 • 

A .2 



10 NuJ11her 

2022001 

2022002 

4222000 

4222001 

4122001 

4122003 

4122004 

4022001 

4022003 

4022004 

4322001 

4322003 

4322004 

4322005 

4322006 

4022005 

4322007 

4322008 

4322009 

fi022001 

5122001 

5022001 

6022002 

4122005 

7 522000 

3022003 

5222000 

5222001 

TABLE A.6. Reactions Involving Cesium Solid Phases 

Reaction 

?:Cs+ + HzO :t Cs 2o + 2H+ 
Cs+ + HzO t CsOH + H+ 

Cs+ + F- :t CsF 

Cs+ + H+ +2F-t CsHFz 

Cs+ + Cl- :t CsCl 

Cs+ + Cl- + 3H20 t CsCl0 3 + 6H+ + 6e­

Cs+ + Cl- + 4Hz0 t CsC104 + SH+ + Se­

es+ + Br- ~ esBr • 
Cs+ + 3Br- :t CsBr3 + 2e-

es+ + Br- + 3H?:O t essr03 + 6H+ + 6e­
es++I-tesi 

Cs+ + 31- t Csi3 + 2e­

Cs+ + 41- :t Csi4 + 3e-

Cs+ + I- + 3Hz0 t Csi03 + 6H+ + 6e­

Cs+ + r- + 4Hz0 t es104 + BH+ + Se­

es++ 1- + 2Br- t CsiBrz + 2e-
es+ + zr- + Br- t Csi 2Br + 2e-

Cs+ + I- + Rr- + F- t CsiRrF + 2e­

Cs+ + I- + Br- + Cl- t CslBrCl + 2e-

2Cs+ + soa- t Cs2so4 
Cs+ + NOJ :t CsN03 
2Cs+ + coj- t CszC03 
cs+ + Al 3+ + 2so£- + 12H 2o t csAl(so4 )2·12H 2D 
Cs+ + Cu 2+ + 3Cl- t CsCuCl3 

zcs + + uo~+ + 2H2o t cs 2uo4 + 4H+ 
zcs+ + zcroa- + ?H+ t cs 2cr2o7 +H2o 

Cs+ + !13B03 t CsBOz + HzO + H+ 

Cs+ + H3so3 + 4Cl- + 3H+ t CsBC1 4 + 3H20 

A.3 

bH~ 298 
kJ I mo 1 

+455,10 

+127.14 

+39.85 

+4.916 

-17.92 

+870.90 

+1125.35 

-26.27 

+189,91 

+861,22 

-31,66 

+66.82 

+119.95 

NA 

NA 

NA 
+96.27 

NA 

NA 

-17,67 

-40,57 

+53.50 

-57,31 

-5.14 

+186.55 

-93,51 

+ 72,\3 

+199.39 

Log K293 
-89,742 

-27,715 

-8.401 

+0,658 

-1.481 

-144,816 

-185,248 

-0.762 

-34.834 

-144,067 

-0.538 

-16,241 

-24.826 

-108.851 

-159,713 

-22,626 

-20,020 

-32,135 

-23.734 

-0,743 

+0,622 

-9.979 
+9,058 

+1,291 

-37,156 

+17.383 

-18.9fi8 

-43,350 



ID Number 

2012000 

2003300 

2003301 

2003302 

2003303 

2003304 

2003305 

2003306 

2002700 

2001400 

2001401 

2007300 

2007301 

2007350 

2005800 

2005801 

2004900 

2004901 

2004902 

2004903 

2004904 

2014907 

2014900 

2014901 

2014902 

2014903 

2014904 

2014905 

2014906 

TABLE A.7. Reactions Involving Cobalt Aqueous Species 

RP.act ion 
co3+ e- --)- Co2+ • 
Co2 + H20 t CoOH+ + !·t 
Co2+ + 211 20 z Co(OII)~ + 211+ 

Co2+ + 311 20 z Co(OII)j + 311+ 

Co2+ + 41120 z Co(OII)~- + 411+ 

2Co2+ + H20 :t. Co20H 3+ + H+ 

ci+ + 2H20 t HCo02 + 3H+ 

4Co2+ + 411 20 z Co4 (0II)a+ + 411+ 

Co2+ + F- --)- CoF+ • 
Co2+ + co1- t CoCO~ 
Co2+ + co1- + H+ t CoHCOj 
Co 2+ + HS- t CoHS+ 

Co2+ + 211S" z Co(IIS)~ 
co2+ + s2o1- t Cos2o~ 
Co2+ + POJ- + H+ t CoHPO£ 

Co2+ + 2PO~- + 2H+ t CoP 2 o~· + H20 

Co2+ + NH! t CoNHj+ + H+ 

Co2+ + 2NH~ t Co(fiH3 )~+ + 211+ 

Co2+ + 3NH4 t Co(NH3)~+ + 3H+ 
2+ + I 2+ + Co + 4NH 4 z Co NH 3) 4 + 411 

Co2++ 5NH4 t Co(NH3 )~+ + 5H+ 

Co3+ + 6NH4 t Co(NH3 )~+ + 6H+ 

Co3+ + 5NII4 + N02 z [Co(NII3 ) 5N02J2+ + 5H+ 

Co3+ + 6NII4 + 11 20 z [Co(NH3 ) 6 ]011 2+ + 711+ 

Co3+ + 5NII4 + Cl" z [Co(NII3 ) 5]Cl 2+ + 511+ 

Co3+ + nNH;\ + Cl" t [Co(NII3) 6)Cl 2+ + 611+ 

Co3+ + 6NH4 + i3r- t [Co(NH3)6]Br2+ + 6H+ 

Col++ 6NII;\ + r· Z [Co(NII3)6JI 2+ + 6H+ 

Co3+ + 6NII4 + so~- z [Co(NH3 )6 ]S04 + 611+ 

A.4 

6 H~ 298 
kJ)mol Log K298 

NA +33 .01 

NA -9.67 

NA ·18.76 

NA -32.23 

NA -45.78 

NA -11.28 

NA -21.24 

NA -30.32 

NA +0.41 

NA +3.17 

NA. +11.72 

NA +6.51 

NA +8. 77 

NA -16.86 

NA +14.53 

NA +26.89 

+46.27 -7.25 

N.~ ·15.01 

NA -23.44 

NA -32.08 

NA -41.'3 

+122.53 -32.56 

+65.52 -23.33 

NA -43.69 

+113.36 -18.03 

+104.36 -34.01 

+ 110.66 -39.99 

+115.52 -33.59 

+124.39 -29.16 



TABLE A.8. Reactions Involving Cobalt Solid Phases 

ID Number . Reaction 

0020000 ca2+ + 2e- :t Co(alpha, hexagonal) 

2020001 Co2+ + H20 z CoO + 2H+ 

2020002 co2+ + 2H2o z co(OH) 2(blue ppt.) + 2H+ 

2020003 co2+ + 2H2o :t co(OH) 2(pink ppt.) + 2H+ 

2020004 co2+ + 2H2o :t Co(OH} 2(pink ppt., aged) + 2H+ 

2020005 Co2++ 2H20 i Co(OH) 2(transvaalite) + 2H+ 

2020100 Co3+ + 3Hz0 :t Co(OH)3 + 3H+ 

3020100 3Co 2+ + 4H20 + t Co304(cobalt spinel) + SH+ + ze-

2020101 Co3+ + 2H20 i CoOOH(heterogenite) + 3H+ 

4220000 ca2+ + 2F- i CoF2 
4120000 co2+ + 2Cl- i Cocl 2 
4120001 Co2++ 2Cl- + H20 i CoC1 2•Hz0 

4120002 co2+ + 2c1- + 2H2o :t coc1 2 •2H2o 
4120003 co2+ + 2c1- + 6H2D :t cocl 2·6H2o 
7020000 Co2+ + PO~- + H+ t CoHP04 

7020001 3Co2+ + 2PO~- t Co3(P04)2 

5020000 Co2++ CO~- t Coco3(spherocobaltite) 

1020000 Co2++ HS- t CoS(jaipurite) + H+ 

1020001 Co2+ + 2HS- i CoS2(cattierite) + 2H+ + 2e-

1020002 3Co2+ + 4HS- :t Co3S4{l innaeite) + 4H+ + 2e-

1020003 9Co2+ + BHS- + 2e- :t Co9Sg(cobalt pentlandite) + SH+ 

6020000 co2+ + so£- t coso4 
6020001 Co2+ + so£- + 7H20 t CoS04 ·7H20Cbieberite) 

6020002 Co 2+ + soa- + 6Hz0 t CoS04 •6Hz0 

6020003 ca2+ + so£- + H2o t caso 4 ·H2o 
7220002 Co2+ + H 3As0~ + SH+ + 7e- t CoAs(modderite) + 4H2o 

7220003 Co2++ 2H3As02 + lOH+ + 12e- z CoAs2(safflorite) + 8H20 

7220000 3Co2+ + 2H3 As0~ t Co3(As04)2 + 6H+ 

7220001 3Co2+ + 2H3Aso2 + BH2o :t co3(As04) 2•BH20(erythrite) + 6H+ 

5120100 Ca3+ + 5NH4 + N02 + 2ND) t [Co(NH3)5N02](N03) 2 + SH+ 

4120100 Co 3+ + 5NH4 + 3Cl- t- [Co(NH3)5Cl]C1 2 + SH+ 

4120101 Co3+ + 5NH4 + HzO + 3Cl- t [Co(NH3) 5H20]Cl 3 + SH+ 

4120102 Co 3+ + 6NH4 + 3C104 i [Co(NH3)6](Cl04)3 + 6H+ 

4020100 Ca3+ + 6NH4 + 3Br- t [Co(NH3)6]8r3 + 6H+ 

5120101 Co 3+ + 6NH4 + 3NO) t- [Co(NH3)6J(N03) 3 + 6H+ 

A.5 

0 
&lr 298 
kJ}mol 

+58.20 

+106 .08 

NA 
+90 .12 

NA 
NA 

+34.96 

+426. 73 

NA 
+36.86 

+79.81 

+63 .14 

+41.03 

-8.09 

NA 
NA 

+19.25 

-20.46 

-59.79 

-114.10 

-186.65 

+79 .20 

-11.65 

-1.17 

+52.57 

-233.68 

-506.72 

NA 
NA 

+4.94 

+58 .40 

+73.53 

+60.83 

+69.15 

+47 .66 

~9 
-9 .53 

-13.56 

-13.77 

-13.03 

-12.37 

-12.08 

+3 .34 

-59.40 

+10 .23 

+5,15 

-8.25 

-4.73 

-4.65 

-2 .56 

+19.06 

+34.67 

+10.14 

+9 .29 

+20.20 

+40 .99 

+77 ,36 

-2 .91 

+2.46 

+2.31 

+ 1 .18 

+31.12 

+71,41 

-13,05 

-12.99 

-19.31 

-13 .09 

-20.42 

-25.87 

-26.99 

-26 .64 
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