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ABSTRACT

Tables of consistent thermodynamic property values for nuclear waste isolation
are given. The tables include critically assessed values for Gibbs energy of formation,
enthalpy of formation, entropy and heat capacity for minerals; solids; aqueous ions;
ion pairs and complex ions of selected actinide and fission decay products at 25°C and
zero ionic swength. These intrinsic data are used to calculate equilibrium constants and
standard potentials which are compared with typical experimental measurements and
other work. Recommendations for additional research are given.
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SYMBOLS, UNITS AND CONVERSION FACTORS

log = common logarithm, base 10

In = natural logarithm, base e

° = superscript, indicating standard conditions: 25°C, 1= 0
I = ionic strength, mol/kg

K = degrees Kelvin (273.15 + ° C)

J = joules

KJ = kilojoules

mol = gram molecular weight (mole)

z = ionic charge: z, = anion; z. = cation

2. z zrz; p and r refer to reactants and products

=Z Zp
AfG° = Gibbs free energy of formation, kJ/mol

AfH° = Enthalpy of formation, kJ/mol

S¢ = entropy, J/mol/K

Cp® = heat capacity at constant pressure, J/mol/K

ArG° = Gibbs energy of reaction, kJ/mol

ArH° = Enthalpy of reaction, kJ/mol

ArS° = Entropy of reaction, J/mol/K

AGC° = Heat capacity change for a reaction, J/mol/K
Aer° = Gibbs energy of product of reaction

AIG q° = Gibbs energy of reactant of a reaction

K° = Intrinsic equilibrium constant

K() = Apparent equilibrinm constant, at ionic strength, 1
g = gaseous form

s = solid form (crystalline)

am = amoerphous form

aq = aqueous form

=X~



I = liquid form

¢ = standard deviation from mean

R = gas constant, 8.314510 J/mol/K (8.3143 J/mol/K used here)

F = faraday, 96,485.309 coulombs/mole (96,487 used here)

cal (calorie) = 4.184 ]

molal = gram moles per 1000 g water

molar = gram moles per 1000 mL water

pH = -log ay,a= activity of hydrogen ion (H)

pe = -log I activity of electron (e)

r2 = coefficient of determination, measure of predictive accuracy of regression equation and

strength of linear association between the dependent and the independent variables. (degree of
dependence between the two variables)
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EXECUTIVE SUMMARY

Sensitivity studies of the performance of high level waste repository systems suggest that geo-
chemical interactions between radionuclides, groundwater and rocks could provide an important
barrier 10 radionuclide migration. For this reason, an accurate prediction of the solubility and
speciation of aqueous radionuclides is an important component of overall repository perfor-
mance assessments. The use of consistent thermodynamic data in geochemical speciation and
reaction codes is an essential part of these determinations.

This report describes the tabulation of a well-documented set of critically evaluated thermo-
dynamic property values and associated uncertainties for use in geochemical speciation codes.
These tables contain vatues of the following four thermodynamic properties: Gibbs energy of
formation, enthalpy of formation, entropy and heat capacity for solids, simple ions, ion pairs
and higher complexes of elements occurring in nuclear wastes, natural waters and geologic
materials. A computerized data base management system, the Aqueous Solutions Database,
contains all of the data described in this report. The data base is accessible via telecommunica-
tions to interested researchers.

This consistent tabulation includes material from other critical evaluations such as the widely
referenced CODATA tables, the National Bureau of Standards tables, the series of reports on
actinides published by the Intemational Atomic Energy Agency, research papers from scientific
journals, as well as our critical evaluation of experimental work. The data are presented in the
form of individual tables for each element, and a tabulation of auxiliary data. The table of aux-
iliary values consists of standard reference data from CODATA and other sources; this table
also contains values of themrmodynamic properties for master species used in geochemical
codes. The uncertainty in each property value is given; a literature reference for each datum is
listed. A rationale for the selection of data is given in the Comments section found in Appen-
dix II for property values that have been obtained by critical evaluation of experimental results
or estimated by correlation procedures.

Reliable experimental data are not available for many potentially important radionuclide
species. For this reason, correlation methods were developed to estimate missing values. For all
substances in the data base, thermodynamic properties are related by the fundamental equation

AG® =AH° —TA,S° @)

The value of the intrinsic equilibrium constant for any reaction is related to the thermodynamic
properties of the reactants and products by eq ii:

.1-



A,G° = -RTInkK® (i)

where

A,Go = ZAIG; - ZAf G; (lll)

In the case of uncomplexed aqueous ions such as Am™™, the values of A;G° and A, H® are
linearly correlated; this relationship has been used to fill gaps in the thermodynamic tables.
Similarly, we have developed a correlation between heat capacity, entropy and ionic charge for
positively charged ions and negatively charged ions. The heat capacity of neutral agqueous
species was estimated from a third correlation developed as a result of this research. Other
correlations developed from this research include a linear relationship between Gibbs energy of
formation and enthalpy of formation for ion pairs and higher complexes; Gibbs energy of for-
mation and enthalpy for crystalline solids; Gibbs energy of formation and number of ligands;
and, enthalpy of formation and the number of ligands. The last two correlations are valuable
because they permit linear extrapolation and interpolation to any ligand number.

These correlations are important in that all gaps in a tabulation of thermodynamic values such
as this data base can be filled with estimated values of the four properties. Correlation methods
were used extensively to obtain data for the higher complexes. The Gibbs energy of formation
and enthalpy of formation are strongly correlated over a range of oxidation states, electronic
configurations and ligand numbers.

The scope and quality of the data as well as the structure of the computerized data manage-
ment system facilitate application of the data base to analyses of the sensitivity of calculated
radionuclide speciation and release, to uncertainties in available thermodynamic data. The sen-
sitivity studies are related to uncertainties in the values of thermodynamic quantities used to
compute equilibrium constants for chemical processes, or to the lack of experimental measure-
ments which unequivocally verify the existence of an aqueous species.

One type of sensitivity analysis might examine the importance of including or excluding con-
tested species in calculations of the total aqueous concentration of a particular radionuclide
available for convective transport. A second kind of analysis may involve the propagation of
experimental errors and uncertainties in thermodynamic property values in the interpretation of
laboratory measurements. In the past, this type of sensitivity analysis has led to recommenda-
tions for improved analytical techniques.

A final type of sensitivity analysis involves randomized sampling of values of logK from
user-defined distributions. By sampling repeatedly from assumed distributions of logK’s and
carrying out replicate speciation calculations, unceriainties could be calculated for the estimate

concentrations of aqueous species. Examination of the resulting response surface by a variety

-2-



of statistical techniques could identify the particular constants that dominate the uncertainty in
the calculated solubilities and speciation.

Constraints on the level of accuracy and internal consistency of the data base are commen-
surate with the intended use in sensitivity analyses. This data base is internally self-consistent
in the following ways: 1. the relationship described by eq (i) above is valid for each substance
to better than 1000 J/mol, and 2. an intrinsic equilibrium constant calculated from the Gibbs
energy of reaction will have a single value irrespective of the number of chemical equations
added to obtain a given final reaction. If the criteria are not met, then the necessary changes
are made in the data base, and these changes propagated throughout the data base. The accu-
racy of the data is verified by comparing our calculated values of equilibrium constants with
the original experimental data, for typical reactions.



1.0 INTRODUCTION

1.1 Introduction

The Nuclear Waste Policy Act, as amended (NWPA), established disposal of high level waste
(HLW) in deep geologic repositories as the preferred method of HLW management. The sub-
surface formations will be carefully evaluated to ensure that the wastes are isolated and con-
tained within defined limits for 10,000 years (1). The Environmental Protection Agency has set
maximum allowable cumulative release limits for all of the radionuclides included in and gen-
erated by the wastes (2). In additon, the U.S. Nuclear Regulatory Commission has established
additonal performance objectives for different parts of the repository system (3,79). Two
important questions that must be addressed in support of the NWPA are: how can the reposi-
tory performance with respect to the containment objectives be predicted; and, what is the
uncertainty in these predictions? Computer codes have been used to simulate the release of
radionuclides from hypothetical repositories (1). Sensitivity studies of the performance of repo-
sitory systems suggest that geochemical interactions between radionuclides, groundwater and
rocks could provide an important barrier to radionuclide migration (96). Accurate prediction of
the speciation and solubility of aqueous radionuclides is an important component of overall
repository performance assessment. The use of thermodynamic data in geochemical speciation
and reaction codes is an essential part of these determinations (4,11).

The objective of this research is tabulation of thermodynamic data for waste nuclides for use in
sensitivity analysis of HLW repository performance. The sensitivity studies take different
forms; but all are related to uncertainties in values of the thermodynamic properties used to
calculate equilibrium constants for chemical processes. In one type of analysis, the potential
importance of one or more aqueous species in calculating the solubility, and therefore
integrated discharge, of a radionuclide can be examined. A calculation would be made using
expected repository conditions, including and then excluding a specific species. For example,
the importance of the aqueous species U (OH )5 in calculating the solubility of uranium in wff,
basalt and saline waters could be assessed. Both the existence of U (OH )5 in alkaline solution
(5), and the solubility data of UO ,(s) (6,59) in alkaline solution have been questioned (7,98).

Other analyses involve the selection of an equilibrium constant for a particular chemical reac-
tion. It is common practice to use the mean value of an equilibrium constant in speciation cal-
culations; the standard deviation is not taken into account in the final results. Users of codes
appear to rely on inmitive reasoning based on their own experience, in order 10 assign uncer-
tainties to the final calculations, and therefore results of the predicted behavior of a waste
nuclide. Sensitivity analysis can be performed on equilibrium constants and their propagated
uncertainties to quantify both the mean value and standard deviation. A result could be recom-
mendations for additional measurements to obtain an improved mean value; and also to suggest
a better laboratory method. An excellent example of this approach is the recent work by Fish
and Morel in which three analytical methods were compared for propagation of error in fulvic
acid titration data (8). Their objeciive was to measure the precision of each method, and then
quantify the propagation of error for each transformation of data. This approach is an



altemative to numerous replicate titrations.

A final type of sensitivity analysis involves randomized sampling of logK values from user-
defined distributions. The extrema and shape of the distributions can be determined from
actual ranges of experimental data or from mean values and associated standard deviations of
equilibrium constants. For example, the logK could describe dissolution, hydrolysis and com-
plexation of an actinide. The total aqueous concentration of the radionuclide will place an
upper bound on the amount of solute available for convective transport and will be related to
each logK. By sampling repeatedly from assumed distributions of logK and carrying out
replicate speciation calculations, uncertainties could be calculated for the estimated concentra-
tions of aqueous species. Examination of the relationships between the distributions of input
and output variables by a variety of statistical techniques could identify the particular constants
that dominate the uncertainty in the calculated solubilities, speciation and releases (11,97).

1.2 Scope and Quality of the Thermodynamic Tables
1.2.1 Scope

These tables provide a well documented set of critically evaluated thermodynamic property
values and associated uncertainties for use in geochemical speciation codes. The data in this
report are part of the Aqueous Solutions Database (ASD), a computerized tabulation of values
of selected thermodynamic properties for use by researchers studying nuclear waste disposal
and other geoscientific topics. The current content of the ASD is shown in Table 1.1. The ele-
ments listed in the table include those contained in the inventory of light water reactor (LWR)
processed waste, spent fuel and associated cladding, and uranium mill tailings. The critical
evaluation procedures are described in Section 1.2.2 below; a synopsis of a guide to accessing
the ASD is provided in Section 1.3.

This report is limited to a tabulation of values for the following four thermodynamic properties:
ArG?, A H®, S° and Cp°. The tables are for use in predicting the behavior of radionuclides
in subsurface repositories: therefore geologic materials are included, but most gaseous sub-
stances are specifically excluded. There are excellent publications with data for aqueous ions,
minerals and other solid geologic materials; this work emphasizes ion pairs and higher com-
plexes. Important gaps in the tabulation are filied using correlation procedures with the
emphasis on filling gaps in tabulations for the actinide elements. Calculations of equilibrium
constants are outside the scope of this report; however, selected values as well as standard
electrode potentials have been calculated to compare our results with other work.

Selected experimental data used to calculate property values are given in the ‘‘Comments’’ sec-
tion of FORM1 for each element in Appendix II. For those values which we



Table 1-1. Current content of Aqueous Solutions Database. See Figure 1-1, p. 9, for definitions
of the Status of Data. Elements identified with an asterisk (*) are not included in this report; all
data can be obtained by telecommunication access.

Number of Aqueous Number of Status of
Element Species Solids Data
Aluminum 19 12 1
Americium 16 19 1
Arsenic * 12 11 1
Barium 8 9 3
Bromine 2 0 1
Calcium 8 34 1
Carbon 5 1 1
Cerium * 7 7 2
Cesium 12 9 2
Chlorine 2 0 1
Chromium 17 22 2
Copper * 12 48 2
Curium 13 10 3
Electron 2 0 1
Europium 18 22 2
Fluorine 3 0 1
Gadolinium * 6 7 3
Hafnium * 12 4 3
Hydrogen 2 0 1
Iodine 16 11 1
Iridium * 2 9 3
Iron 12 27 2
Key Values 46 0 1
Lanthanum 6 9 2
Lead 19 28 2
Magnesium 7 29 1
Manganese * 2 20 3
Molybdenum * 32 7 1
Neodymium * 8 9 3
Nepunium 46 21 1
Nickel 3 17 3
Nitrogen 3 0 1
Oxygen 5 0 1
Palladium 8 12 1
Phosphorus 5 0 1
Plutonium 26 12 1
Potassium 3 14 1
Protactinium 4 6 3
Radium 12 61 3
Ruthenium 29 14 2
Selenium 11 8 1
Silicon 8 22 1
Silver * 1 5 2
Sodium 2 12 1
Strontium 8 12 1
Sulfur 10 1 1
Technetium 10 17 2
Thallium * 2 4 2
Thorium 28 35 2
Tin 24 15 2
Uranium 44 68 1
Ytterbium * 7 7 3
Zinc * 2 8 3
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have calculated, the method used such ‘‘as calculated by eq 7’ is indicated. The same pro-
cedure is applied to values obtained from other critical evaluations. References to all sources of
experimental and calculated data used in compiling the property values arc given in the Com-
ments section.

For the ASD, uncertainty is defined as upper and lower bounds about the seiected best value.
These bounds are given as a standard deviation, x, for example -502.90+7.5 which gives
values of -510.4 and 495.4. As a general rule, uncertainties assigned by a researcher or by
another evaluator to their data are accepted for the ASD tabulation. We assign uncertaintes in
property values by calculation of the propagation of error, as well as a critical evaluation of the
quality of the experimental work.

1.2.2 Internal Consistency and Critical Evaluation of Data

The intemal consistency of the data base is ensured by checking the fundamental relationship
A, G° = A H°-298.15A,5° = —RTInK°. The measure of agreement between values of an
equilibrium constant calculated by two or more procedures is also verified. Tabulated values
of the chemical thermodynamic properties are related so that a logK? obtained in any number
of ways (paths) will yield the identical value. Methods of computing logK° include the net
change in Gibbs energy of reaction, and the addition of two or more chemical reactions which
yield the desired reaction. Examples of these comparisons are given in this report. It must be
stressed, however, that data from previously published critical evaluations are accepted in this
work. Some residual inconsistencies may result from inclusion of data from independent
sources. These are comrected quickly using our data management system (68). All thermo-
dynamic data from other sources which are used here are checked for consistency with our
reference values in Appendix 1. Consistency with our data base is thus assured.

The networks of interrelated calculations and the interdependence of measured formation con-
stants and tabulated thermodynamic data are examined anew as new values are added to the
data base. A change in the recommended value of A,G°, A/H?, or §° for a key substance
which results in a change in logK? greater than 0.09 units is propagated throughout the data
base. This is done with the dual purpose of compiling the best data in the data base, and to
ensure consistency in calculated values of logK?.

The scope and quality of these data and the structure of the compuierized data management
system facilitate the use of this tabulation in many applications. An example is the analysis of
the sensitivity of calculated solubilitics as correlated to uncertainties in values of the Gibbs
energy of formation for the various species involved in the solubility process. Constraints on
the level of internal consistency of this tabulation are commensurate with this objective, and
are described in detail in Section 4 of this work.

Selection of the best experimental measurements from which we obtain newer thermodynamic
values is based on a number of considerations. These include: reproducibility of the measure-
ments; experimental method used by the authors; details given about the laboratory procedures;
purity of chemicals used, and any further purification; temperature control; number of replicate
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measurements for each measured value; standard deviation from the mean; uncertainty assigned
by the investigator; and, comparison of experimental results with theoretical expectations. We
also attach imporntance to characterization of the chemicals used, e.g. verification of the crystal-
linity of a solid by x-ray diffraction (68). It is recognized that inconsistencies are unavoidable
in tabulations such as this which involve a myriad of numerical calculations. These inconsisten-
cies are corrected as soon as they are brought to our attention.

Table 1-1 describes the status of each element in the tabulation, ranked according to the depth
of critical evaluation. Figure 1-1 outlines the evaluation procedure and defines the categories
of status of the data. The emphasis of this work has been on the actinides and fission products
contained in high level wastes; therefore, the status of these elements is commonly 1 or 2. Our
work has also emphasized the aqueous ions and other aqueous species, because these species
represent by far the largest gap in the available data.

Step 1

Compile numerical values from both other critical evaluations, and from our calcula-
tions obtained from the best experimental measurements, at I=0 and 25°C. Assign the
consistency ‘‘ evaluated status = 3°".

Step 2

Ensure consistency with A, G° = A, H? — 298.15A, 57, and with our Auxiliary Table of
Key Values (internal consistency), and with CODATA KEY Values. Calculate impor-
tant missing data, taking into consideration consistency constraints. Assign uncertainties.
Calculate apparent equilibrium constants and/or standard electrode potentials, and com-
pare with critically selected experimental measurements. If the difference in the com-
parison exceeds criteria for logK , then recalculate appropriate A, G° values. Propagate
important changes throughout the data base. Verify data by sending copy of table to
originator of data. Assign ‘‘evaluated status’’ = 2.

Step 3

Independent review of data by recognized experts. Assign ‘‘evaluated status’ = 1.
Optionally, status 1 is assigned if experts do not respond.

Figure 1-1. Critical evaluation procedure for selection and addition of new values of thermo-
dynamic properties, for the ASD.




1.3 User’s Guide for Telecommunication to the Aqueous Solutions Database
1.3.1 Introduction

A principal objective of this work is to provide a current, accessible data base with thermo-
chemical property values that can be used in one or more geochemical speciation codes. A
computerized data management system, the ASD, which will satisfy this goal, is under
development. The format of the data base permits use of the data in a number of ways; the
values of free energies in the tabulation can be used to calculate equilibrium constants for
codes such as PHREEQE (4) or MINEQL (89). As discussed below, the data base may be
accessed via several telecommunications networks using a modem and a terminal. Property
values will be continually reevaluated and updated, so that users will have current information.

The ASD resides on the central VAX 8650 cluster at the Lawrence Berkeley Laboratory, and
utilizes the DATATRIEVE data base management system, modified for this use. Several data
formats are currently available for the individual user. For example, the user may request
FORM1 for a specific element; FORM2.EQ, which is a listing of reactions for an element; or,
a specified reaction, FORM2.5R, to obtain reaction stoichiometries, values of thermochemical
constants, e.g., entropy of reaction, estimates of uncertainties, and sources of the data. See Sec-
tions 1.3.4 to 1.3.7 which follow.

It is important to note that the values of the reaction equilibrium constants in FORM2 and
FORM2-SR are not always consistent with the data in the tables in FORMI1. The FORM2
values are consistent with the thermodynamic property values in LBL-14996 (15), an earlier
version of the ASD. In the ASD, both FORMI1 and FORM2 have a ‘‘Comments’’ section
which documents assumptions implicit in the choice of species to represent the chemistry of
any element, possible aliernative values, parameter values that have been recalculated in light
of more recent laboratory work, sources of data, Debye-Huckel coefficients, and identifies to
the user any controversial data in the system.

1.3.2 Log On and Log Off Procedures

Access to the Aqueous Solutions Database is obtained via the Federal Telecommunications
System (FTS) or other telecommunication networks such as ARPANET. The exact procedure
for communicating with the central LBL VAX 8650 cluster will differ from user to user. The
sample procedures on the following pages illustrate communication with the LBL system via
the FTS lines using an IBM/PC with DOS 2.0 and the ‘“‘CROSSTALK’’ communications
software package. It is assumed in Section 1.3.3 that the user has loaded the CROSSTALK
disk in Drive A: of the IBM PC (or PC-compatible). On the following pages, computer
prompts and responses are to the left of the prompt, “‘>"", or **:”’; the typical user responses
are shown to the right of the prompts. A person with the VTERM communications package

would use the following procedure to log on to the LBL computer cluster (csa):
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A:> VTERM

(dial §-451-4979; LBL csa will respond)

REQUEST: csa

(Hit carriage return 3 times; then answer prompts for user name and password. When the csa
prompt is given, respond as shown in Section 1.3.3).

Log on Procedure

A>XTalk (this loads CROSSTALK)

A:> NU 8-451-4979 (or execute command file 4 (LBL csa))

A>GO
(Note: be certain modem type matches DPrefix (i.e., ATT for AT&T, ATDT for Hayes))

After the LBL csa system answers, the user is prompted as follows:

Request: CSA
(hit return 3 times)

Name:
Password:
CSA>DTR32

DTR>:Database
(follow the menu shown in Section 1.3.3 below)

Log off Procedure
DTR>exit

csa>logout

-11-



* % ok % ok ok ok OF ok ok o ok % % % o o % ¥ *

1.3.3 Menu for Telecommunication to Current Information

Menu

* %X % k Kk *x Kk Kk %

* *
AQUEOUS

* * *x % *

* kX %X % * *x x % * * % * * * K * %X
SOLUTIONS DATABASE
Enter :forml, :form2, etc. or exit.

: FORM1 Tables of Gibbs energy of formation, enthalpy
of formation, entropy and heat capacity for
selected substances, 25 C, zero ionic strength.

:FORM1-SIMPLE same as :FORM1 without typesetting (TROFF)

: FORM2 Tabulation of (1) enthalpy, entropy and heat
capacity changes, 25 C; (2) Debye-Huckel
coefficients, 25 C; (3) equilibrium quotients,
25-300 C, 0-3 ionic strength.

:FORM2~-SR Form2 for a specific reaction.

:REVIEW _COMM Enter review comments on database

:ADDREACT Add a reaction to the reaction database

:COMPLOGK Compute logK for new reactions in database

For more information call (415) 486-6865 or FTS 451-6865

* ok ok Kk ok Kk kK Kk Kk ok Kk Kk ok Kk Kk Kk Kk Kk k Kk kK Xk kA Kk Kk Kk Kk k Kk K Kk K K

The user accesses the data base and obtains hard copies on a user printer if desired. Hard
copy can also be obtained from LBL.

Additional control functions (" = control key):

"S = pause screen print

"Q = resume screen print

“C = cancel current printout: return to menu
~Z = exit DATATRIEVE: retumn to csa

“Y = interrupt: return to csa

Both upper case and lower case responses can be used, as shown in the Menu. Other informa-
tion can be obtained which may not be listed in the Menu, for example :form2-eq shown on
page 14.

.12-
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1.3.4 Sample Session 1: Procedure for obtaining table of thermochemical values of A,G°,
ArH?,§°, and Cp? for an element (:FORMI):

DTR> :form1

Enter Element Name: Strontium
(first page only is shown)

Aqueous STRONTIUM
Solutions Evaluated
Database Lawrence Berkeley Laboratory Status 1
October 1987
PROPERTIES OF ELEMENTAL STRONTIUM:
Atomic Number: 38
Formula Mass: 87.62
Electronic Configuration: 5s°
Electronegativity: 1.0
Hydration Number:
Ionic Radius: 1.27 anstrom for Sr*
Selected Average for Soils: 200 mg/kg
Concentration in Natural Waters: 5-15 mg/L in brines; 0.05 mg/L (Tuff)
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AGT AH® S’ Cp*
Substance f -1 fH .1 ,_lp Ref.
kJ mol Jmol™™ K
a-Sr(s) 0.000 0.000 55.70 26.40 0012
0.21
SrO(s) -559.960 -590.600 55.44 4502 | 1112
1.0 0.9 0.50
Sr(OH),(s) -882.175 -968.889 7.07 74.90 | 5555
9.2 8.2 8.40
SrFQ(s) -1164.800 -1216.300 82.13 70.00 2222
a-SrCl2(s) -785.000 -833.850 114.85 75.60 1112
0.8 1.0 0.42
SrClz(aq) -826.321 -885.060 81.70 -286.00 9119
1.0 1.0 0.50
SrClz.QH,,O(s) -1281.800 -1438.000 218.00 160.20 2222
1.0
SrCl2.6H20(S) -2240.920 -2623.800 390.80 2220
1.0
SrSO(s),celestite -1340.970  -1453.170  118.00 4440
4.0 4.2 4.20
SrSO4(aq) -1320.300 -1449.870 60.90 -313.00 8999
5.0
5rCOy4(s),strontianite -1144.730 -1225.770 97.20 81.42 1113
1.0 1.0 1.70
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1.3.5 Sample Session 2: Procedure for obtaining a list of reactions and index numbers for
a given element:

DTR> :form2-eq

Enter element: Plutonium

RC REACTION

PU1 PuQ2++ H20 = PuO20H+ + H+
PU10 PuQ2++ F- = PuQ2F+

PU1l PuQO2++ 2F- = PuO2F2(aq)
PUl12 PuQ2++ 3F- = PuO2F3-

PU13 PuO2++ 4F- = PuO2F4-—-
PU14 Pu02++ Cl- = PuO2Cl+

Cl- = PuCl+++
2C03-—- = Pu02(CO03)2—-
CO3-- = PuCO3++
PU18 PuO2++ S04—— = Pu02S04(aq)
PU19 Put+++ S04-— = PuSO4++
PU2 2PuQ2++ + 2H20 = (Pu02)2(0OH)2++ + 2H+
PU20 Put++ + S04-- = PuSO4+
PU21 PuF3(s) = Put++ +3F-
PU22 PuF4(s) = Purt+++ + 4F-
PU23 4Pu02(s) + 12H+ = 4Put++ + 6H20+ 02(9g)
PU24 4Pu02(s) + 4H+ + 02(g) = 4PuO2+ + 2H20
PU25 2Pu02(s) + 4H+ + 02(g) = 2PuQ2++ + 2H20
PU26 Pu(OH)3(s) + 3H+ = Pu+++ + 3H20
PU27 Pu(OH)4(s) + 4H+ = Pu++++ + 4H20
PU28 Pu203(s) + 6H+ = 2Pu+++ + 3H20
PU29 Pu02(s) + 4H+ = Pu++++ + 2H20
PU3 3PuO2++ + S5H20 = (PuO2)3(OH)5+ + SH+
PU30 PuO2(0OH)(s) + H+ = PuQ2+ + H20
PU31 PuO2(0OH)2(s) + 2H+ = PuQ2++ + 2H20
PU32 4PuQ2++ + 4H+ = 4Pu+++ + 2H20 + 302(qg)
PU33 2Pu02++ + 4H+ = 2Pu++++ + 2H20 + 02(g)
PU34 4Pu0O2++ + 2H20 = 4Pu0O2+ + 4H+ + 02(g)
PU35 4Pu02(s) + 6H20 = 4Pu(OH)3(s) + 02(qg)
PU36 Pu02(s) + 2H20 = Pu(OH)4(s)
PU37 4PuO2(s) = 2Pu203(s) + 02(qg)
PU38 4Pu02(s) + 02(g) + 2H20 = 4PuQ2(OH)(s)
PU39 2Pul2(s) + 02(g) + 2H20 = 2PuO2(0OH)2(s)
PU4  Pu++++ + H20 = PuOH+++ + H+
PU5 Pu++++ + 2H20 = Pu(OH)2++ + 2H+
PU50 Pu++++ + F— = PuF+++
PU51 Put++++ + 2P~ = PuF2++

+

+

+

PU15 Pu++++
PU16 PuO2++
PU17 Pu++++

LRI T S R S S S

PU6 Pu++++ 3H20 = Pu(OH)3+ + 3H+
PU7 Pu++++ 4H20 = Pu(OH)4(aq) + 4H+
pPU8 Pu++++ 5H20 = Pu(OH)5- + 5H+
PU9 Pu+++ + H20 = PuOH++ + H+
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1.3.6 Sample Session 3: Procedure for obtaining information on a specific reaction:

DTR> :form2-sr

Enter reaction code (rc): O3

(Note that "= A, “rHo = A, H?; Ay'z2 = AYAzz)

LR R BB A SR RS RSN

* Aqueous
* Solutions *

* Database
R SRR SRS R RS S

*

EQUILIBRIUM REACTION: H20 = OH- + H+

THERMOCHEMICAL PROPERTIES:

EQUILIBRIUM QUOTIENTS:

/T
0.00

0.01

.00

SR

.00

“rHo, J mol-1 55815
So, J mol-1l K-1 - 80.67
“Cpo, J mol-1 K-1 : - 231.40
Ay 22,(kg mol-1)1/2 : 1.02

b, kg mol-1 :
log Ko -13.990

OXYGEN
WATER

rc = 03
August 1986

I=ionic strength, mol kg-1

log Q

25 C 50 C 75 C 100 C 150 C 200 C 250 C 300 C
-13.99 -13.28 -12.71 -12.27 -11.64 -11.29 -11.19 -11.41
-13.91
~13.78 -13.05 -12.47 -12.00 -11.33 -10.93 -10.72 -10.65
-13.72 -12.97 -12.38 -11.90 -11.19 -10.73 -10.43 -10.19
~13.75 —-13.00 —-12.40 -11.92 -11.18 —-10.68 -10.32 - 9.98
-14.01 =-13.23 -12.60 ~12.07 -11.26 -10.66 -10.16 - 9.57

REFERENCES: Marshall;Franck:J.Phys.Chem.Ref.Data 1981,v.10,295.

COMMENTS: Values from Sweeton;Mesmer;Baes:J.Sclution

Chem.1974,v.3,191,except for I=0 from Reference.

-15-



1.3.7 Sample Session 4: Procedure for obtaining values of A, G°*oc, A, H°+c for specific
species; and logK °to for specified reactions. Both Gibbs energy and enthalpy of reaction
are in units of kJ/mol.

The following is a sample session:

DTR> :addreact

Determining next reaction number. .

Ready to input reaction number 0056

Enter R for reactant or P for product: R
Enter substance name: NpO2+

Enter coefficient: 1

Enter Y for more terms for this reaction: Y
Enter R for reactant or P for product: R
Enter substance name: C0O3-—-

Enter coefficient: 1

Enter Y for more terms for this reaction: Y
Enter R for reactant or P for product: P
Enter substance name: NpO2C03-

Enter coefficient: 1

Enter Y for more terms for this reaction:
Enter Y for additional reactions: N
Combining input with thermodynamic data

—

DTR> ready rsandps

DTR> find rsandps with react_num=56
[3 records found])

DTR> print all current

REACT GEO
NUM RP NAME COEFF
56 R NpO2+ 1.00
56 R CO3-- 1.00
56 P Np0O2C03- 1.00

DTR> ready rpgtemp
DTR> print all rpgtemp

REACT GEO UNC UNC

NUM RP NAME COEFF FG FG FH FH
56 R NpO2+ 1.00 -915.000 5.4 -978.200 4.6
56 R CO3-- 1.00 =-527.730 0.3 -675.150 0.3
56 P NpO2CO3- 1.00 -1470.020 1.0 -1599.900 1.0

DTR> :complogk

Enter reaction number: 56

DTR> ready logks

DTR> find all logks with react num=56
[1 record found]

DTR> print all current

REACT UNC
NUM LOGK LOGK
56 4.781 0.9635

DTR> ready delrhs

DTR> find all delrhs with react num=56
{1 receord found} -

DTR> print all current

REACT UNC
NUM DELRH DELRH
56 53.450
DTR> exit
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2.0 ESTIMATION OF THERMODYNAMIC PROPERTY VALUES

When an oxide, e.g. NpO,(s), dissolves in acidic solution, the stoichiometric equation for the
reaction is

NpO(s) + 4H* = Np™™ + 2H,0 (D

Equation 1 is a simplified expression of a more complicated geochemical process and often
may not reflect the experimentally measured solubility of the oxide. This is due to homogene-
ous chemical reactions coupled to the heterogeneous dissolution process which result in addi-
tional products. These coupled reactions depend on the properties of the water, for example,
pH, pe and temperature. In natural waters, anions such as CI7, SO4~ and HCO3 generally
are present, and the pH might be sufficiently high to cause hydrolysis of Np*™. Under these
conditions, coupled chemical reactions will include the following equilibria

Np*™* 4+ OH™ = NpOH*™** 2)
Np*™™* + CI” = NpCIt+ (3
Np*™ + SO;~ =NpSO “4)
Np™™ +5C035~ =Np(CO»s ™~ "7~ (5)

The result of equations 2 to 5, and any other homogeneous and heterogeneous reactions cou-
pled to the dissolution of the oxide, will be an increased concentration of total dissolved Np in
the water. The enhanced concentration must be calculated in assessing the performance of a
HLW nuclear waste repository. Equations 2 to 4 are examples of ionic association (9,10).
Techniques to estimate the values of the equilibrium constants and the thermodynamic proper-
ties of these ion pairs are described in Section 2.2. Finally, equation 5 describes the formation
of an aqueous complex; a discussion of the properties of such higher complexes is found in
Section 2.3,

2.1 Thermodynamics of Aqueous Hydrated Radionuclide Ions
The aqueous radionuclides described in this report are hydrated ions with positive charges

ranging from +1 to +4. Their valences cover the range +3 to +6, with the +5 and +6 ions con-
taining two bound oxygens. The coordination number is generally six, so that the aqueous
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substances are assumed to have six waters of hydration bound to the central metal, or oxy-
genated metal,

2.1.1 Relation between A, G° and A;H*

Values of A;G° and A,H? for the actinide ions were obtained from the IAEA publications
(41,56,62) and from Morss (63). See Table 2-1. The values of AfG" and AfH" are correlated
in a linear manner (36); see Figure 2-1. Two parallel lines are obtained, the first for the four
trivalent ions; the second includes the +4, +5 and +6 valences. Lebedev explains the linear
correlations as due to a constancy in the difference between the entropy of the aqueous ion and
that of the actinide metal (36). The structure of the +3 ions differs from those of the +4, +5
and +6 species, which accounts for a separate correlation for the trivalent ions (36).

The Gibbs energy of formation and enthalpy of formation at 25°C (298.15 K) are mathemati-
cally related by the equation

ArG°IM™aq) = AsH®[M™,aq] + 298.15(S° [M s 1-(S°[M"*,aq] (6)
+nS°le.aq)))

calculated for the electrochemical reaction M"* + ne = M (s). Equation 6 is a constraint on
the internal consistency of the values for the thermodynamic properties in this data base; the
equation is applied to all metals.

2.1.2 Entropy

Absolute values of molar entropy, S?, are compiled rather than entropy of formation. Entropy
is not an independent property; it is linked to the Gibbs energy and enthalpy for any reaction
by A, G=A,H-TA,S.

2.1.3 Heat Capacity

The close relationship between entropy and heat capacity is pointed out by Pitzer and Brewer
(80,p.135):

T1
ST1=£ Cp d(nT)
Values for the heat capacity for Np, Pu and U aqueous ions in this work were often compiled

from those calculated by Lemire and Tremaine, and by Lemire, who used a modified Criss -
Cobble equation (33,54). We obtained the magnitude of the heat
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Figure 2-1. Plot of A,G? versus A;H° for selected aqueous actinide ions relevant 1o HLW
disposal. UO 7 and PuO; disproportionate in aqueous solution. Data for the plot are given in
Table 2-1; and in Appendix II and Reference 41, 63, 74, 76.
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Table 2-1. Values of Gibbs energy of formation and enthalpy of formation for selected actinide
aqueous cations, used in Figure 2-1. Data are from Appendix II.

Cation AfG °kJ/mol AfH",kJ/mol
Am*T -599.1 -616.7
Nt -517.1 -527.2
Put -578.6 -592.0
Uttt -480.7 489.1
Nt -502.9 -556.1
patttt -565.0 -619.7
putttt 4816 -536.4
ThHH -704.6 -769.0
SARRAY -530.9 -591.2
NpO,* 915.0 -978.2
PuO,* -849.8 914.6
vo,* -968.6 -1032.6
NpO,™* -795.8 -860.6
PuO, ™" -756.9 -822.2
vo,™* -952.7 -1019.2
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capacity for other aqueous ions from research publications, and from the following correlation
which we developed by linear regression using data from Brewer (82), Hovey et al. (45,83,84)
and Spitzer et al. (32) shown in Table 2-2. The correlation is similar in form to that given by
Naumov et al. (57). However, the values of our coefficients are different from those of Nau-
mov et al.

Cp® = 231.9-152.12—2/3)S° €))

where z is the ionic charge. The correlation coefficient is r? = 0.958; and is considered satis-
factory for caiculating missing values of the heat capacity of positively charged aqueous ions.
We have also applied eq 7 to the estimation of heat capacities for ion pairs and higher com-
plexes which are positively charged.

Figure 2-2 is a plot of the residuals calculated as the difference between ionic heat capacitics
calculated by eq 7, and those shown in Table 2-2 which were used to develop our correlation.
According to Figure 2-2, the uncertainty in values of Cp° calculated with eq 7 is about 30
J/mol/K. Equation 7 reproduces Cp?° values for the aqueous ions of Na, K, Rb, Cs, Mg, Ca,
Sr, Ba in Tanger and Helgeson (94) to about the same uncertainty, when their values of the
molar entropies are used in eq 7.

Besides uncomplexed (aqueous) cations, we have also applied eq 7 to the estimation of heat
capacities for ion pairs and higher complexes which are positively charged.

Our methods for calculating heat capacities of negatively charged ions and uncharged aqueous
species are discussed in section 2.2.2.3. :
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Figure 2-2. Plot of residuals based on linear regression of values of Cp°[M"*] in Table 2-2.
The figure gives an indication of the uncertainty associated with using eq 7 to estimate values
of the heat capacity of cations, based on a correlation with the entropies of the cations.
Estimated uncertainty is £30 J (mol-K)'l.
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Table 2-2. Values of §° and Cp° used in linear regression to develop correlation, eq 7,
between entropy and heat capacity for positively charged aqueous ions. Heat capacity values
from References 32, 33, 45, 82, 83,

Cation Residuals, ° Cp°
J/mol/K J/mol/K J/mol/K

H* - 0 0
Li* -1L6 11.30 60.7
Na* 1.5 58.41 424
K* 0.5 101.04 13.0
NH,* 63.6 111.17 69.0
Mgt -35.8 -138.1 -16
catt 46 -56.4 -30
srtt 16.4 -31.5 -34.8
Batt 322 8.4 456
Co™™ -32.1 -113.0 -29
Nit* -54.7 -128.9 41
Fe't -3.1 -107 42
Zntt 218 -109.6 21
Mn* 16.6 -67.76 S}
cutt 9.5 -97.1 -17
At -100 -308 -119
ottt 0.5 -316.3 -14
Lattt -39 -209.2 -81
Uttt 437 1749 -64
uttt 524 414 48
uo,** 11.7 -98.3 5
Pu0,** 24.6 -88 11
NpO,* -1.8 21 92
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2.2 Thermodynamics of Complex Ions
2.2.1 Effect of Ionic Strength on logK”’

Experimental data are obtained in media of varying ionic strength, and often differing support-
ing electrolytes. The formation constants of ion pairs are typically calculated at I=0 from
laboratory measurements using both an extended Debye-Huckel equation for the range 0O<I<3
(5,13,15), and the Davies equation for I<0.1 (9,13,15). The extended Debye-Huckel equation
1S written as eq 8:

Ay Az
logK (I) =10gK* + ——— + bl 8
1+/
K(I) = apparent equilibrium constant at ionic strength I, 0<I<3
K° = intrinsic equilibrium constant
Ay = 0.511 at 25°C; 0.596 at 100°C
Az? = 2(Zprodw:l.y )2 = Z(2reactants )2
b = a constant, (m/kg )"’ (see Ref. 5)

The effect of changing ionic strength on logK (/) for formation of (UO),(OH);" and
NpO ,CO4 is shown in Figures 2-3 and 2-4.

The form of the Davies equation used here is

~0.3/] ©)

%
logk (/) = logk® + A Az2[ 1
1+
The Davies equation is widely used to calculate single ion activity coefficients for 0<I<0.2;
however, the error increases at ionic strengths exceeding about 0.1 from a few tenths of a per-
cent to about 2 - 5% at I = 0.2. The Debye-Huckel slope, A, = 0.511, is used more often than
0.5 of the original equation in eq 9 and A, is used in this work.

We commonly use eq 8 in the form of eq 10 to calculate logK?, because a straight line is
predicted thereby facilitating extrapolation to I=0 (13,15,69)

A Az *
logK({l) — ——TzlogK" + bl (10)
1+]
At the intercept I = 0, logK (/) is equal to logK®, and the slope equals &. See Figures 2-3

and 2-4.
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Figure =~ 2-3.  Varation in logK(/) function versus [/, for the reaction
2U0;" + 2H,0 = (UO4),(OH);* + 2H". Experimental points are taken from Table 4-7,
except for NaCl media; uranyl ion forms a complex with chloride ion. Extrapolation to / = 0
yields logK? = -5.66, b = 0.101, r? = 0.264.

3
2 2
a 6
R )
=~
=z
=]
£
4 | | A
0 1 2 3
lonic strength, mol kg'l
Figure 2-4. Effect of ionic strength on logK (/) for reaction NpO3 + CO5 ~ = NpO,CO7 .

At] =0, logK® =4.78, b = 0.55, r? = 0.980. Data are taken from Table 4-11.
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2.2.2 Calculation of Thermodynamic Property Values

In this section, techniques used to calculate selected thermodynamic properties of ion pairs
from values of logK® and correlations will be described.

2.2.2.1 Free Energy of Formation

Values of A;G? are primarily calculated from measurements of equilibrium constants from the
relationships

A,G° = -RTInK* D

A,Go = EA[G: - EAfG; (12)

where A,G, , are Gibbs energy of formation of the products (p) of a chemical process, and
the reactants (q). Often InK° (2.303 logK'® ) is calculated at zero ionic strength from one- or
more measurements obtained at various ionic strengths using the Davies or Debye-Huckel
equation. The desired A;G° is that of either a product or a reactant in the chemical process.
For example, in the formation of the NpO,CO 3 ion pair according to the reaction

NpO} +CO5~ =Np0,CO5 (13)

logK (/=0.2) = 4.13 £+ 0.03 (30). The intrinsic formation constant, logK’ is then calculated
from the Davies equation, with AYAz2 = -2.04,

4.13 = logk°—2.04 [M—O.% (9A)

1.447

so that logK’ = 4.64 £ 0.03, compared to logk’ = 4.78 from Fig. 2-4. Using eq 11 and
logk °= 4.78, we calculate A,G°= -27.289 $0.17 kJ/mol. From our tables, A;G°[NpO;] =
-915.0 kJ/mol and A,G°[CO3 "] = -527.73 kJ/mol. Then, the numerical value of
AsG?[NpO,CO75 ] calculated from eq 12 is:

~27.289 = A;G°[NpO,CO5 ] ~ [-915.0-527.73]

so that A; G° [Np0O,CO73 ] = -1470.02£5.4 kJ/mol.

226~



2.2.2.2 Enthalpy and Entropy of Reaction

Values of A, H° are obtained from calorimetric measurements, as well as from the slope of
plots of logK (T') versus T~! using the van’t Hoff equation (80)

dink _AH°

= 14
T Ri? (14)

Data from calorimetric heats of solution or formation are preferred because the heat of reaction
is directly measured. However, many values of A,H° are calculated from the van't Hoff
equation. A larger uncertainty results from this approach due to a propagation of the uncer-
tainty in the logK° values at 25°C, to higher temperatures, added to the uncertainty associated
with the higher temperature measurement.

Figure 2-5 is a plot of A,G° versus A;H° for selected actinide ion pairs. The data were
obtained from Appendix II, and are listed in Table 2-3. The regression equation obtained
from these data is used to estimate values of A;H° for this data base when experimental or
other data are not available. For internal consistency, the entropy of the ion pair in the reac-
tion M +X=MX (charges omitted) is calculated from

S°IMX 1= (AH® — A,G°)/(298.15) + (S°[M"*,aq] + S°[X™"aq]) (15)

2.2.2.3 Heat Capacity of Anions and Uncharged Aqueous Species

Previously, we have shown that heat capacities could be correlated with entropy for simple
aqueous ions. Unfortunately, there is no general method of estimating the heat capacity of ion
pairs. Lemire has used the Criss - Cobble method, but notes this approach is formally valid
only for simple cations, anions, metal oxyanions and acid oxyanions (33, p.23). In addition,
there is no good general procedure for calculating the heat capacity of uncharged aqueous ions
(33). In one approach to this problem, Baes and Mesmer (34) approximate the heat capacity of
a mononuclear hydroxide complex, M (OH )y("y X ‘a5 that of a monatomic cation of the same
charge as the complex, and the same size as the hydrolyzing cation M***’. The rationale here
is that the hydrated cation and its first hydrolysis product differ only by the protons lost in the
reaction (34).
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Table 2-3. Thermodynamic data for selected actinide ion pairs. Sec Appendix II and the refer-
ences cited therein for the sources of these data.

Ion Pair AG® AH® s°
kJ/mol kJ/mol J/mol/K
NpO,OH" -1004.0 -1102.99 24
NpO,OH(aq) -1101.0 -1220.1 25
NpoH* -734.0 -790.54 -167
NpOH™™ 7143 -762.9 275
NpO,F* -1103.8 -1194.4 -14
NpO,F(aq) -1207.9 -1284.7 100
NpO,CI* 926.0 -1015.54 0
NpO,Cl(aq) -1044.0 -1129.89 80
Np0,SO,’ -1656.1 -1856.4 91.9
NpF++ -834.3 -894.8 -247
NpCt -636.0 -703.47 260
Np0O,S0,(aq) -1558.9 -1753.5 428
NpsO, ™ -1279.0 -1444.79 -195
NpO,CO,° -1470.0 -1599.9 200
vo,crt -1094.0 -1186.5 6
Uo,0H* -1156.26 -1258.2 16
puC* -618.0 -686.3 -257
von*** -764.3 -828.0 -192
U0,80,(aq) -1715.6 -1909.2 475
U0,CO5(aq) -1549.7 -1697.0 75.1
UO,F* -1264.0 -1357.3 -19
UFT -862.0 -907.01 -19
UO,H,PO,* -2100.0 -2311.7 63
UHPO,*™* -1689.0 -1837.2 63
puoH -715.9 -774.0 -167
PuO,F* -1071.0 -1162.8 -10
PuOH* -770.3 -824.6 -88
vcrtt -677.0 -751.0 -283
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Figure 2-5. Plot of A;G° versus A;H° for selected actinide 1on pairs. Data for the plot are
given in Table 2-3.
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An advantage of the Baes and Mesmer approach is that the Cp° of uncharged aqueous sub-
stances can be calculated, however it is not obvious that their method of estimating Cp° can
be applied in general to all ion pairs. Also, the assumption of A,Cp°=0 for ‘‘reactions that
produce no change in the number or in the magnitude of the ion charges’’ cannot be correct.
Cobble et al. note that a value of A,Cp° = 0 is highly unusual over an extended temperature
range (21,p.4-11). In this work, we do not assume that A, Cp° = 0.

In this data base eq 7 was used to estimatc Cp® of positively charged ions when data were
missing. Table 2-4 compares our calculated values of selected Cp° with those of Lemire (33),
and Lemire and Tremaine (54). The comparison is quite good except for the chlorocomplexes
for which our values are more negative.

For uncharged aqueous species, we assume that the heat capacity is the algebraic sum of the
values of the partial molar heat capacity of the cation and anion, multiplied by the appropriate
stoichiometric number. The correlation is

Cp° = ICpg, (7A)

where ZCp2, is the algebraic sum of the heat capacity of the cation and anion, multiplied by
the stoichiometric coefficients. See Table 2-5.

For negatively charged ion pairs and higher complexes, we have used the following correla-
tion, for which the correlation coefficient 2 = 0.964:

Cp? =-7.17-133.15z24+2/3)S° (7B)

We developed eq 7B by correlating values of Cp® with $° for negatively charged ions, using
the data in our data base as summarized in Table 2-6. Our calculated values of Cp° for
selected negatively charged ions compare well with those tabulated by Brewer (82) as shown
in Table 2-7. For reasons which are not clear, the agreement is poor for a similar comparison
of those in Lemire (33) and Lemire and Tremaine (54). See Table 2-8. Our calculated value of
Cp? for negatively charged species is about 150 J/mol/K more negative for AI(OH )y than
that of Hovey and Tremaine (83,84). We have calculated Cp® for the chromium species
HCrO, and Cr,07 ~ using the heat capacity for CrO4; ~ predicted by eq 7B. These compare
very well with those calculated from the measurements by Palmer et al. (18) for the reactions
CrO;~ +H*=HCrO7 and 2CrO; ~ +2H*=Cr,05~ + H,0. See Table 2-7. This table
also shows our predicted heat capacity for Cr(OH ), calculated from eq 7B. Equation 7B
reproduces Cp° values for the anions of F, Cl, Br, I and hydroxyl, nitrate, bisulfide and sul-
fate to within £30 J/mol/K of those in Tanger and Helgeson (94), when using their values of
the entropies for these anions.
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Table 2-4. Ionic heat capacities for selected cation higher complexes, calculated from eq 7,
compared with those in Lemire and Tremaine (54), and Lemire (33). Units of Cp?® are
J/mol/K. The reference (Ref.) is either (33) or (54).

Cation Cr°. eq 7 Cpe, Ref.
vont 96 .54
UO,),(0H), "™ 0 42
PuCI* -53 266
NpO,CI* 80 432
Pu(H,PO, ' -114 82
PuF" -113 9
uso,** 109 121
Puso,” 13 13
uo,crt 84 427
UOH),* 67 74
mcéf" 123 134
(NpO,)3(OH) ™ 2 16
NpF, ™" © 17
Npof* 89 86

Table 2-5. Comparison of values of heat capacity for uncharged aqueous species, calculated
from eq 7A, with those (Cp°,Ref) from references cited (Ref.).

Species Cp°eq 7A Cp°Ref. Ref.
AlCl;(aq) -495 -499.3 45
HCl(ag) -1255 -127 35
LiOH(aq) -80 -78 55
KOH(aq) -127 -128 55
UG,50,(ag) -273 354 54
K4Fe(CN)g(aq) 211 206 32

K Fe(CN)¢(aq) 467 -460 32
PbClz(aq) -334 <256 42
CaCl2(aq) -281 -275,-208,-278 4381
MgCly(aq) -267 -265,-252 43,81
SrCl,(ag) -286 -288 81
NaCl(ag) -83 -85 43
NiCly(aq) -292 -295 43
Al(NO;);(aq) -335 -3353 45
MgSO4 (aQ) -294 -288 99
Kzsoa(aq) -252 -252,-255 17,55
Cr(NO,)5(ag) -230 -230 32
LaCl3(aq) 457 -465 32




Table 2-6. Entropy and heat capacity values used to develop correlation, eq 7B. Data are from
References 44 and 55, and Appendix II.

Anion Residuals J/mol/K S°Jmol/K Cp®J/mol/K
F -23 -13.18 -117
cr -15 56.73 -125.5
Br -8 82.84 -132.2
I -20 106.7 -120.5
NO3' 68 146.94 =72
Cio,” -113 182.0 -27
OH" 0.2 -10.71 -140.5
HCO3“ -86 98.43 -54.04
CO3' ) 0.0 49.96 -273.5
103' 66 118.4 -74
H2P04' -106 90.37 -34
HPO4' ) -19 -33.47 -254
PO4‘ o 89 -2203 -496
HSO4- -99 124.26 41.8
Fe(CN)6' oo -158 270.3 -249
Fe(CN)G‘ T 21 95.0 -519
50, ° 5 18.83 -278

Table 2-7. Comparison of Cp°, eq 7B, with values from Brewer (82) and other references
shown. Entropy data from Brewer, except for CIO;, AI(OH); and chromium species. R =
8.3144 J/mol/K used to calculate Brewer’s data.

Anion S J/mol/K Cp°.Brewer Cp°eq 7B
13' 236.9 0 18
HS® 70.7 -83.1 -93
HSO4' 134.7 -83.1 -50
SO3_ N -34.9 -332.6 -297
5203" ; 333 =249 -251
5208' - 244 4 -108 -111
S40¢ 260.2 -50.7 -100
NOZ- -123.0 -91.5 =222
NO3‘ 146.6 -72 -43
CNS~ 1443 40 44
HCOO™ 91.5 -88.1 -79
CH3COO' 86.5 2;1" -83
ClO4' 182.0 -27 -19
o
AlOH),” 111.3 96.5 -66
Cr(OH)A' -109 - -213
-
Cro4" " 50.2 -323 -240
.
HCrO,” 184 -9 -18
Cr207' : 261.9 -92 -99

-» e L1
Ref. 57; Ref. 18; Refs. 20 and 45..
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Figure 2-6. Linear relationship between A;G° and A H*, for selected higher complexes. Data
are from Appendix II.
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Table 2-8. Comparison of values of Cp? calculated using eq 7B, with values from Lemire and
Tremaine (54) and Lemire (33,95). Units of heat capacity are J/mol/K.

Anion S°J/mol/K Cp®eq 7B Cp°Reference
Pu(OH)S' 96 -76 -66
Pu02F3' 79 -87 -273
Pu02F4' ) 85 217 -75
Pqu(CO3)2' ) 175 -157 -379
U02F3' 69 -94 -255
U02F4' ) 76 -223 -56
UFS' 71 -93 -125
UF6' ) 84 217 14
U02(CO3)2' ) 514 -239 10
U02(C03)3' T 27.7 -521 290
UO,(HPO,)," 126 -189 . 354
U02(H2PO4)3’ 105 -70 43
UMHPO,); " 105 -203 194
U(HPO4)4' T 21 ' -526 302
Np(OH)S' 96 -76 -67
U(OH)S' 71 -93 -169
Pu(HPO,),” "~ ) 46 -509 405
NpO,S0O, 919 -79 -281
Np(COz)s "~ 777 160 -699 771
Np02CO3' 200 -7 -20
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2.3 Thermodynamics of Higher Complexes

The designation higher complexes refers to a cation associated with more than one ligand; the
term also applies to polynuclear complexes with two or more metal cations. Examples are
(UO )o(OH )3 and PuO,F5 . In this work, correlation methods were used extensively to cal-
culate missing values of thermodynamic properties in a consistent manner. The selected corre-
lations which were used are described in the following paragraphs.

2.3.1 Correlation Between AfG % and AH?

Lebedev found a linear relation between A;G° and A;H® for the aqueous actinide ions in the
trivalent, tetravalent, pentavalent and hexavalent oxidation states (36). We have found a simi-
lar linear relation for the plot of A,G° versus A, H” for higher complexes. See Figure 2-6.

2.3.2 Correlation Between A;G°, A H° and Number of Ligands

A second correlation developed here is based on our observation that A;G? and A H ¢ change
in a linear fashion with the number of ligands added to the cation during formation of higher
complexes (68,86).

Figure 2-7 is a plot of the variation in A;G° as a function of the number of ligands for
selected actinides and geologic substances. Figure 2-8 is a similar plot with Ay H ¢ as the ther-
modynamic property, using data shown in Table 2-9. Data for Figure 2-7 are in Table 2-10,
except for the neptunium carbonates. Values of the various entropies were calculated from
A,G° = A H® —298.15A,S° for each reaction to ensure self-consistency.

2.3.3 Heat Capacity

Values for the heat capacity of higher complexes in this work are generally compiled from
publications such as Lemire (33). There are some guidelines for estimating the heat capacity
of hydrolysis reactions (34) and other reactions based on a correlation between entropy and
heat capacity of the cations (57). In the absence of other data, we have used eq 7 for the heat
capacity of a positively charged ion; the algebraic sum of the partial molar heat capacity of
anion and cation, multiplied by the stoichiometric coefficient (eq 7A) for uncharged species;
and eq 7B to estimate Cp °for negatively charged ionic species.
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Table 2-9. Change in enthalpy of formation and silicic acid ionization with number of ligands
for selected aqueous species, used in Figure 2-8. Data are from References 38, 51, 57, 77 and
this work.

lon AfH" Ion AfH°
Attt -531.0 yttt -591.2
AIFtt -860.8 voH™ -828.0
A1F2+ -1190.8 U(0H)2++ -1077.4
AlF,(aq) -1523.9 U(OH)3+ -1337.2
ATF,’ -1857.5 U(OH)(aq) -1614.0
AIFg " 2192.8 U(OH)¢~ 18939
AR ™~ -2533.0 ThHHH -769.0
Si(OH) ;(aq) -1460.1 ThsO,** -1658.5
SiO(OH)~ 14345 Th(SO,,),(aq) 25564
$i0,(OH), -1397.5 Th(SO,)3 ™" -3448.1
SiO;0H ™ -1380.0

$i0, -1352.7 Th(SQ4)4' - 43515
Lattt -707.1

LaSO 4+ -1562.5

La(SO,)," -2465.4

Tht+t -769.0

ThET -1106.7

ThF2++ -1442.6

ThF3+ -1778.6

ThF,(aq) -2115.0
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Figure 2-7. Plot of A;G ¢ versus number of ligands, n, for selected higher complexes. Data
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2.3.4 Correlations between Equilibrium Constants and Ligand Number

There are a number of correlations that are used to calculate values of equilibrium constants for
ion pairs. Good examples have been summarized by Baes and Mesmer (5,34), Langmuir (12),
and Kemsk (37). Langmuir has shown correlations of logK for the formation of ion pairs
with electronegativity of the cation; logK of carbonate complexes with oxalate complexes of
divalent cations; and, of logK versus ligand number (n) for cumulative formation constants of
monomeric complexes of Th*, up to n = 4. Plots of logK versus n are generally nonlinear
(68).

In Figure 2-9 we have plotted the cumulative formation constants for selected complexes as a
function of ligand number. As seen, the plots are nonlinear, and cannot be extrapolated with
confidence. On the other hand, plots of A;G° versus the number of ligands are linear for the
higher complexes shown in Figure 2-7. This result suggests that the formation constant of a
higher complex can be calculated by using an interpolated or an extrapolated value of A,G° at
the desired ligand number in calculating a A,G° for the reaction of interest.

2.4 Summary

The Aqueous Solutions Database contains values of the following four thermodynamic proper-
ties: A;G®, AsH?, §°, and Cp° for solids, simple ions, ion pairs and higher complexes of
elements occurring in nuclear waste, natural waters and geologic materials. This tabulation is
based on other critical evaluations including CODATA (52), the National Bureau of Standards
(51), the IAEA series (41, 56, 62), Lemire and Tremaine (54), Lemire (33) and our on critical
review of experimental work. Reliable experimental data are not available for many potentially
important radionuclide species. Correlation methods that were used to estimate values of miss-
ing data were described.
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Tabie 2-10. Gibbs energy of formation for selected cation-ligand complexes, versus number of
ligands, n, where n ranges from 0 to the maximum value, D hax however values forn = 0
were not included. All data were taken from Appendix II; data in Appendix II were obtained
from References 14, 91, 92, 100 and other references cited. Average correlation coefficient, r?
= 0.9999. m = slope, b = intercept, the quantity A;G [M] is the Gibbs free energy of formation
of the cation. Note that A, G [M] is generally more positive than the extrapolated value, at n =

0 (b).

M-Xn N hax A[G[M] intercept,b m
Pb-OH 4 -23.97 -28.77 -183.84
Fe(I)-OH 5 -91.55 -99.28 -177.23
Fe(IIT)-OH 5 -17.28 -30.39 -206.03
Al-OH 4 -489.53 -494.04 -204.08
Eu-OH 3 -576.2 -574.63 -196.3
Am-OH 4 -599.1 -601.43 -186.6
Ru-Ci 7 173.4 164.34 -134.16
Th-OH 5 -704.6 -706.6 -214.5
Al-F 7 -489.53 -510.92 -297.79
Th-F 5 -704.6 -713.98 -31048
Pb-Cl 5 -23.97 -27.82 -133.0
La-S0O, 3 -686.2 -685.62 -741.7
Th-SO, 5 -704.6 -718.62 -757.13

-40-




30

UF
n
O]
20 }— 6 © A]Fn
10
O ]
log K
-10
Hf(OH)n
=20 fb—
A](OH)n
-30 [
Zn(OH)n
| l |
] 2 3 4 5 6

Aumber of Ligands, n

Figure 2-S. Plot of cumulative formation constant or hydrolysis constant versus number of
ligands for typical complex ions. Data from This Work, Lemire and Tremaine (54), Baes and

Mesmer (34) and Smith and Martell (19).
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For all substances in the data base, thermodynamic properties are related by the fundamental
equation (80):

A,G°=A,H°-TA,S° ()

and heat capacity is correlated with entropy for anions and cations. The value of the intrinsic
equilibrium constant for any reaction is related to the thermodynamic properties of the reactants
and products by the relationship:

A, G°=RTInK° 9))
where

A, G°=EA;GP-EAG? (12)

For simple aqueous ions, the A,G° can be estimated from linear correlations between A;G°
and Ay H?. This relationship can be expressed in terms of an electrochemical reaction wherein
an ion is reduced to the comresponding element (cf. eq 6). Heat capacitics are estimated using
a correlation between heat capacity, absolute entropy and ionic charge (cf. eq 7). For
uncharged aqueous species, heat capacity is approximated from a correlation based on algebrai-
cally summing the values for the individual cation and anion.

The effect of ionic strength on formation constants was assessed using the extended Debye-
Huckel and Davies equations (cf. eqs 8,9). Estimates of enthalpies of formation were made
from a linear correlation between A;G? and A;H® (cf. Figure 2-6). Values of entropy and
heat capacities of ion pairs were estimated in the manner described previously for simple ions.

Correlation methods were used extensively to obtain thermodynamic property values for higher
complexes for this data base. The Gibbs energy of formation and enthalpy of formation of
higher complexes change linearly with added ligand. The quantities A;G° and A;H® for the
higher complexes are also related in a linear fashion. The entropy of each complex is calcu-
lated from A, G°=A, H°-298.15A,5° for each reaction.
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3.0 THERMODYNAMIC PROPERTY TABLES

This section contains a discussion of the content of the tabulation of thermodynamic properties
of radionuclides important to sensitivity analyses. The numerical values in these tables are con-
sistent with thermodynamic relationships; consistent in the reproducibility of commonly
accepted equilibrium constants; and, consistent in reproducing the best experimentally meas-
ured equilibrium constants.

Self-consistent values of selected thermodynamic properties are tabulated for the waste radionu-
clides Am, Ra, Th, Np, Pa, Pu and U, as well as other elements in geologic materials. These
tables are organized according to the following format.

3.1 Property Values Tabulated in FORMI

The thermodynamic properties in this format are the Gibbs energy and enthalpy of formation,
entropy and heat capacity. The magnitude of each property is given in units of joules (J). Fig-
ure 3-1 is an example of this format.

The mnemonic in the upper right hand comer identifies the radionuclide; status of the tabula-
tion; and, date of the most current information. If the numerical quantities are evaluated, but
not consistent then ‘‘status 2’ is printed. When the information is compiled but not critically
evaluated and consistent, then the term ‘‘status 3’ is used.

The heading PROPERTIES OF ELEMENTAL lists selected properties of the gas, liquid or

solid element. The THERMODYNAMIC PROPERTIES OF SUBSTANCES tabulates values
of the intrinsic thermodynamic properties at 25°C and zero ionic strength (I).

3.1.1 Substance

Data for crystalline solids (s), amorphous solids (am), gases (g), liquids (1), aqueous uncharged
neutral species (aq), and aqueous ions are included in this tabulation.

3.1.2 Property
The standard state value of the following four properties are tabulated: Gibbs energy of forma-

tion; enthalpy of formation; entropy; and heat capacity. The values are related so that for any
chemical reaction, within + 1 kJ/mol,

A,G° = A H® —298.15,S° (19)
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é‘\?ue.ous AMERICIUM
1
Dz:sbgges Lawrence Berkeley Laboratory Esvgnﬁitid
January 1988
PROPERTIES OF ELEMENTAL AMERICIUM:
Atomic Number: 95
Formula Mass: 241.06 7 9
Electronic Configuration: 5f° 7s
Electronegativity: 1.3
Hydraton Number: 12.8 (F.David,1986)
Ionic Radius: 0.975 angstrom
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A [<] A o SO Cpo
Substance ‘G R fH EE) Ref.
kJ mol Jmol™ K
Am(g) 242.000 284.000 194.40 20.79 1111
4.0
Am(s) 0.000 0.000 55.40 25.50 | 0011
2.00 1.0
Am,04(s) -1614.200 -1692.000 158.00 9110
23 8.0 8.0
Amoz('s) -880.060 -932.200 86.00 9110
25 2.5
AmF,(s) -1523.394 -1588.300 127.60 100.00 | 3339
3 8.1 8.0 4.00
AmF3(aq) -1500.000 -1590.000 56.00  -439.00 | 9999
40
AmF 4(s) -1627.000 -1719.600 148.50 113.00 | 3339
29.0 29.0 4.00
AmC13(s) -910.857 -977.800 164.80 123.00 1339
1.8 13 6.30
AmBr,(s) -786.592 -809.600 205.00 148.00 | 3339
3 8.6 70 16.70
AmI3(s) -613.793 -612.000 234.30 166.00 | 3339
94 70 20.90
Am(OH)3(s) -1168.000 -1272.000 209.00 150.00 1999
30 25.0
Am(OH)3(aq) -1159.215 -1380.000  -183.00  -509.00 | 2999
10.0

Figure 3-1. First page of a FORM1 printout, itroff format, using americium as the example.
This is the format used in Appendix I and II. The number of zeros added by the computer

system does not reflect the number of significant figures in the property values.
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3.1.3 Standard Deviation

The uncertainty at 25°C and zero ionic strength in the magnitude of each property value is
given immediately beneath the property value; with a + being understood. This uncertainty is
generally taken from the referenced publication, and normally reflects a standard deviation of &
1 o. For example, Baes and Mesmer (5) tabulated an uncertainty which is one standard devia-
tion. Exceptions are the data from Robie et al. (58) where the standard deviation is + 2 ©.
Fuger and Oetting assign uncertainties which ‘‘represent the best estimates of the overall
uncertainties in the values at the 95% confidence level” (41,p.3).

3.1.4 References and Comments

A reference column (Ref.) identifies the literature source cited for each property value; the
numbers in each column range from 0 to 9. Delimiters are not used. In the Ref. column, the
numbers refer to the source of the values for AfGO,AfH ¢.,5°,Cp° in consecutive order, from
left to right. Zero is always used to indicate missing data; 9 is always used to identify this
work. As example of these comments is a portion of the Comments section for Am:

Comments:

Reference 1 is L.R Morss,1985;2=Phillips,1982;3=IAEA Pari8,1983;4=Kerrisk,1984; 6=F David:].Less-Common Metals
1986,v.121,27; 7=Bidoglio: Radiochim. Radioanal.Leners 1982,v.53,45;8=R.Lundqvist:Acta Chem.Scand. 1982,v.A36,741.
9=This work. SmOH™™ used as model for AmOH*t in estimating enthalpy and entropy. Enthalpy of Am203(s) is from
L.Morss; D.C.Sonnenberger: JNucl Mater. 1985,v.130,266. Gibbs energy of AmOHCO,(s) from RJ Silva: UCRL-91821,
Lawrence Livermore National Laboratory,Livermore,CA (Jan.12,1985). Data for AmF’  and AmF * from K.L Nash and

JM Cleveland: Radiochimica Acta 1984,v.37,19. For Am* """ +e = Am™ E® =262 v. Refercncc is L.R.Morss; J.Fuger:
JInorg.Nucl.Chem. 1981,v.43, 2059. D.Rai; R.G.Strickerl, D.A.Moore; J.L. Ryan‘ RBleChlI‘n. Acta 1983,v.33,201 measure for
Am(OH)3(s) Jog K_=-17.5+03; log K < -8.2 for AmT 4 H O = AmOH™ + H'. We calculate logK(1=1.0)=-8.70 for this
hydrolysis reaction,using b=0.3 (value for NdOH* " from Bacs,Mesmcr.1976) Nair et al.:Radiochim. Acta 1982, v32, 37 find
log K(I=1.0) = -7.03 for this hydrolysis reaction. Lundqvist, Ref.8, measures log K(I=1.0)= -7.5; and Caceci; Choppin:
Radiochim. Acta 1983, v.33, 101 find log K{I=0.7) = -7.54 in 0.7M NaCl solution, at 21°C, for this first hydrolysis reaction.
Considering difficulty in measuring AmTT hydrolysis, agreement is probably satisfactory for one unit of log K(I=1.0). Values
for AmF3(aq) calculated in this work from the linear change in AfG with number of F hgands and A H from the linear relation
between AIG and AfH also,Am(OH) .Am(OH) (aq) Values of log K° for both AmH PO ** and the 1:2 complex
Am(H2 ) ¥ from Lebedev et al.: Radxokhumya 1979,v.21,692. Kernisk (1984) is LA 10040 MS (July 1984)
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3.2 Auxiliary Data

The auxiliary data used in this work include the critically evaluated enthalpies and entropies
from CODATA, and our evaluation. The tabulated ionic heat capacities were obtained from
Brewer (82), Hovey et al. (83,84), or the references given.

3.2.1 CODATA Key Values

We have obtained values of the enthalpy of formation and entropy to the extent possible from
the CODATA tabulation of Key Values (47,52). In general, uncertainties are less than = 1.0
kJ/mol for ArH® and * 1.0 J/moVK for S°. The CODATA publication Bulletin 28 (April
1978) contains a bibliography of 176 references to sources of the experimental measurements
used in arriving at the recommended Key Values. A Footnotes section describes the method of
calculation for the enthalpy and entropy values listed.

3.2.2 Master Species

One of the intended uses of the Aqueous Solutions Database is in the preparation of well-
documented, internally-consistent sets of data for use in geochemical speciation and reaction
codes such as PHREEQE (4) and MINEQL (89). These codes require specification of logK
values for reactions that involve ‘‘basis’’ or ‘‘master’’ species. Values of the thermodynamic
properties of the master species were obtained from the NBS Tables (51), the JANAF Tables
(71), Naumov et al. (57), and our evaluation (Section 1.2.2). Examples of these master sub-
stances are NpO 3 ,Ra*™*, Th*™* and CO3 ~. The uncentainties are generally larger than those
of the CODATA values; for example, ¢ of AfG"[NpO{ .aq] = 5.4 kJ/mol.

Appendix I is a current list of master species and associated thermodynamic property values
that has been defined for use with these codes. In the future, as the scope of applications of
this data base expands, additional species may be added to this table. Values of master species
are consistent with the CODATA Key Values, and are consistent in reproducing critically
selected experimentally measured equilibrium constants. These auxiliary data and other data are
stored on the LBL 8650 computer cluster, using the DATATRIEVE data base management
system.

3.3 Apparent Equilibrium Constants at High Temperatures and Salinities in FORM2

The data contained in the Aqueous Solutions Database are used to calculate intrinsic equili-
brium constants (25°C and 1=0). Equilibrium constants at other temperatures (K (7)) and salin-
ides (K (I)) are calculated with eq 20 (46) and eq 8 (13), respectively. The change in the
value of the equilibrium constant with temperature is calculated from eq 20, when the heat
capacity change can be assumed constant over the entire temperature range, O<T<300°C (46).
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4

298.15 _ln298.15 1] (20)
T T

At 25°C, eq 8 is used to calculate the effect of ionic strength on equilibrium constants

R InK(T)=A,5°-

+A,Cp°|

AAZH
L%” + bl (8)
14/

logK (/) = logK? +
over the range O<I<3.

Data on A,S°, A H° and A, Cp° for use in eq 20 are computed from data in these tables.
Values of A, Az? and b for eq 8 must be obtained from other publications. For example, Phil-
lips, et al. (15) contains tabulations of AyAz2 and b values for a large number of reactions. An
alternative to the use of eq 8 is to calculate individual ion activity coefficients by using the
methods described by Garrels and Chrst (70), Truesdell and Jones (88), and Pitzer (75).
These approaches are incorporated in the PHREEQE (4), MINEQL (89) and PHREEQE* (90)
computer codes.

Sample session 1.3.6 is an example of FORM2. The user should note that the data in FORM1
are continually updated to reflect newer values; however, values in FORM2 are not currently
recalculated using the most recent FORM1 data. The data in FORM2 are consistent with the
thermodynamic property values published earlier (15).
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4.0 QUALITY CONTROL

A reliable thermodynamic data base is essential in predicting the performance of a HLW repo-
sitory. Central to reliability is the imposition of integrity constraints. The twofold constraints
are self-consistency within the data base, and consistency in reproducing critically selected
experimental measurements.

4.1 Self-Consistency

Self-consistency 1is defined in two ways: for each substance the relationship
A, G° =AH? —298.15A,5° will hold to within 1000 J/mol; and, an intrinsic equilibrium
constant or standard potential will have a single value irrespective of the number of equations
added or subtracted in arriving at the final, desired reaction. Self-consistency is reflected by
consistency with geochemical reaction processes as discussed in the next section.

4.2 Consistency with Reaction Processes

Reaction processes include both chemical reactions and electrode reactions. The equilibrium
constant for each reaction is calculated from the various Gibbs energy values of individual sub-
stances taken from the tables. The constraint on quality control here is that the desired reaction
which we identify as the net reaction, will have one value of logK’ regardless of the number
of differing reactions added to form the final, net reaction.

4.2.1 Program FPLOTI1

The Hewlett-Packard program FPLOT graphs mathematical equations and prints tables based
on these equations. We have modified the program; the new procedure, named FPLOT]1, calcu-
lates thermodynamic quantities for individual chemical reactions. An additional feature is the
calculation of the net change in Gibbs energy, enthalpy, entropy and heat capacity for each
reaction, and the value of A, H?-298.15A,5° for each chemical reaction. This permits a pre-
cise calculation of self-consistency for the various reactions in a geochemical process. The
program calculates values of logK (T") using enthalpy and entropy values, so that there may be
a difference between logK° calculated from A,G°, and logK? calculated from
A, H®-298.15A,8°.

4.2.2 Chemical Equilibria
An example of consistency with reaction processes and application of the program FPLOT]1 is

the following series of reactions which are added to give the net reaction, the dissolution of
strontianite. The units of A,G° are kJ/mole.

Sr(s)+2H" = Sr™ + Hy(ag), A,G° = -546.093+1.2 Qn
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SrCO4(ag) = Sr*t + CO7 ™, A,G° = 16.26+1.04 22)

SrCOs(s) = SrCO4(aq), A,G° = 36.91£1.00 (23)
Ho(ag) = Hy(g), A,G° =-17.7810.90 (24)
H,(g)=2H"+2e,A,G° =0 (25)
Srt 4+ 2e =58r(s), A,G° = 563.8810.80 (26)

The net reaction is obtained by addition of eq 21 through eq 26,
SrCO4(s) = Sr™ + CO5 ™, A,G%=53.17+2.23, logk® = -9.31340.39 27

Calculated directly for eq 27, A,G° = 53.170£1.31 kJ/mol and logK°® = -9.31310.23. The
value logK° = -9.313 compares with the value of logK? = -9.13 which was measured experi-
mentally in NaCl media by Millero et al. (39); and with logK? = -9.26610.004 measured by
Busenberg, Plummer and Parker (40). Our propagated uncertainty was calculated as the square
root of the sum of the squares of the individual standard deviations of the individual values of
AGE.

4.2.3 Oxidation/Reduction Potentials

An example of self-consistency in oxidation/reduction reactions is a calculation of the standard
potentials for the following three uranium couples

U0 +4H*Y + 2¢ = UM + 2H,0, E° = 027240.011v. (28)

UOT" +e=U0F, E°=0.16510.060v. (29)

1,0, E° =0.37940.060v. (30)
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The A,G° for these reactions are: -52.458 kJ/mol, -15.900 kJ/mol and -36.558 kJ/mol, respec-
tively. Adding eq 29 and eq 30 gives A, G° = -52.45815.8 kJ/mol, in agreement with
E°=0.27210.030v. for eq 28. Newer measurements indicate a more negative E° = (0.25v.
(87). However, we retain £°=0.272v. until the newer data have been critically evaluated.

4.2.4 FPLO2 Program

The Hewlett-Packard program, FPLOT, was modified to calculate standard potentials (E°), as
well as changes in Gibbs energy of reaction, enthalpy, entropy and heat capacity. It serves the
identical purpose as that of FPLOT1 but is used for electrode reactions. Table 4-1 compares
standard potentials computed from our Tables in Appendix II with selected reactions in Bard et
al. (64).

4.3 Reproducibility of Selected Experimental Measurements and Other Work

Values of logK are commonly measured by a number of methods including conductivity
changes; potentiometry involving addition of OH  to acidic solutions of a dissolved metal;
spectrophotometry in which changes in absorption at specific wavelengths are monitored; distri-
bution of an ion pair between two immiscible solvents; and, electroanalytical methods such as

polarography.

The examples of experimental studies described in the following sections were chosen to
represent a broad range of chemical behavior and experimental techniques. They represent a
small subset of the total number of experimental works consulted during the compilation of the
Aqueous Solutions Database.

4.3.1 Silica Solubility

The solubilites of quartz and amorphous silica have been measured by a number of researchers
(48,49) at various temperatures. We calculated logK for solubility of silica using our values for
Si0, and the CODATA tables for H,0 (1), using eq 20, according to the dissolution reaction,

SiO y(quartz amorphous Y2H ,0 = Si (OH )4(aq) 3n

Our results compare with those calculated by Fournier (48) for quartz and Fournier and
Marshall (49) for the amorphous form, both at saturation vapor pressures. However, we have
assumed that: (a) equation 31 is valid over the temperature range 75 to 350°C; (b) that the data
at 25°C can be used to extrapolate to 350°C using eq 20. Foumnier, and Fournier and Marshall,
do not assume a constant number of hydrated waters for the
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Table 4-1. Standard electrode potentials for selected redox couples at 25°C and 1 = 0. E° cal-
culated from data in Appendix II. The value of the faraday used in this table is 96,487
coulombs/mol. Differences are due to differing values for AfGo. In this table, the quantity A

is defined as
A=AG°-[{AH? — A S°), Jmol.

Ideally, A = 0.

Electrode Reaction

Oy(aq) + 4H" + 4e = 2H,0

2H" + 2¢ = H,(aq)

Nat + e = Na(s)

Kt+e= K(s)

Cst+e= Cs(s)

Ag+ +e = Ag(s)

NpO,* + 4H" + Se = Np(s) + 2H,0
PuO, " + 4H" + 6¢ = Pu(s) + 2H,0
Ca*t + 2e = Ca(s)

Sttt + 2e = Si(s)

cu*t + 2e = Cu(s)

Pb* + 2¢ = Pb(s)

U0, + 4H" + 6¢ = U(s) + 2H,0
ZntY + 2 = Zn(s)

Fe™™* + 2e = Fe(s)

Fet*' + 3e = Fe(s)

Th*** 4+ 4e = Th(s)

Fy(g) +2e = 2F

Cly(g) +2e = 2CI°

Iy(s) + 2¢ = 2I’

O4(g) + 2H,0 + 4e = 40H
Si(OH),(aq) + 4H" + 4 = Si(s) + 4H,0

Ja

124

22
250
340

20
150
490

80
10
110

70
100

19
120
10
252
175

This Wor
1.27240.0001
-0.0924+0.005
-2.71440.001
-2.92530.001
-3.027+0.002
0.79911+0.001
-0.91310.011
-0.488+0.012
-2.865+0.004
-2.922+0.004
0.3394+0.0005
-0.12440.0005

"-0.82640.004

-0.763+0.001
-0.474+0.005
-0.059+0.003
-1.82640.014
2.920+0.007
1.360+0.001
0.53550.0083
0.401+0.001
-0.931£0.005

E°(voly
Ref. 84

-2.714

-2.925

-2.923
0.7991

-2.84

-2.89
0.340

-0.125

-0.7626
-0.44
-0.037
-1.83
2.87
1.358
0.5355
0.401
-0.848
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reaction 31. Results are in Table 4-2.

Table 4-2. Comparison of calculated solubility for both quartz and amorphous silica, with
experimentally related values, from 75°C to 350°C.

T,°C 75 100 150 200 250 300 350 Reference
logK(quartz) -3.35 -3.10 -2.68 -2.36 -2.11 -1.64 -1.9 48
-3.39 -3.16 -2.76 -2.43 -2.16 -1.91 -1.71  This work

logK(amorphous)  -2.37 -2.23 -1.99 -1.81 -1.67 -1.59 -1.54 49
-2.59 -2.43 -2.15 -1.91 -1.71 -1.54 -1.39  This work

At 25°C, logK°(quartz) = -3.9610.36, comparing with -4 tabulated by Baes and Mesmer (5);
and, logK? (amorphous) = -2.9840.46, comparing with -2.74 in Ref. 49.

The solubility reaction in eq 31 can be complicated by coupled reactions such as the ionization
of silicic acid. Data for silicic acid ionization are discussed in the next section.

4.3.2 Silicic Acid Ionization

The next table compares our calculated values for the first ionization constant of Si (OH )4(aq)
with Busey and Mesmer (50).

Si(OH )4(aq) = SiO(OH); + H* (32)

Table 4-3. Comparison of calculated apparent ionization constants for silicic acid with experi-
mental data at high temperatures, at I = 0.

log K(T)
T,°C This Work Ref. 50
0 -10.26 -10.28
25 - 9.8240.30 -9.82
50 - 9.50 - 950
75 - 927 -927
100 -9.12 -9.10
150 - 8.96 - 8.90
200 - 895 - 8.85
250 -9.02 - 896
300 -9.15 -922
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Values of logK (/) for reaction 32 were calculated using an extended Debye-Huckel equation
(eq 8) over the range 0 - 3.0m using b = -0.06 and A),Az2 = 1.02 (13). See Table 44.

Table 4-4. Comparison of calculated ionization constants for silicic acid calculated in this work
with experimental data. T = 25°C.

Imol/kg logK(T) logK(I)
This Work Ref.50
0 -9.8240.30 -9.83
0.1 -9.58 -9.59
0.5 -9.43 -9.44
1.0 -9.37 -9.38
2.0 -9.34 -9.35
3.0 -9.35 -9.36

4.3.3 Nickel/Fluoride Electrode System

An example of consistency in reproducing other experimental or calculated values of standard
potentials is the comparison given in Table 4-5. The comparison is between our predicted
values for the change in standard potential of the nickel/fluoride electrode system, with that
calculated from the Gibbs energies in Bamer and Scheuerman (53), for temperatures up to
300°C.

Assuming the Ni(s)/NiF ,(s) couple is reversible, then E°= 0.2111£0.006v. for the electrode
reaction

Ni(s H2F ™ = NiF 5(s ¥2e (33)

A table of standard potentials as a function of temperature was generated using FPLO2. At
25°C, values from the NBS tables of Wagman et al. (51) yield E° = 0.241v. for this reaction.
The difference between our standard potential and that calculated from the data in the NBS
tables is 0.030v.; this is due to our selection of the Gibbs energy of formation value for F~
from the 1977 CODATA Key Values (-281.75 kJ/mol) which differs from the NBS value for
F~ (-278.65 kJ/mol)(51).
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Table 4-5. Electrode potentials for the nickel-fluoride couple. *E° is this work; **E° is calcu-
lated from data in Bamer and Scheuerman (53); AE® = *E° - **E°,

T°C *E°,v. **E°v. AE°
0 0.186 - -
25 0.21110.006 0.263 -0.036
50 0.237 0.26% -0.032
75 0.268 0.297 -0.027
100 0.302 0334 -0.034
150 0377 0.409 -0.032
200 0462 0.501 -0.039
250 0.555 0.596 -0.041
300 0.656 0.705 -0.049
350 0.764 - -

43.4 U™ — OH™ System

Baes and Mesmer (5) interpreted the solubility measurements of Gayer and Leider (59) for
UO 4(s) in alkaline media according to the reaction

UO(s) + OH™ + 2H,0 = U(OH)3, logK =-3.77 (34)

On the assumptions of a mononuclear species and UO ,(s) as the solid phase they calculated
logk® = -16.0 for formation of U(OH); according to the hydrolysis reaction
U™ + 5H,0 = U(OH)5 + SH*. Using this value and assuming a regular progression of
the intermediate equilibria, they estimated logK® for U(OH );*, U(OH )3, and U(OH )4(aq).
See Table 4-6. The parenthesis around the values of logK® for the 1:2, 1:3 and 1:4 species are
from Baes and Mesmer, and reflect the uncertainty in the existence of these species. Langmuir
(61) used a similar approach. His data were adopted by Lemire and Tremaine (54); however,
Langmuir’s values are not all identical to those of Baes and Mesmer,

In both approaches, the magnitude of logK® for formation of U (OH )5 determines the hydro-
lysis constants for the 1:2, 1:3, 1:4 species. In fact, only the first hydrolytic species has been
experimentally identified and, both the existence of U (OH )5 and its hydrolysis constant have
been questioned (7,60). For example, solubility measurements of UQO ,(am) have been inter-
preted on the basis of both U(OH){ and U(OH )4aq) as the soluble species, rather than
U(OH )5 by Bruno et al. (60,87). It should be recalled that one of the questioned species,
U (OH )5, exists only in highly alkaline solutions (e.g.,pH>12); therefore when using computer
codes for predicting radionuclide behavior we do not include this substance in natural waters
where the pH does not exceed 9 or 10. On the other hand, an anionic hydrolytic species cannot
be excluded on the basis that experimental measurements such as solubility of UO ,(s ,.am ) do
not give unequivocal results. For example, Cobble et al. (21) include the anionic iron
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complexes Fe(OH); and Fe(OH )4 ~ as likely hydrolytic species in alkaline waters used to
produce electrical power; other anionic species such as Zr(OH )5 are included in Baes and
Mesmer (5).

Bruno et al. have calculated a new standard potential for the U(VI)/U(IV) couple (87),
E° =0.260v. or 0.248v. depending on the method for correction to zero ionic strength. The
first value is based on calculations using specific interaction theory; the second uses the Pitzer
equations. We currently retain 0.27210.011v., virtually identical to that in the IAEA series (41)
pending critical evaluation of these newer results. A recent publication by Lemire (95) has
revised values of free energy of formation, entropy and heat capacity for a number of species
including U (OH )4(aq) and U(OH )5, which differ from the data in Appendix I (uranium
table).

4.3.5 UO ;" Hydrolysis

Sylva and Davidson (22) studied the hydrolysis of U0 ;" at 25°C in 0.10M KNO 4 solutions
at 25.0 £ 0.1°C (22); the total initial UO;* concentration ranged from 0.185x1073M 1o
1.853x107M. Titrations were carried out by addition of base in 0.1M KNO 1 solutions which
served to maintain a constancy in ionic strength. The number of data points taken during titra-
tion ranged from 42 1o 65; the pH values were measured to three decimal places and ranged
from 3.208 to 5.911. The experimental data were interpreted by fitting to 18 models, using the
computer code MINIQUAD 75. The UQ3™ hydrolysis behavior is complex due partly to for-
mation of dimeric and higher complexes. Therefore a trial-and-error approach was used con-
sisting of various combinations of possible species, together with previously published-models.

Criteria for selection of the best model were the simultaneous existence of: (a) standard devia-
tions for all the constants of ca. 10%; and (b) a value of the goodness of fit parameter (R) of
about 0.001. The best fit was obtained from a model based on the following hydrolytic
species: UO,0H™, (UO )(OH)S™, (U0 )5(0H ), (U0 )5(OH)E and (UO,)4(OH ). Only
UO,0H™ is an ion pair; the remaining substances are polymeric hydrolytic products. Table 4-7
summarizes the results obtained by Sylva and Davidson (22) and other measurements (23) for
the hydrolytic behavior of UO5* at 25°C. UO5* has a strong tendency to form dimers and
polynuclear species; so that their work provides evidence for the 1:1 species (5). Adequate
models of the behavior of UO ;™" in natural waters, which are expected to contain low concen-
trations of total uranium might consist of UO,0H™ as the principal hydrolytic product. We
used these data to calculate values of Gibbs energy of formation for the hydrolytic species,
after correcting to I = 0, using eq 10. See for example Figure 2-3.
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Table 4-6. Standard hydrolysis products of U™, 25°C and 1 = 0. Values for This Work cal-
culated from data in Appendix II. Uncertainties for the 1:2, 1:3 and 1:4 interpolated values cal-
culated from (1.81%+0.39%)"2,

log K°
Hydrolysis Reaction This Work Bruno  Lemire(54) Baes(5)
U™ 4+ 10 = UOBT + BT -0.65+1.81 -1#1 -0.65+0.04
Uttt 4 20,0 = U(OH)2 +2H" 427+1.85 -2+4 (-2.6)
U™ 4 3H,0 = U(OH); " + 3H" -7.87+1.85 -1.1(0=0.5)  -5t4 (-5.8)
U++++ + 4H,0 = U(OH)(ag) + 4H* 1148185 -5.4(1=0.5) -9+14 (-10.3)
U™ + 5H,0 = UOH)s™ + SH* -15.09+0.39 -13+] -16.020.1
Other Reactions
UO,(s) + OH™ + 2H,0 = U(OH)s~ -5.75+0.24 377 377
UO,(s) + 4H' = U 4 21,0 -4.65+0.24 1.6 46404 -1.8

Table 4-7. Selected apparent hydrolysis products of UO 5™, 25°C.

log K(D)

Medium UO,0H"  (UOy,(0H),"™  (UO,)5(0H)s"  (UO)y(OH),"™  Ref.
0.1m NaClO, 6.2 5
6.08 -5.78 -16.59 15

0.1m NaNO, 6.2 5
0.1m KNO, 6.1 -5.84 5
0.1M KNO; -5.50 -5.89 -16.46 -12.31 2
0.024M NaCiO, -5.64 -15.%4 23
0.105M NaClO, -5.85 -16.32 23
0.254M NaClO -5.89 -16.46 23
0.506M NaClO, -5.97 23
-6.10 -5.95 -16.91 15

1.005M NaClO, -6.06 -16.67 23
-5.99 -6.03 -17.03 15

2.003M NaClO, 6.16 -16.79 23
-5.69 -6.10 1704 15

0.5m KNO, 5.7 -5.92 -16.22 5
1M NaCl 5.6 -6.20 -16.96 -12.33 5
1M NaClO, -5.91 -16.43 5
3M NaClO, 6.02 -16.54 5
-5.35 -6.13 -17.19 15

3M NaCl -6.64 -18.07 -12.54 5
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4.3.6 Hydrolysis of Am™™"

Caceci and Choppin used a solvent extraction method to measure the first hydrolysis constant
of both AmOH™*" and EuOH ™" (24). Apparent stability constants were determined by extraction
of an organoamericium chelate into benzene, from 0.7M NaCl solutions containing oxalate, and
buffered with 0.05M hydroxylamine (pH6), or hydrazine (pH8). No hydrolysis was expected
at pH6, so that the formation constants of the oxalate complexes were measured. The concen-
tration in the organic phase was calculated from the activity of .24'Am™*™ | using a Nal(Tl)
gamma well counter. Their and other results (25-27) are given in Table 4-8.

Table 4-8. Apparent hydrolysis constants for Am™" + H,0 = AmOH™ + H™.

Medium Tog K{I) Method ] Relerence
I=0 -8.0+1.9 Calculated This work
0.7M NaCl -7.54+0.2(21)°C Extraction 24
1.0M NaClO, -7.0320.05 25
=0 <-82(22°C) Solubility 27
1.0M NaClO, -7.5+03 Potentiometric 26
1.0M NaClO, -8.73 Calculated This work

4.3.7 Am-F Complexes

Nash and Cleveland studied formation of the AmF™ ion pair using an ion-exchange method,
over the temperature range 5-45°C (31). The measured substance was .**'4m, in
0.1M NaClO 4 media using a Ge(Li) gamma spectrometer. Values of A,H° and A, S° for the
formation reaction were calculated using the van’t Hoff equation:

dink AH
dT ~ RT?

(15)
and

logk = % +B (35)

where A, H® = -2.303RA ; A, §° = 2.303RB. Results are summarized in Table 4-9.
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Table 4-9. Tabulation of thermodynamic values for the formation of AmF*

and AmF3 (31).

Medium logK(D) logK(I)
AmF™ AmF,*

0.IM NaClO, 2.59+0.02 2.17+0.06

0.5M NaClO , 3.392.72

1.0M NaClO 4 2.49+0.02 -

ArH,kJ/mol
AmFH
22.9+1.6

27.642.1

ArS J/mol/K
AmFT*
1265

140%5

4.3.8 Hydrolysis of NpO 3

Lierse, Treiber and Kim studied the hydrolysis of NpO4 in IM NaClO , (28) by a method in

which freshly prepared and uncharacterized .237Np020H (am?) was dissolved in HCIO 4 and

transferred to a solution of 1M NaClO 4 under Ar. Carbonate free 6.6M NaOH was added to
obtain pH 13. The system was equilibrated for two days, and equilibrium was assumed after
this time. The solid was separated, and the Np concentration determined radiometrically. Their
results for the reaction NpO; + OH™ = NpO,0H(aq), as well as the solubility of

NpO,0OH (am?) are shown in Table 4-10.

Table 4-10. Apparent formation constants of the ion pair, *NpO,0H (ag) and solubility of

NpO,0H (am).
Medium ""“logKSp logK() Method Ref.
I=0 -9.77 -8.95 Calculated This work
0.1IMCr <-9.2 -8.85 Solubility 5
1=0.1 92 - Titration in 28
0.2,20°C -9.0 -10.1 Solubility in 28
1=0.2 943 -9.00 Calculated This work
0.02,23°C -9.73 -8.91 Potentiometry 93
1.0M NaClO,, - -9.12 Solubility 29
1.0M NaClO, -8.81 -11.43 Titration 28
0.2M NaClO ¢ - -9.59 Extraction 30
0.1M NaClO, -9.51 -8.97 Calculated This work
1.0M NaClO, -9.17 -9.19 Calculated This work
1=2.0 -8.98 -9.43 Calculated This work
I=3.0 -8.84 -9.67 Caiculated This work

" Reaction: NpO,* + H,0 = NpO,OH(aq) + H*

*

* Reaction: NpO,OH(am) = NpO,* + OH".




In Table 4-10, logKj, is the solubility product of NpO,0H (am?). Our logK®’s werc calcu-
lated from our data for NpO5, H,0 and the Davies equation for logk (/=0.1).

4.3.9 NpO 7 - Carbonate Complexes

Bidoglio, Tanet and Chatt studied the complexation of NpO 7 with carbonate under conditions
simulating a geologic repository (30). Complexation was investigated using a solvent extrac-
tion technique involving a mixture of trioctyl methylammonium chloride and 2-thenoyl
trifluoroacetone in benzene. The shori-lived 2*’Np was used, and the gamma emissions
counted by either a Nal(T1) crystal detector, or a liquid scintillaton counter. Both the ion pair
NpO,CO3 and the higher complex NpO,(CO3); ~~ were identified. Formation constants for
both substances are summarized in Table 4-11.

Table 4-11. Apparent formation constants of NpO 7 - carbonates, from Reference 30.

I,mol/kg logK 11 1)) logKu(I) logK 1 3(I) Method Ref.
0.05 59405 - 16.3+0.5 Electrochemical in 30

0.2 4.13+0.03 7.0610.05 - Extraction in 30

0.2 4.26 6.94 - Calculation This work
1.0 4.49+0.06 7.1110.07 8.53+0.09 Solubility in 30

1.0 431 7.27 - Calculation This work
3.0 5.09 8.152+0.25 10.46+0.08 Solubility in 30

3.0 5.14 8.09 - Calculation This work

In Table 4-11, logKy; refers to the 1:1 ion pair and logK ,, refers to the 1:2 higher complex.
Our logK,; and logK;, were calculated from our thermodynamic tables, and from the Davies
equation for I=0.2 and the extended Debye-Huckel equation for the range 0<I<3.0.
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5.0 UNCERTAINTY IN EQUILIBRIUM CONSTANTS

The term uncertainty refers to the numerical value of the standard deviation (£10), in the
equilibrium constant or the value of the thermodynamic property at 25°C. In this sense, the
definition “‘is strictly an allowance assigned to a measured value to take into account two
major components of error: (a) the systematic error, and (b) the random error attributed to the
imprecision of the measurement process’’ (65). Uncentainty is also used here in a more general
manner o denote an uncertain stoichiometry in a chemical reaction related to a geochemical
process; to quantify an extrapolation procedure such as calculation of an equilibrium constant
in solutions with high ionic strength, based on the values at zero ionic strength; and, to
describe substances such as U (OH); when a question exists on the existence of these sub-
stances in geochemical calculations related to solubility (1,68).

5.1 Uncertainty in Thermodynamic Tables

An example of uncertainty in the sioichiometry of a geochemical process is the dissolution of
silica. Foumnier (48) and Foumnier and Marshall (49) characterize the solubility of quartz in hot
water by the equation;

0—Si0 o(s W2H 0 =Si (OH ), (aq) (36)

where n is the average number of water molecules bound to one Si0, molecule, i.e., the
hydration number. Because the thermodynamic information is not available for fractional n,
we use n = 4 so that the soluble product is silicic acid. In fact, the stoichiometry may be
close to n = 4 as shown by the comparison of our calculated solubility, with the experimental
measurements in Table 4-2. However, the hydration number is not necessarily an integer (48).

Another example is that in which an ionic species may be prevalent only in certain solutions.
For example, AI(OH),; formms significantly only in alkaline media; the neutral substance
Al(OH )3(ag) has not been verified in solutions with a neutral pH (73). Other substances such
as the polynuclear species Th,(OH )i+ and The(OH ){Z* are found in solutions containing
chloride, but not in perchlorate (5).

5.2 Contested Substances

A further uncertainty is that associated with the interpretation of solubility measurements, for
example the solubility of uraninite, UO,(s) . In this case, there are two questions: 1. what is
the actual solubility in basic media; 2. what is the stoichiometric equation describing the solu-
bility process? The uncertainty arises due to the low solubility of uraninite in alkaline solu-
tions, as well as the readiness with which UO »(s) is oxidized to the more soluble hexavalent
form (68). As discussed in Section 4.3.4, Baes and Mesmer interpreted the solubility measure-
ments by Gayer and Leider (5) in terms of the following reaction,
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UO (s) + OH™ + 2H,0 = U(OH); 37

The Gibbs energy of formation of U (OH )5 could then be calculated from the equilibrium con-
stant for this reaction. Furthermore, the logK°® for this reaction together with the hydrolysis
constant to form the 1:1 substance, UOH ™" , permitted an estimation of the hydrolysis con-
stants for the other postulated hydrolysis products, U(OH )+, U(OH )3, and U (OH ),(aq).
The assumption by Baes and Mesmer is a regularity in change in logK with addition of an
OH™ ligand (5). Recent publications by Ryan and Rai (7) and Bruno et al. (60) have chal-
lenged the evidence supporting the existence of the U (OH )5 species. This controversy over the
aqueous model for U™ is a source of uncertainty that should be accounted for in calculations
of solubility and speciation. More discussion is given in Reference 68.

5.3 Propagation of Standard Deviation

This data base is given as a tabulation of Gibbs energy of formation, enthalpy of formation,
entropy and heat capacity of individual substances. The first three quantities are rclated by the
expression A,G°=A,H°-TA,S° so that the individual standard deviations are also related.
An additional relationship is A, G°=-RTInK?’, where A,G? is obtained from the individual
values of the Gibbs energy of formation. The following procedures are used to propagate the
standard deviations in the table of thermodynamic properties in calculating the final value of
A, G°0; and, to calculate the uncertainty in the Gibbs energy of formation using the standard
deviation of A;H° and S°. These procedures are used if and only if uncertainties have not
been assigned to the thermodynamic quantities by authors of publications containing the values.

When the results of replicate experimental measurements follow a random distribution, the fol-
lowing relation is commonly applied to calculate a propagated uncertainty (33, 67).

o’=(ci+0i+...+02) (38)
In a chemical reaction such as formation of an OH ™ ion pair, the equilibrium is written
M™+OH =MOH"* 39)

where M ™™ is a divalent metal ion. Then

A,G=A;G[MOH"}-(A;G [M™1+A; G [OH™]) (40)
2 2 2
0% = (Oyon)* + (Oy)* + (Gop) 41)
For reactions involving several ligands, cach standard deviation is multiplied by a

stoichiometric coefficient.
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The uncertainty in the equilibium constant is calculated by the relation
o(logK) = 6(A, G )/5708.93, at 25°C (33). (Gibbs energy is in units of joules). For example,
Table 5-1 is a compilation of propagated uncertainties associated with various values of logk
for 7 reactions involving neptunium.

Uncertainties in A, G are propagated from the uncertainties in the values of related quantities
ArH? and S° by the following relationship used by Robie et al. (58)

o5 = of; + (298.150¢ + I(298.15n;05.)%) (42)

where Gy = uncertainty in A, H ,65= uncertainty in S, and the Og, are uncertainties in the entro-
pies of the reference elements, and n; are the number of moles of each element in the chemical
formula of the substance.

Propagated uncertainties can be calculated for data in the Aqueous Solutions Database using
DATATRIEVE interfaced 1o the computerized procedures ADDREACT and COMPLOGK.
These procedures are described in Sections 5.3.1 and 5.3.2.

5.3.1 ADDREACT Interface to DATATRIEVE

The procedure ADDREACT (Section 1.3.7) automatically assigns a unique reaction number to
a specific chemical equation and merges the numerical values of the various AfG" and A H®
with their associated uncertainties. The result is a tabulation of reactants and products,
stoichiometric coefficients, A,G? and A;H° for each reactant and product, and the uncertainty
in AfG? for each reactant and product. These data are then used to calculate A,G°, A, H°
and logK® for the reaction, and a propagated uncertainty for each quantity using the computer-
ized procedure, COMPLOGK.

5.3.2 COMPLOGK Interface to DATATRIEVE
The procedure COMPLOGK calculates values of logK®, the magnitude of A, H° and further
calculates a propagated uncertainty as the square root of the sum of the squares of the uncer-

tainties in the individual values of each A;G° and those of AfH°, according to eq 38. See
Table 5-1, as an example.
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Table 5-1. Propagated uncertainties calculated according to eq 38 for selected reactions involv-
ing neptunium, using ADDREACT and COMPLOGK.

reacuon This work Clinire (33)
NpttH 4 H,0 = NpOH T + HY -1.06£1.83 -1.0+1.0
Np*t T 4+ 2H,0 = Np(0H)2++ + 28" -2.83+2.79 -2.842.6
Nptt+ 4 3H,0 = Np(OH)3+ +3H" -5.83+3.63 -5.8+3.5
NptH 4 4H,0 = Np(OH)4(aq) + 4H* -9.53+3.63 -9.643.5
NpttH o+ SH,0 = Np(OH);™ + syt -14.29+7.07 -14.3435,-7.0
NpO,(s) + 4HY =Np™™T 4 2H,0 -7.82+1.04 -7.8+14
NpO,(s) + OH" + 2H,0 = Np(OH)’ -8.1147.02

-64-



6.0 SUMMARY

In summary, a consistent tabulation of values for thermodynamic properties of the actinide and
other elements important to assessing the performance of nuclear waste repositorics has been
developed. The content of the tables covers about 40 elements, with emphasis on radionuclides
associated with high level waste materials. The resulting computerized data base system facili-
tates management of thermodynamic tables to meet the following eight major specifications:

i. All numerical values result from a critical evaluation of selected experimental measurements,
published in refereed joumals. Besides our assessments, critical evaluations include standard
reference data such as CODATA.

ii. Emphasis was on the actinides because these elements represented by far the major gap in
thermodynamic data. However, data on many other elements such as Al and Si are also
needed, and are included in Appendix II.

iii. All values of the Gibbs energy of formation have an uncertainty as an indicator of the qual-
ity of the value, and for statistical calculations such as propagation of the uncertainty in a cal-

culated equilibrium constant.

iv. Important gaps in the tables were filled by interpolation, correlation or theoretically based
extrapolation.

v. The ASD is consistent with: the CODATA tables; the fundamental relationship
A, G° = A, H? =298.15A,5° within defined limits; and, reproducing critically evaluated
laboratory results.

vi. A literature reference to the source of individual property values is given.

vii. The data base is accessible to researchers and other users via telecommunication.

viii. Utility programs were developed to facilitate the use of the data in geochemical codes for

sensitivity and uncertainty analysis.

While satisfactory for this purpose, additional research is needed to improve the data base for
performance assessment and other applications. The newer research is described in the follow-
ing section.
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7.0 RECOMMENDATIONS FOR ADDITIONAL RESEARCH

After completion of this work, some recommendations are appropriate from the standpoint of
an improved thermodynamic tabulation for application to nuclear waste disposal. Future activi-
ties should include the following research.

1. Experimental measurements with the objective of generating laboratory data specifically for
nuclear waste disposal. A substantial quantity of the data in the Appendixes was obtained from
publications of research not directly related to nuclear waste. The data were commonly
obtained in aqueous solutions of one supporting electrolyte, for example sodium perchlorate.
However, natural waters contain other dissolved ions such as chloride and carbonate. Labora-
tory measurements of apparent equilibrium constants in solutions containing a mixture of dis-
solved ions will better reflect the solubility, speciation and uncertainties in these measurements,
and thus be more suitable for performance assessment studies.

2. Laboratory data which confirm the presence or absence of aqueous species in pure solutions,
and in solutions mimicing natural groundwaters, preferably at expected ambient concentrations.
The solubility of waste radionuclides is enhanced when aqueous species are formed, thus it is
important to know which species to include, or exclude, in a thermodynamic table. There is
current research in this area (78,85).

3. Measurements of apparent formation constants of radionuclides and other important ele-
ments, with chloride ions in saline media. The measurements should cover the range 0 to 6m
Na(l (or saturation). Bucher et al. (78) discuss the questionable data now available for chloride
complexes of U, Np, Pu and Am. For example, the equilibrium constant for M — CI™ sys-
tems must be larger than those of the M* — CI™ systems; however the present data indicate
the opposite.

4. Development of a user-friendly computerized data base readily accessible by telecommunica-
tions, centered around prompts to the user. The data base should be compatible with computer
codes such as MINEQL, PHREEQE and EQ3/EQ6 for easy transferal of the data to the code.
See for example the data base for the MINEQL pre-processor in Figure 7-1.

5. Generation of ionic activity coefficients covering a wide range of ionic strength, including
6m NaCl solutions. A table of trace activity coefficients would be prepared for aqueous species
important to waste disposal. The tabulation would permit calculation of apparent equilibrium
constants for predicting the solubility of radionuclides in ambient groundwaters in contact with
tuff minerals (72).

6. Use of the data base and preprocessors in sensitivity analysis. Figure 7-2 shows possible
applications.
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Ion Notation logK® Enthalpy Uncerntainty

SrOH+ was -11.820 0.000 v

is -13.124 14.539 9.199
FeOH++ was -2.1982 16 .4002

is -2.199 §.921 2.408
UO20H+ was -5.300 ©.009

i's -6.751 10.992 0.642
(U02) 2 (OH) 2++ was -5.680 ¢.000

is -6.546 9.885 1.144
(UD2)3 (0H) 5+ was -16.650 0 .000

is -15.5486 25.275 1.652
U02C03(aq) was 18.079 2.000

i's 19.183 -3.358 0.644
uU02 (C03)2-- was 16.980 2.000

is 17.336 2.438 ©.519
ug2(C03)3-~-- was 21.400 9.000

is 21.881 -10.098 2.632
UQ2F + was 5.100 2.000

is 6.177 -8.657 @2.8563
UO2F2 (aq) was 8.960 2.000

is 8.899 -9.813 2.687
UOC2F3- was 11.350 0.000

is 11.395 -0.783 ©.739
UQ2F4-- was 12.570 0.009

is 12.490 ~@.980 2.808
uo2Ci+ was 0.240 2.000

is 1.764 -0.0853 1.449
U02S04 (aq) was 2.7308 2 .9000

is 2.938 65.1863 9.795
UD2 (S04)2-- was 4.220 0 .000

is 4.248 8.199 ©.804
UOH+++ was -0.650 2.009

is ~0.706 11.718 1.449
U(OH) 2+« was ~2.260 2.000

is -2.3056 17.726 3.623
U(OH) 3+ was -4.8990 2.000

is -4 .955 22.856 3.623
U(OH) 4 (ag) was -8.650 ©.000

is -8.481 24 .7686 3.624
U(OH)B- was -13.160 O .000

Figure 7-1. Selected portion of data base for preprocessor linking the ASD with the MINEQL
code. Table shows original data, ‘‘was’’, and the ASD values, ‘‘is”’. Enthalpy is the enthalpy
of reaction, in kcal/mol; and, uncertainty is the propagated uncertainty in logk® calculated as
described in Section 5.3.
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— 4.1

4.2

4.3

m

FUNCTIONS OF ASD P/?EPHOCESSOH

IN SPECIATION SENSITIVITY ANALYS/S
Reads AG values and ¢ from ASD for basis species
Calculates log K's and uncertainties for input to LHS
Uses LHS to produce nxm array of log K values
Reads vector of log K's input for a single calculation

Performs speciation calculation and writes results
to a file

Chooses important species and writes their
concentrations or other parameters to a file

Repeats for each vector

Prepares input for sensitivity analysis on resiiits
by graphical or other methods

Figure 7-2. Functions of the thermodynamic data base system in the preprocessor for sensi-
tivity analysis. AG = A;G?; ¢ = standard deviation; LHS = Latin Hypercube Sampling pro-

cedure.
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Appendix 1. Key Values

Heat capacity of anions and uncharged aqueous species calculated from eq 7B and eq 7A; for cations,
the following equation was used only for Appendix 1 and II:

Cp°M™*) = 229.2 - 1503 z -(2/3) S°

when reference in table 1s Ref. 9. Standard state is one atmosphere.
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Aqueous KEY VALUES

Solutions Evaluated
Database Lawrence Berkeley Laboratory Sv m‘:ﬁ:‘i
May 1988

Key Values for Thermodynamic Properties at 298.15 K and Zero Ionic Strength, for Crystalline (s), Gaseous (g) and
Aqueous (aq) Forms. Data obtained from CODATA, National Bureau of Standards, or as Noted. All Ions are in
the Aqueous (aq) Form.

AG® AHC S° Cp°
Substance iG -1 ‘H 1.1 Ref.
KJ mol Jmol " K
O,(®) 0.000 0.000 205.04 29.38 2555
0.01 0.0
0,(aq) 16.530 -12.138 108.90 22400 | 9777
0.2 0.2 0.80 25.0
H,(g) 0.000 0.000 130.57 28.82 | 2557
0.03
H,(aq) 17.780 -4.040 57.37 175.00 | 9777
0.9 0.8 2.50 250
H,0(g) -228.572 -241.814 188.72 33.61 2557
0.1 0.0 0.04
H,0() -237.129 -285.830 69.95 75.29 | 2557
0.1 0.1 0.08
e electron 0.000 0.000 65.28 1442 | 0066
0.01 0.1
Si(OH) (aq) -1308.000 -1460.140 180.00 14540 | 9921
1.7 1.7 4.20
gt 0.000 0.000 0.00 0.00 ) 2222
0.0 0.0 0.00 00
NH4+ -79.310 -133.260 111.17 69.00 | 2557
0.1 0.3 0.75
Lit -292.620 -278.455 11.30 60.70 | 9557
0.2 0.1 0.35
Nat -261.905 -240.300 58.41 4240 | 2557
0.1 0.1 0.20
Kkt -282.224 -252.170 101.04 13.00 | 9557
0.1 0.1 0.25 4.1
Rb* -283.980 -251.120 120.46 -2.00 | 2559
0.2 0.1 040
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AG® AH° S° Cp°

Substance fG . 1_1 f ] l'lK'lp Ref.

mo mo

cst -292.020 -258.040 132.84 -10.00 | 2559
0.2 0.1 0.40

m* -32.430 5.360 125.50 500 | 2229
0.2 1.2 4.00

cut 49.980 71.670 40.60 5200 | 2229
0.1 0.1 0.40

Agt 77.107 105.750 73.38 30.00 | 2559
0.1 0.1 0.40

Np02+ -915.000 -978.200 -21.00 92.00 | 4448
54 46 8.00

Hg2++ 153.607 166.820 65.52 9550
0.1 0.2 0.80

Hg*tt 164.700 170.160 -36.32 9550
0.1 0.2 0.80

Fett -91.550 92730 -107.00 400 | 1197
1.0 0.8 2.50 33.0

Mgt -454.800 466.850  -138.10 -16.00 | 2227
1.7 13 1.70 8.0

cat?t -552.870 -543.100 -56.40 -30.00 | 9557
0.8 0.8 0.40

srtt -563.830 -550.900 -31.50 3480 | 333*
0.8 0.5 2.00

Ba' " -555.360  -532.500 840 4560 | 333*
2.0 2.0 2.00

Ratt -561.500 -527.600 5400  -107.00 | 2229
10.0

cutt 65.520 65.690 -97.10 -17.00 | 955+
0.1 0.8 1.20

Sn* -27.200 8900  -1580  -60.00 | 9559
0.8 0.8 4.00

pbtt -23.970 0.920 17.70 83.00 | 9559
0.1 03 0.80

Nitt -45.600 -54.000 -128.90 4200 | 222+
0.9 0.9 0.90

Mnt -230.300 221.160 67.76 -11.00 | 9777
0.9 0.1 0.85 3.0
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AG® AH® s° Cp°

Substance ‘G -1 f -1 _lp Ref.
kJ mol J mol "K

U02++ 952700  -1019.200 -98.30 500 | 9558
2.1 2.5 4.00

Pu02++ -756.900 -822.200 -88.00 11.00 | 4448
7.1 6.7 8.00

zatt -147.230 2153390 -109.60 22100 | 955+
0.2 0.2 0.70

Attt -489.530 -531.000 -308.00  -119.00 | 9***
1.4 4.0 15.00 10.0

Fettt -17.280 50110 -279.00 3500 | *999
1.0 038 4.10 0.1

Th*t+ -704.600 -769.000  -423.00 -89.00 | 4449
5.4 25 17.00 11.0

patttt -565.000 619700 -397.00  -106.00 | 4449
17.0 13.0 42.00

F~ -281.750 -335.350 21318 -117.00 | 9557
0.7 0.7 0.54 40

ol -131.228 -167.080 5673 -125.50 | 2557
0.1 0.1 0.16

Br~ -103.960 -121.500 82.84  -13220 | 2557
0.2 0.2 0.20 42

- -51.669 56900  106.70  -120.50 | 9557
0.8 0.8 0.20 42

OH~ -157.244 -230.025 21071 -140.50 | 2557
0.1 0.1 0.20 40

NOy’ -110.780 206860 14694 7200 | 9777
0.4 0.4 0.04 4.0

S0, " -744.530 -909.600 18.83 27800 | 2557
0.4 0.4 0.50 6.7

Coy™ " -527.730 -675.150 4996  -273.50 | 9777
0.3 0.3 0.80 4.0

Comments:

Reference 0 = no data; 1 = Cobble et al,,1982; 2 = Wagman et al.,1982; 3 = Busenberg et al.,1984,1986; 4 = Fuger and Oet-
ting,1976; 5 = CODATA, 1978; 6 = Ryabukhin, 1977,1980; 7 = L.Brewer,198]1; 8 = Lemire and Tremaine,1980,and Lemire
1984; 9 = This work. For 02(aq),H2(aq),we calculated AfG using AfH and S from L.Brewer:"Thermodynamic Data for Flue-Gas
Desulfurization”,in"Flue Gas Desulfurization”, LBL-12342, CONF-801176, Lawrence Berkeley Laboratory (Sept.1981). Heat
capacity of O (aq) and H (aq) are from L.Brewer,1981. Entropy and Cp of electron(gas) are from

AG. Ryabukhln Russ.J. Phys Chem. 1977, v.51, 573; and Ibid., 1980, v.54, 1197. bebs energy of formation for Hg Hg2H
compare well with Hepler;Olofsson:Chem.Rev.1975, v.75,585 GHS values for St* ' from E. Busenberg; L.N.Plummer;

V.B.Parker: Geochlm Cosmochim.Acta 1984,v.48,2021. A£G[UO2 ] was calculated here usmg CODATA values of A H and

S; Cp[UO2 } from R.J.Lemire;P.R.Tremaine: J.Chem.Eng.Data 1980, v.25, 361. AfH[Fe '] calculated from free energy and
entropy. * AIG[Fe ] from Flynn:Chem.Rev.1984,v.84,31. For CI', L’vov; Rakhmilevich; I.A.Dibrov: Russ.J.Phys.Chem.
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1984, v.58, 1364 find from emf measurements, S = 75.6 J/mol/K, and Cp = -61 J/mol/K. Heat capacity of Al*™ from
Hovey;Tremaine: Geochim.Cosmochim. Acta 1986,v.50,453. Heat capacity of SrH, Batt from Hovey; Hepler; Tremaine:
J.Solution Chem.1986,v.15,977. Cp of Zn, Cu and Ni ions are from J.J.Spitzer;1.V.Olofsson;P.P.Singh;L.G.Hepler:
J.Chem.Thermodynamics 1979,v.11,233. Gibbs energy,enthalpy,entropy of Ba'" from E.Busenberg;L.N.Plummer:
Geochim.Cosmochim.Acta 1986,v.50,2225. NBS Tables list S[F} = -13.8 J/mol/K which may be adopted by CODATA.
AGIAITT, AfH[A]H+] and S{AI" "] are from Robie et al., 1978. For Fe™, Brewer tabulates AH=-48.5kJ/mol. $=-316

J/mol/K.
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Appendix II. Thermodynamic Tables

The elements are in alphabetical order in this Appendix. Heat capacity of solids calculated from corre-
lation Cp® = 20.7 + 0.621S5°, when Reference = 9. Gibbs energy of formation of crystalline solids corre-
lated with enthalpy of formation by the equation AIGO =25.152 + 0.938AfH°, when Reference = 9.

In Comments portion of tables, the symbol denoting standard state conditions, °, is often omitted. For
example, log K° is also log K, and A G° is AfG. Heat capacity of solids calculated from correlation Cp°®
= 20.7 + 0.621 S, when Ref. = 9. Heat capacity of cations calculated from Cp°® = 2292 - 1503 z -
(2/3) S°, when Ref. = 9.

References cited are as follows:
0. No data. Values are missing.

1. JW.Cobble; R.C. Murray; PJ. Tumer; K. Chen: ‘‘High-Temperature Thermodynamic Data for
Species in Aqueous Solution’’, NP-2400, San Diego State University, San Diego, CA 92181 (May
1982).

2. L. Brewer: ‘‘Thermodyamic Data for Flue-Gas Desulfurization Processes’’, in, Flue Gas Desulfuriza-
tion, LBL-12342, Lawrence Berkeley Laboratory, Berkeley, CA 94720 (Sept 1982), p.303. ACS Sym-
posium Series No. 188, JJ. Hudson and G.G. Rochelle, eds., American Chemical Socicty (1983),
pp.1-29.

3. CODATA Task Group on Key Values for Thermodynamics: CODATA Recommended Key Values
for Thermodynamics 1977, CODATA Bulletin 28, CODATA Secretariat, 51 Boulevard de
Montmorency, 75016 Paris, France (April 1978). CODATA Thermodynamic Tables - Selections for
Some Compounds of Calcium and Related Mixtures: A Prototype Set of Tables. Report of the
CODATA Task Group on Chemical Thermodynamic Tables. D. Garvin; V.B. Parker; HJ. White, eds.,
CODATA Series on Thermodynamic Properties, 1987. Hemisphere Publishing Corp., New York.

4. G.B. Naumov; B.N. Ryzhenko; I.L. Khodakovsky: ‘‘Handbook of Thermodynamic Data’’, Translated
by G.J. Soleimani, U.S. Geological Survey, Menlo Park, CA 94025 (Januay 1974). National Technical
Information Service, PB-226 722.

5. R.A. Robie; B.S. Hemingway; J R. Fisher: ‘‘Thermodynamic Properiies of Minerals and Related Sub-
stances at 298.15K and 1 Bar (10~ Pascals) and at Higher Temperatures’’, Geological Survey Bulletin
1452, U.S. Government Printing Office, Washington, DC 20402 (1978).

6. M.W. Chase; C.A. Davies; JR. Downey; D.J. Frurip; R.A. McDonald; AN. Syverud: ‘‘JANAF
Thermochemical Tables’’, 3rd ed., Part I and Part II, J. Phys. Chem. Ref. Data 1985, v.14, Suppl. No.
1.

7. D.D. Wagman; W_H. Evans; V.B. Parker; R.H. Schumm; 1. Halow; S.M. Bailey; K.L. Chumney; R.L.
Nuttall: ““The NBS Tables of Thermodynamic Properties’’, J. Phys. Chem. Ref. Data 1982, v.11, Suppl.
No. 2.

8. G.R. Robinson; J.L. Haas; C.M. Schafer; H.T. Haselton: ‘‘Thermodynamic and Thermophysical Pro-
perties of Selected Phases in the MgO-SiO,-H,O- CO,’, CaO-Al, O -Si0,4-H,0O- CO,,, and Fe-FeO-
Fe203 -Si0,, Chemical Systems, with Special Emﬁhams on the Propemes of"Basalts and Their Mineral
Components’’, Open-File Report 83-79, U.S. Geological Survey, Reston, VA (1982).
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9. RM. Smith; AE. Martell: “‘Critical Suability Constants. Vol. 4: Inorganic Complexes’, Plenum
Press, New York 10011 (1976).

10. R.D. Shannon; C.T. Prewitt: ‘‘Effective Ionic Radii in Oxides and Fluorides’’, Acta Cryst. 1969,
v.B25, 925.

I1. W.L. Lindsay: ‘*Chemical Equilibria in Soils’’, John Wiley & Sons, Inc., New York (1979), p. 7.
12. *“*Standard Methods for the Examination of Water and Wastewater’’, 15th ed., 1980, American Pub-
lic Health Association, 1015 Fifteenth Street NW, Washington, DC, 20005. See also, Ibid., 1985, 16th
ed.

13. 1. Barin; O. Knacke: **‘Thermochemical Properties of Inorganic Substances’, Springer-Verlag, Ber-
lin (1973). Suppl. 1977.

14. **Standard Potentials in Aqueous Solution’’, A.J. Bard; R. Parsons; J. Jordan, eds., [UPAC, Marcel
Dekker, Inc., New York (1985).

15. L.R. Bassett: ‘A Critical Evaluation of the Thermodynamic Data for Boron Ions, Ion Pairs, Com-
plexes and Polyanions in Aqueous Solution at 298.15 K and 1 Bar”’, Geochim. Cosmochim. Acta 1980,
v.44, 1151.

16. W. Gordy; W.J.O. Thomas: ‘‘Electronegativities of the Elements’’, J. Phys. Chem. 1956, v.24, 439,

17. J.F. Hinton; E.S. Amis: ‘‘Solvation Number of Ions’’, Chem. Rev. 1971, v. 71, 627.
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équeous ALUMINUM
olutions Evaluated
Database Lawrence Berkeley Laboratory Status 1
April 1988
PROPERTIES OF ELEMENTAL ALUMINUM:
Atomic Number: 13
Formula Mass: 26.9815
Electronic Configuration:
Electronegativity: 1.5
Hydration Number: 11.9 (Hinton,1971)
Ionic Radius: 0.51 angstrom
Selected Average for Soils: 71,000 ppm
Concentration in Natural Waters: Al present in nearly
all natural waters.
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A o] A © SO Cpo
Substance ‘G 1 FH 1 -1 Ref.
kJ mol Jmol " K
Al(s) 0.000 0.000 28.35 24.31 8558
0.08
3 1.3 13 0.10
AIO(OH)(s),bochmite -916.072 -990.675 48.45 65.43 8888
2.1 2.1 0.21
AIO(OH)(s).diaspore -921.432 -999.944 35.34 53.21 8888
8.0 8.0 0.04
AI(OH),(s),gibbsite -1156.500 -1294.630 68.44 91.76 | 8888
3 12 12 0.14
AlZSiO 5(5),kyanite -2445.120 -2596.010 82.30 121.60 | 2222
1.7 1.7 0.13
Al,SiO(s),andalusite -2443.720 -2591.900 91.39 122,60 | 2222
L 1.7 1.7 0.14
AlzsiO (s),sillimanite -2440.900 -2587.770 95.79 123.20 2222
> 1.7 1.7 0.14
Alzsizo 5(OH) 4(5),k301injle -3802.496 4122615 205.15 24594 8888
4.0 39 047 04
A128i205(OH) 4 (8).dickite -3798.770 -4133.302 197.06 239.36 | 8888
38 38 3.20 0.7
Al 25i2o S(OH) 4(3),halloysite -3783.194 4114.854 203.33 244 93 8888
30 29 3.20 0.8
A1251 401 O(OH)z(s),pyrophyllite -5268.625 -5642.319 239.33 294,13 8888
44 4.4 1.02 03
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AG° AH® s° Cp°

Substance ‘G 1 f 1 _lp Ref.

kJ mol J mol 'K

AlF 3 3H,0(s) -2051.000 -2296.000  209.00 9990
2.0

+++

Al -489.530 -531.000  -308.00 -119.00 | 4443
1.4 14 15.00 10.0

AIOH -698.310 2767.050  -166.00 40.00 | 1119
1.3 2.0 10.00

Al(OH)2+ -905.160 -1011.680 -59.59  105.00 | 9999
1.3 1.3

Al(OH)4(aq) -1104.430 -1256.310 21.57  -540.00 | 9999
1.3 13

AI(OH),” -1305.600 1500940  111.30 96.50 | 3933
1.4 2.7 3.70

A12(0H)2+‘H+ -1409.100 -1555.400  -361.00  -130.00 | 1919
1.7 8.1 29.00

AL (OH),* -2337.140 2785600 40570  -252.00 | 1919
0.6 1.0 54.00

A11304(OH)247+ -12438.100  -13772.500  -133.30  -734.00 | 1919
0.3 8.0 30.00

AIFT -811.820 -860.770  -165.30 39.00 | 6669
0.2

A1F2+ -1123.900 -1190.800 -58.60  118.00 | 6669
0.3

AlF5(aq) -1427.040 -1523.900 750  -470.00 | 6669
0.3

AIF,” -1720.270 -1857.520 3970 -114.00 | 6669
0.4

AlF,~ -2008.300 -2192.800 4690  -238.00 | 6669
1.0

AIF ™ -2291.100 -2533.000 2090  -394.00 | 6669
1.0

AIOHF' -1012.700 -1114.800  -111.50 153.00 | 7799
15

AL(OH),F(aq) -1213.100 -1341.100 3521 -517.00 | 7799
1.5

ANOH),F -1409.900 -1553.500  216.00 400 | 7799
1.5
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AGe AHS T Se Cp°
Substance ‘G -1 f -1 -1p Ref.
kJ mol Jmol 'K
Al(OH)Fz(aq) -1320.000 -1467.200 -95.40 -493.00 7799
1.5
Al(OH)ze' -1517.900 7000
25
Comments:

Ref.1=Baes;Mesmer,1976; 2=Robie,1988; 3=Hovey;Tremaine,1986 and Hovey;Hepler;Tremaine,1988; 4=Robie et al.,1978;
5=CODATA,1978; 6=Naumov et al,1974; 7=Sanjuan;Michard,1987; 8=Robinson et al.,1982; 9=This work. AfG of all hydro-
lysis species except Al(OH) AJ(OH)3(aq) and Al(OH)4 calculated from values of logK® in Ref.1; S° of Alz(OH)2 R

Al (OH) + 130 (OH) * calculated from data in Ref.1, assurmng values of A S° at 1mKCl are also values at 1=0. AI'H
values calculal.ed from G= H TS for these species. Af.H [AJ(OH) ] obtained from mtetpolauon of plot of AFH versus nOH .
Both Gibbs Energy and enthalpy of Al(OH)3(aq) obtained by mterpolanon of plots of Gibbs energy and enthalpy versus nOH".
Values of Cp® calculated from correlations, when reference is 9. May Helmke-Jackson'Geochim.CosmochimAcLa 1979,v 43,861
measure A‘Gc' = -698.3kJ/mol for AIOH™™, -905.8 for AI(OH) , -1311.7 for A](OH) Couturier et al., 1984 tabulate Gibbs
energy and enthalpy of formation for acidic and basic solulions for A AlOH™ Al(OH) [G" = -489.5,-483.7; -698.3,-
692.5; -1311.3,-1305.4 kJ/mol,respectively. For ArH°: -525.1,-529.7; -760.6,-765.3; -1490.7,- 1495 4 kJ/mol, respectively. Brown
et al: J.Chem.Soc.Dalton Trans. 1985,p.1967 measure log K11(1=0.1)=-5.33. logK12(1=0.1)=-10‘91; logK34(I=0.1)=-13.13 com-
pared to our calculated -5.41, -9.93 and -13.73, respectively, using Gibbs energy values in this work,and the Davies
equation.Sanjuan;Michard (1987) find that low values in alkaline media can be related to a new solid phase, bayerite or
nordstrandite, in the presence of initial gibbsite, based on infrared spectra of solids. Our values for the Al-OH-F species were
obtained from Sanjuan and Michard, 1987,cited above. Their values were obtained in part from Couturier,et al.,1986. Our uncer-
tainties for the Aan series are partly from Smith and Martell,1976. Data for A1F3.3H20(s) are from Bard et al., 1985, p.570.
Hedlund;Sjoberg;Ohman: Acta Chem.Scand. 1987, v.A41, 197 find evidence for species which have tentative formulae
A12(OH)2CO3++. and Al3(OH)3C03+H’+, in 0.1M and 3.0M Na(Cl). Hovey;Tremaine,1986 is Geochim.Cosmochim.Acta
1986, v.50, 453. B.S. Hemingway, Adv. Phys. Geochem., S.K. Saxena, ed., Vol.2, Springer(1982),p. 298 calculates the follow-
ing values of Alﬁ°: AIT=489 8+4.0; AIOH*"=-701.424; AJ(OH)2+=-9O3.4i4.O; AJ(OH)4'=—1305.Oil.3 from solubility of
nordstrandite. Ref. 2 = R.A. Robie, Private Communication, April 8, 1988.
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Aqueous AMERICIUM
Soluti Evaluated
D(;;bgrs]: Lawrence Berkeley Laboratory Svlatlxlxi ‘;
January 1988
PROPERTIES OF ELEMENTAL AMERICIUM:
Atomic Number: 95
Formula Mass: 241.06 ’
Electronic Configuration: 5f° 7s
Electronegativity: 1.3
Hydration Number: 12.8 (F.David,1986)
Ionic Radius: 0.975 angstrom
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A o A [=] SO Cpo
Substance fG 1 ‘H 1 -1 Ref.
kJ mol Jmol " K
Am(g) 242.000 284.000 194 .40 20.79 1111
4.0
Am(s) 0.000 0.000 55.40 25.50 | 0011
2.00 1.0
Am,0,(s) -1614.200 -1692.000 158.00 9110
273 8.0 8.0
Am02(s) -880.060 -932.200 86.00 9110
2.5 2.5
AmF(s) -1523.394 -1588.300 127.60 100.00 | 3339
3 8.1 8.0 4.00
AmF3(aq) -1500.000 -1590.000 56.00 -439.00 | 9999
4.0
AmF ,(s) -1627.000 -1719.600 148.50 113.00 | 3339
4 29.0 29.0 4.00
AmCl3(s) -910.857 -977.800 164.80 123.00 1339
1.8 13 6.30
AmBr3(s) -786.592 -809.600 205.00 148.00 | 3339
8.6 7.0 16.70
AmI3(s) -613.793 -612.000 234.30 166.00 | 3339
94 7.0 20.90
Am(OH),(s) T -1168.000 -1272.000 209.00 150.00 1999
3 3.0 25.0
Am(OH)3(aq) -1159.215 -1380.000  -183.00  -509.00 | 2999
10.0
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A (o] A o SO C (=]
Substance iG -1 fH 1 -1p Ref.
kJ mol J mol 'K
AmH,(s) -143.000 -184.000 48.00 38.00 | 1111
15.0 15.0 4.00 3.0
AmOCI(s) -904.162 -953.500 102.50 84.00 | 3339
3.3 25 7.10
AmOBI(s) -860.000 -890.000 117.10 73.00 | 1119
8.7 7.0 16.70
Am(OH)(CO,)(s) -1414300  -1535.000 131.00 102.00 | 4999
1.6 25.0
AmA(CO,)A(s) 2996160  -3221.000 29500  204.00 | 4999
2\03)5
2.0 25.0
Amtt? -599.100 616700  -199.00 -88.00 | 9669
3.8 1.3 13.00
AmTHH -347.000 -406.000  -408.00  -100.00 | 1119
9.0 6.0
Am02+ -741.000 -805.000 -21.00 93.00 | 9669
6.8 5.0 8.00
Am02++ -587.000 -652.000 -88.00 -12.00 | 9669
5.1 2.0 8.00
AmOH*t -790.560 -844.800 -87.90 -13.00 | 2999
10.0
Am(OH)2+ -976.885 -1110.000  -122.00 160.00 | 2999
10.0
AmFT -899.400 933,040 -88.20 -12.00 | 9999
2.1 2.0 5.00
AmF2+ -1196.000  -1269.000 -54.40 11500 | 9999
22 2.0
Aamcrtt -737.410 -799.400  -173.00 4400 | 2999
2.0 15.0
AmC12+ -870.650 -983.000  -165.00 190.00 | 2999
2.0 40.0
AmSO4+ -1367.200 -1505.000 -31.00 100.00 | 2999
2.0 15.0
Am(SO,),” 2119400  -2391.000 92.00 279.00 | 2999
2.4 40.0
AmHCO,"™ -1217.550  -1337.000  -99.00 -5.00 | 7999
1.4 15.0
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AGe AH® s° Cp°
Substance IG -1 f - _lp Ref.
kJ mol J mol 'K
Am(HCO3)2+ -1826.410 22060.000  -37.00 104.00 | 7999
1.5 40.0
Amco3+ -1164.100  -1277.000  -76.40 130.00 | 8999
20 15.0
Am(CO4),’ 1734700 -1957.000 090  -140.00 | 8999
2.0 40.0
AmH2P04++ -1713.800 9000
Am(H2P04)2+ -2838.400 9000
Comments:

Reference 1 is L.R.Morss,1985;2=Phillips,1982;3=IAEA, Part8,1983;4=Kerrisk,1984; 6=F.David:J.Less-Common Metals
1986,v.121,27; 7=Bidoglio: Radiochim. Radioanal.Letters 1982,v.53,45;8=R.Lundqvist:Acta Chem.Scand. 1982,v.A36,741.
9=This work. SmOH™ ™ used as model for AmOH™™ in estimating enthalpy and entropy. Enthalpy of Am203(s) is from
L.Morss; D.C.Sonnenberger: J.Nucl.Mater. 1985,v.130,266. Gibbs energy of AmOHCQO,(s) from R.J.Silva: UCRL-91821,
Lawrence Livermore National Laboratory,Livermore,CA (Jan.12,1985). Data for AmF ~ and AmF2+ from K.L.Nash and
JM.Cleveland: Radiochimica Acta 1984.v.37,19. For Am* " + e = Am*™™, E® = 2.62 v. Reference is L.R. Morss; J.Fuger:
JInorg.Nucl.Chem. 1981,v.43, 2059. D.Rai; R.G.Strickcn; D.A . Moore; J.L. Ryan: Radiochim. Acta 1983,v.33,201 measure for
Am(OH)3(s) log K_=-17.503; log K < -8.2 for AmT 4+ H20 AmOH™™ + H". We calculate logK(1=1.0)=-8.70 for this
hydrolysis reaction,using b=0.3 (value for NdOH*" Jfrom Baes;Mesmer,1976). Nair et al.;:Radiochim. Acta 1982, v.32, 37 find
log K(=1.0) = -7.03 for this hydrolysis reaction. Lundqvist, Ref.8, measures log K(I=1.0)= -7.5; and Caceci; Choppin:
Radiochim. Acta 1983, v.33, 101 find log K(I=0.7) = -7.54 in 0.7M NaCl solution, at 21°C, for this first hydrolysis reaction.
Considering difficulty in measuring AmT hydrolysis, agreement is probably satisfactory for one unit of log K(I=1.0). Values
for AmF3(aq) calculated in this work from the linear change in AfG with number of F~ hgands and AfH from the linear relation
between A and AfH also Am(OH) Am(OH) (ag). Values of log K° for both AmHzPO ** and the 1:2 complex

Am(H PO4)2 from Lebedev et al.: Radlokhumya 1979,v.21,692. Kerrisk (1984) is LA-10040-MS (July 1984)
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Aqueous BARIUM
Soluti Evaluated
D(;tlzllbg:g Lawrence Berkeley Laboratory Sv(a[lll;;%
March 1988
PROPERTIES OF ELEMENTAL BARIUM:
Atomic Number: 56
Formula Mass: 137.34
Electronic Configuration:
Electronegativity: 0.9
Hydration Number: 10.7
Ionic Radius: 1.35 angstrom, Coordination No. = 6.
Selected Average for Soils: 430 mg/kg.
Concentration in Natural Waters: 49 pg/l. in drinking water.
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A 10 A (<] co Cpo
Substance ‘C 9 ‘H RN Ref.
kJ mol Jmol " K
Ba(s) 0.000 0.000 62.42 28.09 1111
0.80
BaO(s) -520.390 -548.100 72.10 47.28 1111
2.1 2.1 0.40
Ba(OH)z,SHZO(s) -2792.800 -3342.200 427.00 2220
3.0
Ba(OH)z(aq) -875.300 -995.400 -8.40 7770
3.0
BaClz(s) -810.400 -858.600 123.68 75.14 2222
0.5
BaCl2(aq) -823.210 -871.950 122.60 2220
0.5
BaClz_zﬁzo(s) -1296.320 -1460.130 202.90 16196 | 2222
1.0 1.0 0.50
BaCO3(s),withen'te -1132.210 -1210.850 112.13 85.35 1111
22 22 2.10
BaCO3(aq) -1067.850 -1222.600 -143.30 -319.00 | 4449
22
BaSO,(s),barite -1362.200 -1473.200 132.21 101.75 1111
1.3 1.0 0.80
BaSO,(aq) -1318.400 9000
0.5
Ba(103)2(s) -864.700 -1027.200 249.40 187.40 2222

- 90 -




AG® AH® S° Cp°
Substance © - f -1 _Ip Ref.
kJ mol J mol 'K

Bag(I00),(s) -3945.960 0600

Batt -555.360 -532.500 840  -45.60 | 4445
2.0 2.0 2.00

BaOH" -721.600 -754.300 56.10 9930
1.0 1.0

BaClt -691.200 9000
5.0

BaHCO3+ -1136.680  -1245.700 10.00 7220 | 4449
22

BaB(OH)4+ -1722.200 8000
3.0

Comments:

Reference 1=Robie et al.,1978;2=Wagman et al.,1982;3=Naumov et al.,1974. 4=E.Busenberg;L.N.Plummer:
Geochim.Cosmochim.Acta 1986,v.50,2225. 5=J.K.Hovey;L.G.Hepler;P.R.Tremaine:J.Solution Chem. 1986,v.15,977.
6=C.F.V.Mason;J.D.Farr;M.G.Bowman:J.Inorg. Nucl.Chem. 1980,v.42,799. Ref. 7 = Bard et al., 1985; § = R.L.Bassett, 1980.
Ionic radius from Shammon and Prewitt; selected average from soils from Lindsay; concentration in natural waters Standard
Methods, 15th ed. Our selected AtG[Ba ] glves E° =-2.88 v. AIG = -560.74 kJ/mole from Ref. 1 . gives E° = 291 v.,
agreeing with -2.9240.01 v. in Bard et al. A‘G [BaCl ,aq} calculated from value of formation constant,I=0 and 18°C, given in
Smith and Martell, 1976. AfG for both BaOH™ and BaSO 4(aq) calculated from log K data in F.J. Mlllero D.R.Schreiber:
Am.J.Sci. 1982,v.282,1508. We calculate A HC = -132 kJ/mol for dissolution reaction BaClz(s) =Ba’ "+ 2CI, comparing with
-14.30 measured by A.S.Monaenkova; G.I. A]ekseev A.F Vorob'ev: Russ.J.Phys.Chem. 1983,v.57,1323.
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Aqueous BROMINE
Soluti Evaluated
D(Zn‘;l;ggcf Lawrence Berkeley Laboratory SVS[{&‘;C]
January 1988
PROPERTIES OF ELEMENTAL BROMINE:
Atomic Number: 35
Formula Mass: 79.9090
Electronic Configuration: 3s2 3p6 3d10 4s2 4p5
Electronegativity: 2.8
Hydration Number: 2.6 (Br)
Ionic Radius: 1.94 angstrom
Selected Average for Soils: 5 mg/kg (ppm)
Concentration in Natural Waters: < 1 mg/L in drinking
water;  brines 400 mg/L
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AG® AHe s° Cp°
Substance [G 1 f 11 Ref.
kJ mol Jmol " K
Br, (1) 0.000 0.000 152.21 75.69 0012
2
0.04
Br : -103.960 -121.500 82.84 -132.20 | 2113
0.2 0.2 0.20 4.2
Comments:

Reference 1 = CODATA,1978; 2 = Wagman et al.,1982; 3 = L.Brewer, 1981.
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é\c%ue_ous CESIUM
L
Dc;;bggg Lawrence Berkeley Laboratory ESV ;luulastzd
February 1988
PROPERTIES OF ELEMENTAL CESIUM:
Atomic Number: 102
Formula Mass: 132.9054
Electronic Configuration:
Electronegativity: 0.75
Hydration Number: 1.5
Ionic Radius: 1.69 angstrom
Selected Average for Soils: 6 mg/kg
Concentration in Natural Waters: <10 ug/L
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A G° AH® S° Cp°
Substance fG -1 IH -1 - lp Ref.
kJ mol Jmol " K
Cs(s) 0.000 0.000 85.23 32.17 | 5551
0.40
Cs,0(s) -308.140 -345.770 146.86 75.98 1111
1.2 1.2 0.44 02
CsOH(s) -370.690 -416.726 98.74 67.86 | 3333
09 08 4.20
Cs(OH).H,0O(s) -754.040 0100
CsOH(aq) -449.250 -488.270 122.30 1110
CsF(s) -525.500 -553.500 92.80 51.09 1111
1.0 1.0 0.10
CsF(aq) -570.810 -590.910 119.20 1110
CsCI(s) 414.530 -443.040 101.17 5247 1111
0.8 0.8 020
CsCl(aq) 423.240 -425.530 189.54  -146.90 1111
Csl(s) -340.580 -346.600 123.05 52.80 | 1111
1.0 1.0 0.20
Csl(aq) -343.590 -313.470 24430  -152.70 1111
CsI3(s) -354.330 -361.900 235.10 1110
Csl,(s) -357.700 -365.700 290.80 1110
Cs~SO,(s) -1323.580 -1443.020 211.92 134.89 1111
274
08 0.8
CSZSO 4(aQ) -1328.560 -1425.820 286.20 1110
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AG® AH® S° Cp°
Substance ‘G - l_l f}{ J 1_1K_]p Ref.
mo mo
CSHSO4(S) -1158.100 0100
CSHSO4(aq) -1047.930 -1145.620 264.80 1110
CS2CO3(S) ’ -1054.300 -1134.930 204 .47 123.85 1111
0.6
CSZCO3.3H2O(S) -2048.100 0100
CSZCO3(aq) -1111.850 -1193.700 209.20 1110
cst -292.020 -258.040 132.84 -10.00 1559
02 0.1 0.40
CsSO 4- -1030.380 4000
CSHCOS(aq) -878.780 -950.270 22430 1110
Comments:

Reference 1=Wagman et al.,1982;5= CODATA, 1978. Uncertainties for CSZO(S) from J.L.Setde;G.K.Johnson; W.N.Hubbard:
J.Chem.Thermodynamics 1974,v.6,2663. H.F.Flotow;D.W.Osborne: Ibid.,p.135. 3 = Robie et al.,, 1978. 4 = Phillips, 1982.
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é\c%ue.ous CHLORINE
t
D(:ul:angs]es Lawrence Berkeley Laboratory Esv;]tixételd
January 1988
PROPERTIES OF ELEMENTAL CHLORINE:
Atomic Number: 17
Formula Mass: 35.4530
Electronic Configuration: 2s2 2p6 3s2 3p5
Electronegativity: 3.0
Hydration Number: 1 (CI'), 0.3 (CIO 4')
Ionic Radius: 1.83 angstrom
Selected Average for Soils: 100 mg/kg
Concentration in Natural Waters: 0.15 to 1000 mg/L. Brines 180,000 mg/L
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A [ A © SO q)o
Substance ‘G 1 ‘H 1 o-1 Ref.
kJ mol Jmol " K
Cl2(g) 0.000 0.000 22297 3391 5552
0.01
cr -131.228 -167.080 56.73 -125.50 | 2557
' _ 0.1 0.1 0.16
ClO4' -8.520 -129.330 182.00 -27.00 | 2226
04 04
Comments:

Reference 2=Wagman et al.,1982; 5 = CODATA, 1978. S.N.L'vov;Ya.D.Rakhmilevich;I.A.Dibrov: Russ.J.Phys.Chem. 1984,
v.58, 2240 measured (emf) S = 75.6 J/mol/K and Cp = -61.0 J/mol/K. Reference 6 = Abraham;Marcus:J.Chem.Soc.,Faraday

Trans. 1986,v.82, 3255. Ref. 7=L. Brewer, 1981.
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Aqueous CHROMIUM
IS)(;l;%ggs Lawrence Berkeley Laboratory Esvtaal[l;?%d
January 1988
PROPERTIES OF ELEMENTAL CHROMIUM:
Atomic Number:
Formula Mass:
Electronic Configuration:
Electronegativity: 1.6 (Cr+++)
Hydration Number:
Ionic Radius: 0.615 angstrom (Cr* " 1);0.30 (CrO,™)
Selected Average for Soils: 100 ppm
Concentration in Natural Waters: 3-40 p-g/L
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AG® AH® S° Cp°
Substance {G -1 tH -1 -1 Ref.
kJ mol Jmol" K
Cr(g) 352.590 395390 174.18 20.79 | 3333
4.0 040
crt 1056.500 0100
crg 2654.300 0100
Cr+++(g) 5648.400 0100
e 10439.000 0100
e 17497.000 0100
%) 26246.000 0100
o't 41802.000 0100
Cro(g) 154.580 188.280 239.16 31.32 | 3333
41.8 6.30
Cfoz(g) -87.380 -75.300 269.10 4340 | 3333
41.8 12.60
CrO,(g) -273470 -292.900 266.10 56.02 | 3333
3 418 16.70
H,CrO,(g) -736.400 0100
H,Cr0(aq) -760.700 -840.900 29300  -238.00 1119
2.0 13.00
CrF(g) 21.000 0100
-414.200 0100
CrF2(g)
' CrF5(g) -907.900 0100
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A © A © SO C =]
Substance tG 1 & -1 -lp Ref.
kJ mol J mol K

CrCL,(g) -148.100 -128.400 312.90 1110

(CrCly)(8) -464.400 0100

CrCl3(g) -297.100 -297.100 351.50 1110

CrCl1 4(g) -407.900 -426.800 366.10 1110

CrBr2(g) -119.200 -71.100 337.31 1110

(CrBr2)2(g) -351.500 0100

CrIz(g) 71.100 133.900 352.08 1110

Crl 4(g) -50.000 13.000 469.00 1110

Cr02C12(g) -501.700 -538.100 329.70 84.50 1114

Cr02C12(1) -510.900 -579.500 221.70 1110

Cr(s) 0.000 0.000 23.80 23.35 1114
0.30

Cr203(s),escolaite : -1058.100 -1139.700 81.20 118.74 1114
84 8.4 1.30

CrO,4(s) -548.100 -598.300 54.40 1110

Cr02. 4O(s) -587.000 0100

CrO2.62(s) -582.000 0100

CrO3(s) -510.400 -589.500 66.90 1110
20 13.00

Cr(OH)z'(s) -576.100 -658.900 81.20 2220
8.0 . 120 12.00

Cr(OH)3(s) -846.800 -975.710 95.40 2220
84 13.0 13.00

Cr(OH)3(am) -837.600 1000

Cer(s) -736.400 -778.200 83.70 1110

CrF3(s) -1087.800 -1158.900 93.89 78.74 1114
0.40

CrF,(s) -1158.900 -1246.800 138.00 1110

CrClz(s) -356.100 -395.470 115.31 71.17 | 4444
1.7 020

CrCl3(s) -486.200 -556.500 122.90 91.80 1114

CrBrz(s) -288.700 -302.100 134.00 1110
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AG® AH° Se Cp°
Subsmcﬁ tG _1 f}I _1 _lp Ref
kJ mol J mol 'K
Crly(s) -163.000 -156.900  155.00 1110
Crly(s) -205.000 -205.000  197.00 1110
CrIClLy(s) -418.000 0100
CrlBr(s) -330.000 0100
MgCr,0,(s) -1671.500  -1786.100  106.02 12670 | 1112
0.80
FeCr,0,(s),chromite -1352.600  -1453.600 14602 13364 | 2222
2.0 1.70
Ag,Cr04(s) -634.700 124710 21760 14200 | 2222
1.7 1.30
crtt -146.400 -143.500  -100.00 400 | 1119
21.0
++4
Cr -203.900 211700  -316.30 -10.00 | 2229
13.0 13.0 21.00
Cro,” "~ -737.600 1000
Cro,”~ -727.600 -881.100 5020  -247.00 | 1119
1.7 4.00
HCrO,” -764.800 878200 - 184.10 -17.00 | 1119
2.1 2.0 4.00
Cr,0; " -1301.200  -1490.300 26190  -105.00 | 1119
2.0
croutt -418.400 445900  -153.10 31.00 | 2229
8.0 13.0
Cr(OH)2+ -606.700 -736.400  -134.00  168.00 | 1119
8.0
Cr(OH),~ 987400  -1247.000 -109.00 -213.00 | 1119
1.0
crcrtt -338.600 2000
8.0
CrC12+ -465.800 -546.000 -87.60 2220
13.0
Cr(OH)Cl,(aq) -662.700 1000
CrO,CI -664.800 -754.800  205.00 1110
crBrtt -283.300 339300  -175.70 1110
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AG° AH° Se Cp°
Substance © 1 f 1 -lp Ref.
kJ mol J mol 'K
HCrPO7' B -1660.600 1000
H2CrPO7 B -1675.700 1000
Comments:

1=Dellien et al.; 2=Naumov et al.; 3=JANAF; 4=Wagman et al. Reference 1 is I.Dellien;F.M.Hall;L.G.Hepler: Chem.Rev. 1976,
v 76 283. Uncertainties from Naumov et al. Palmer et al.:J. Soluuon Chem.1987,v. 16 443 measure for the reactions CrO
H" = HC1O, A S=145J/mol/K and A Cp=231J/mol/K; for 2Cr0,~ + 2H' = CrO7™ + Hy0, 4, 5= 269)/mol/K;
A Cp=463]/mol/K
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Aqueous ’ ELECTRON

Solutions Lawrence Berkeley Laboratory Evaluated

Database Status 1
February 1988
PROPERTIES OF ELEMENTAL ELECTRON:
Atomic Number:
Formula Mass:
Electronic Configuration:
Electronegativity:
Hydration Number:
Ionic Radius:
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
AG® AH® Se Cp°
Substance ‘G 1 f 1 o-1 Ref.
kJ mol Jmol ~ K
e 0.000 0.000 65.28 14.42 0012
0.01 0.1
e (aq) -157.000 -136.400 69.80 3330
6.7 22.50
Comments:

Ref. 1 = A.G.Ryabukhin: Russ.J.Phys.Chem. 1977,v.51,573. Ref.2= A.G.Ryabukhin: Russ.J.Phys.Chem. 1980,v.54,1197. Ref.3
= B.Hickel; K.Sehested: J.Phys. Chem. 1985, v.89, 5271. Note that JANAF Tables: J.Phys.Chem.Ref.Data 1982,v.11,795 has for
e'(g).AfG=AfH=0;S=20.87 Jmol/K, Cp = 20.79 J/mol/K. For electrode reactions which are heterogeneous, we use properties of

¢ (gas), with the symbol e”. (e, electron, in Key Values.)
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Aqueous EUROPIUM
SD(:;%(;;]: Lawrence Berkeley Laboratory Esvélt‘:;lzd
January 1988
PROPERTIES OF ELEMENTAL EUROPIUM:
Atomic Number:
Formula Mass: 151.96
Electronic Configuration:
Electronegativity: 1.1
Hydration Number:
Ionic Radius: 0.950 angstrom (Eu+++(aq)).
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A [ A o SO Cpo
Substance fG 1 ! 1 o1 Ref.
kJ mol Jmol " K
Eu(c) 0.000 0.000 77.81 2766 | 1112
EuO(s) -563.400 -592.200 83.64 48.74 1115
5.7 55
Eug0,(s) -2141.000 -2270.500 209.20 1110
14.0 120 8.80
Eu203(s),monoclinic -1555.700 -1650.800 144.10 122.20 11 12
37 26 3.70
Eu203(s) ,cubic -1564.900 -1661.900 137.80 123.80 | 1112
4.7 38 2.30
Eu(OH),(s) -1198.900 -1336.500 119.90 1110
3
79 8.3
EuF,(s) -1571.000 0400
3
11.0
EuF3.0.5H20(s) -1632.400 1000
12,0
EuCly(s) -774.800 -822.500 141.00 1110
79 6.7 3.30
EuCl(s) -855.800 -935.800 144.10 98.29 1113
3
43 4.0
EuCl3.6H,0(s) -2363.400 -2784.500 409.10 36690 | 1112
7.8 43 3.00
EuOCI(s) -854.400 -911.100 101.80 1110
84 73 3.70
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A (=] A (=3 SO C [o)
Substance fG 1 & 1 -Ip Ref.
kJ mol J mol 'K
Eu(OH), 5Clj 5(s) -1161.400 1000
7.8
Eu(OH),CX(s) -1129.900 1000
7.8
EuBry(s) -716.000 -779.000  182.80 1410
33.0 33.0
Eu(BrO3);.9H,0(s) -3494.900 0100
7.8
Eu(105)3.2H,0(s) -1499.700  -1861.800  426.60 1110
5.7 8.0 27.00
EuSO,(s) -1335.100  -1471.000 64.10 1110
73 9.1 55.00
Eu,(S0,);.8H,0 -5341700  -6139200 67200 61090 | 1112
250y)3
17.0 19.0
Eu,(CO4)4(s) -3092.500 0100
11.0
Eu,(CO,),.3H,0 -3599.400  -4000.400  449.90 1110
1203331y 30.0 11.0 100.00
EuS(s) 443.100 -447.300 95.77 50.18 | 1113
79 7.2
Eutt -542.500 -527.700 -10.00 -65.00 | 1119
6.8 16 11.00
gyttt -576.200 -604.800  -214.00 27800 | 1119
53 42 3.10
Eu(OoH)** -766.300 1000
6.9
Eu(OH)2+ -965.800 1000
16.0
EuF* -877.000 1000
6.2
EuF2+ -1172.700 1000
13.0
EuCI™ 710500  -772400  -151.00  29.00 | 2229
75
Euc12+ -838.500 1000
94
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A [e] A HO SO (=]
Substance IG -1 f -1 .Clp Ref.
kJ mol J mol 'K

EuCly(aq) 967700  -1106200  -54.00  -402.00 | 2222

EuBr'" -681.700 1000
6.7

EuBr2+ -783.800 1000
8.1

++

Eu(BrO,) -582.000 1000
73

Euao3f*' -714.800 814900  -22.90 -56.00 | 1119
78 8.7 36.00

Eu(NO3)++ -691.300 1000
7.0

Eu(SO4)+ 1341200  -1497.400  -69.40  125.00 | 1119
5.5 6.0 20.00 .

Eu(SO,), 22094.600  -2398.800 690  -136.00 | 1119
6.9 82 30.00

Eu(C03)+ -1150.500 1000
72

Eu(CO3),” -1709.200 1000
9.0

Comments:

Reference 1 is J.A.Rard: Chemistry and Thermodynamics of Europium and Some of Its Simpler Inorganic Compounds and Aque-
ous Species: Chem.Rev. 1985, v.85, 555. Table reviewed by J.A.Rard, Dec.5,1985. Ref. 2 is Wagman et al.,1982; Ref. 3 is
Barin et al.,1977; Reference 4 is L.R.Morss: "Yttrium,Lanthanum, and the Lanthanide Elements”, in, "Standard Potentials in
Aqueous Solution”, A.J.Bard; R.Parsons;J.Jordan.eds., Marcel Dekker, Inc..New York (1985), p.587. Ref. 5 = Robie et al., 1978.
Canrrell;Byme: J.Solution Chem. 1987,v.16,555 measure log K for both EuCO3+ and Eu(CO3)2' from which we EuCO3+ and
log K12 for Eu(COs)z' from which we calculate AfG" = -1148.92, and -1706.45 kJ/mol, respectively.
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Aqueous FLUORINE
Soluti
D%;%Zg: Lawrence Berkeley Laboratory Esvéltllﬁmld
January 1988
PROPERTIES OF ELEMENTAL FLUORINE:
Atomic Number: 9
Formula Mass: 18.9984
Electronic Configuration: 1s2 2s2 2p5
Electronegativity: 3.95
Hydration Number: 1.8 (F)
Ionic Radius: 1.35 angstrom
Selected Average for Soils: 200 mg/kg
Concentration in Natural Waters: 2-37 mg/L in Basalt,
tuff, granite waters
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AG° AH° S° Cp°
Substance fG -1 f -1 .-1 Ref.
kJ mol Jmol " K
F,(g) 0.000 0.000 202.69 3130 | 5552
2 0.04
HF(g) -273.200 -273.300 173.67 29.13 2552
0.7 0.04
HF(aq) -299.930 -321.282 94.98 39.00 1911
0.5 0.7 0.50
F -281.750 -335.350 -13.18 -117.00 | 9557
0.7 0.7 0.54 4.0
sz’ -584.800 104.80 -66.00 1011
Comments:

Reference 1 = Lemire and Tremaine: J.Chem.Eng.Data 1980, v.25, 361. Ref 2 = Wagman et al.,1982; 5 = CODATA, 1978.
AfG"[HF,aq] compares within uncertainty of that calculated from logK = -3.18 for HF(aq) ionization: G.Hefter: J.Solution Chem.

1984, v. 13, 457. Ref. 7=L. Brewer. Ref.9 = This work.

- 108 -




?queous HYDROGEN
luti E
D(;;bgges Lawrence Berkeley Laboratory svlilt‘;zlﬁd
January 1988
PROPERTIES OF ELEMENTAL HYDROGEN:
Atomic Number: 1
Formula Mass: 1.008
Electronic Configuration:
Electronegativity: 2.15
Hydration Number: 3.9 (H+)
Ionic Radius:
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A G° A H° Se Cp°
Substance 1G -1 f -1 -1 Ref.
kJ mol Jmol " K
Hz(g) 0.000 0.000 130.57 28.82 1112
0.03
Hz(aQ) 17.780 -4.040 57.37 175.00 9333
0.9 0.8 2.50 25.0
u* 0.000 0.000 0.00 0.00 2222
0.0 0.0 0.00 0.0
Comments:

Reference 1 = CODATA, 1978; 2 = Wagman et al.,, 1982; Reference 3 = L Brewer, 1981; 9 = This work.
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Agueous IODINE
%‘;1;%2“52 Lawrence Berkeley Laboratory Esvalnulz;teld
January 1988
PROPERTIES OF ELEMENTAL IODINE:
Atomic Number: 53
Formula Mass: 126.905
Electronic Configuration: 4s 4p® 4410 562 5p°
Electronegativity: 2.55
Hydraton Number: 0.9 (I)
JTonic Radius: 2.22 angstrom (I')
Selected Average for Soils: 0.1 to 40 mg/kg
Concentration in Natural Waters: 1.23 mg/L (lake water); 10 mg/L. (brine)
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A o A (o] SO Cpo
Substance tG 1 fH 1 -1 Ref.
kJ mol Jmol " K
1,(s) 0.000 0.000 117.94 5444 5591
2 0.80
1,(aq) 16.400 22.600 137.20 330.00 111*
2 04 170 330
1,(g) 19.327 62421 260.57 36.90 1551
2 0.1 0.06
HI(g) 1.780 26.360 206.48 29.15 | 9551
0.8 0.8 0.04
HIO(g) -85.800 -98.300 187.40 *ak()
CH3I(g) 14.700 13.000 254.12 44.10 1111
120 5(s) -7.887 -158.070 115.00 129.00° | 9999
10.0 30.00 50.0
HIO,(s) -134.750 -231.840 110.77 90.71 9*99
3
1.0 04
AgIO4(s) -93.700 -171.100 149.40 10293 | 1111
3 04 1.0 4.10
Ba(I05)4(s) -864.700 -1027.200 249.40 18740 | 1111
Basao 6)2(5) -3945.960 0*00
Srs(106)5(s) -3975.140 0*00
Agl(s),iodargyrite -66.190 -61.840 115.50 56.82 1111
1.7 1.7 1.70
Agl(aq) 25.520 50.380 184.10 -120.50 1111
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A [ A HO SO (]
Substance xG - £ 1 fp Ref.
kJ mol J mol 'K
Hglz(s),coccinite -101.700 -105.400 180.00 1110
2.5 1.7 6.30
Hglz(aq) -75.300 -79.500 176.00 1110
HSIO6(S) 162.30 171.20 00**
0.30 0.3
HSIO6(aq) -541.550 -759.400 268.90 *1%0
1.0 4.0
10 4' -58.500 -151.500 222.00 1110
H3106' ) -486.230 -756.000 95.30 *1*0
H 4106' -524.420 -759.400 212.00 *1*0
0.5 4.6 16.70
103' -128.000 -221.550 118.40 -74.00 kb
0.5 2.2
HIO3(aq) -137.550 -217.030 159.40 -40.00 bl
] 1.0 1.0 1.30
107 -38.500 -107.500 -5.40 90.00 111*
HIO(aq) -99.100 -138.100 95.40 -74.00 111*
120' i -82.220 *000
0.2
IZOH' -164.870 -209.330 201.40 -6.00 ¥ xg
0.2
H210+ -107.790 -193.940 -62.80 121.00 1999
1.1
I -51.669 -56.900 106.70 -120.50 955*
0.8 0.8 0.20 42
13' -51.400 -51.500 239.30 18.00 1119
1.9 4.00
Comments:

Reference 1=Wagman et al.,1982;5=CODTA, 1978;9=This work;0=No reference; References with * are as follows: Cp[Iz(aq)] is

from J.R.Cobble et al.,1982. Brewer (1981) tabulates GHSCp data for
H]O3(g) are from C.-C. Lin: JInorg.Nucl.Chem.1980,v.42,1093 and Ibid.,1981,v.43,3229. Enthalpy of HIO3(s) is from

Iz(aq) respectively:16.4,22.45,136.3,291. GHS values for

A _Finch;P.N.Gates;M. A Jenkinson: J.Inorg.Nucl. Chem. 1980,v.42,1506. Values of GSCp for HIO3(S) calculated in this work.
Enthalpy of both Ba5(106)2(s),Sr5(106)2(s), from C.F.VMason; J.D.Farr;M.G.Bowman:J Inorg.Nucl.Chem.1980,v.42,799.
Values of GS for H3IO6",H 4IO6'.H5106(aq) calculated from data given in F.A.Cotton;G.Wilkinson: “Advanced Inorganic
Chemistry”, John Wiley & Sons,Inc.,.New York (1980),p.561, and in RM.Kren;H.W.Dodgen; C.J.Nyman:Inorg.Chem.

1968,v.7,446. For 103', GHSCp data obtained as follows:AfG

° calculated from standard potential measurements by

W.0.Lundberg;C.S. Vestling;J.E.Ahlberg: J.Am.Chem.Soc. 1937, v.59, 264 (Chem.Abstr.,v.31,2523) for: 103' +6H" +6e =
0.512(5) + 3H20, E° = 1.195v. Gibbs energy from Wagman et al.,1982, and from C.-H.Wu; M.M.Birkey;L.G.Hepler:
J.Phys.Chem. 1963, v.67, 1202 yield respectively, 1.209v. and 1.201v., both too positive. Enthalpy of 103' calculated here using
our G value, and the S tabulated by Wagman et al.,1982. Heat capacity of 103' is from
A Roux;G.M.Musbally;G.Perron;].E.Desnoyers; P.P.Singh;E.M.Woolley;L.G.Hepler:Can.J.Chem. 1978,v.56,24. Cp[HIO3.aq] is
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from E.M.Woolley;L..G.Hepler: Can.J.Chem. 1977, v.55, 158. Cp of HIO(aq) is from J.W.Cobble;R.C.Murray;P.J. Tumner;K.Chen:
"High-Temperature Thermodynamic Data for Species in Aqueous Solution”, NP-2400, San Diego State Univ.,San Diego,CA
(1982). AfG°[120"] calculated from Y.-T.Chia: "Chemistry of +1 lodine in Alkaline Soluton”, UCRL-8311, Lawrence Berkeley
Laboratory,Berkeley,CA (1958). Gibbs energy of HIO(aq) calculated from HIO(g) = HIO(aq) data in C.-C.Lin:
JInorg.Nucl.Chem. 1981,v.43,3229. GHS data for H210+ calculated using measurements by J.D.Burger;H.A Liebhafsky:
Anal.Chem. 1973, v.45, 600. Heat capacity of I" from L.Brewer: **Thermodynamic Data for Flue-Gas Desulfurization
Processes”,in, "Flue Gas Desulfurization”, L.Brewer,ed.,LBL-12342 Lawrence Berkeley Laboratory (1981). Cp[I3'] calculated
from measurements by D.A.Palmer;R.W.Ramette;R.E.Mesmer: J.Solution Chem. 1984, v.13, 673. 1984, v.13, 673.
I.Paquette;B.L.Ford: Can.J.Chem. 1985, v.63, 2444 calculate logK = -10.6 from reaction HIO = 10" + H*, and Log K = -1.4 for
equilibrium H210+ = HIO + H™. For their log K = -10.6,AfG° is 60.51 kJ/mol, comparing well with 60.66 kJ/mol calculated
using our tabulated data. For 1205(5). AfH" is from calorimetric measurements by P.J.Cerutti;H.C.Ko;K.K McCurdy;L.G.Hepler:
Can.J.Chem. 1978, v.50, 3084; by Cerutd et al.:Can.J.Chem. 1978, v.56, 3084; both S and Cp are from the values calculated by
A.K.Gorbachev; F.K.Andryushchenko;S.P.Lugovol;Russ.J.Phys.Chem. 1984, v.58, 988. We calculated AfG° from ArG° = AIH" -
298.15ArS°‘ E.E.Mercer;D.T.Farrar:Can.J.Chem. 1968, v.46, 2679 measure following A‘H values: 10 4' = -162.3x1.7,

HSIO 6(a\q) = -790.3614, H 4106' = -799.48+4 kJ/mol, based on calorimetric measurements. ] .
C.E.Crouthamel;A.M.Hayes;D.S.Martin:J.Am.Chem.Soc. 1951, v.73, 82 measure logK for reactions: H5106(aq) = Hdloé +H,
logKk =-3.29; H 4106- = H3IO6" +H, log K =-6.70. Data for H5I06(s) from L.AK.Staveley;R.D.Weir:
J.Chem.Thermodynamics 1986, v.18, 477.
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?Queous IRON
ot
D%;%gsn: Lawrence Berkeley Laboratory ESV ;lu“]";wzd
April 1988
PROPERTIES OF ELEMENTAL IRON:
Atomic Number: 26
Formula Mass: 55.847
Electronic Configuration:
Electronegativity: 1.8(Fc+++),1.7(Fe++)
Hydration Number: 10.5Fe*" 1),12.0(Fe*™)
Ionic Radius: Fe'(0.61);Fe*"7(0.55) angstrom
Selected Average for Soils: 38,000 ppm
Concentration in Natural Waters: <! mg/L.
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A [+] A [+] SO C (=]
Substance tG 1 iH oo lp Ref.
kJ mol Jmol " K
Fe(s) 0.000 0.000 27.28 24.98 1111
0.13
FeO(s) -251.156 -272.043 59.80 49.92 1111
22 2.1 1.70 :
Feo 0 47O(s),wustitc -244.579 -265416 58.46 4840 | 8888
. 0.5 0.6 0.56 0.2
Fe3O 4(s),magnetitc -1014.137 -1117.262 146.01 151.08 | 8888
0.8 0.9 0.50 0.2
a-Fc:203(s),hematite -745.269 -827.148 87.48 103.80 | 8888
1.0 1.1 0.31 0.1
‘Y-Fe203(s),maghemite -711.420 9000
5.0
Fey g775(s).pyrrhotite -106.860 -106.320 60.79 49.88 | 6666
1.7 0.21
FeS(s),troilite -101.333 -100.960 60.33 50.50 1111
15 1.5 0.17
FeSz(s),pyrite -160.229 -171.544 5293 62.17 1111
1.7 1.7 0.13
FeS2(s),marcasite -158.421 -169.450 53.89 6243 1111
2.1 2.1 0.11
Fe,S,(s) -280.750 -280.000 152.29 47.80 | 3333
273
13.00
Fe758(s) -748.500 6000
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AG® AHC s° Cp°
Substance tG R 1 f}{ _ 1 _ 1 p Ref.
kJ mol J mol "K
FeSO,.7H,0(s),melanterite -2509.870  -3014.570 40920 39447 | 2222
13 0.6 1.30
FeS0,(s) -824.980 928800 12096 10040 | 6666
8.4 1.30
Fe,(SO,)4(s) -2246.100  -2582900  307.50  289.80 | 6666
1.7 8.40
FeSeg g6() -68.760 -66.900 69.20 5476 | 9444
FeSe(s) -75.730 -75.310 70.60 5476 | 333*
13 0.40
FeSe,(s).ferroselite -144.780 -121.960 86.82 72.89 | **33
0.21
Fe,(Se04)5(s) -1332.300 *000
Fe,(Se05)3.2H,0(s) -1835.900 3000
13.0
Fe,(OH),Se0s(s) -1385.500 *000
FeSiO5(s),ferrosilite -1117.457  -1194.286 95.95 8433 | 8888
09 1.5 2.20 3.0
Fe,Si0,,(s).fayalite -1378.980  -1478.170  151.00  131.90 | ***x
14 1.3 0.20 0.2
Fe(OH),(s) -493.040 -573.210 92.50 3330
Fe(OH)5(am) -714.630 -844.330 96.20 3330
11.0 13.00
a-FeO(OH)(s),goethite -488.550 -559.330 60.38 69.04 | 1113
0.8 0.7 0.63
B-FeO(OH)(s),akaganeite -678.860 9000
5.0
vFeO(OH)(s),lepidocrocite 471200 *000
1.0
Fett -91.550 92730  -107.00 4.00 | 669*
1.0 08 2.50 330
Fett+ -17.280 -50.110  -279.00 3500 | 6999
1.0 08 410 0.1
FeOH' -275.540 -250.550 -14.48 88.00 | 7959
0.5
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A [} A HO S [+ (o]
Substance tG . r 1 £ ] - 1 -lep Ref.
mo mo
Fe(OH),(aq) 448220 -126.70 7050
Fe(OH);” -625.970 117.20 7050
Fe(OH),” -777.480 3782 7050
FeOH' -241.910 294430  -104.50 -1.00 | 7779
0.2
Fe(OH)2+ -459.170 -1891 7050
Fe(OH),(aq) -651.040 -333.10 7050
Fe(OH),~ -842.490 114.30 7050
FeZ(OH)2+H+ . -491.980 619400  -284.20 7770
3.0
Fe3(OH)45+ -964.390 7000
Comments:

Ref.1=Robie et al.,1978;2=Wagman et al.,1982;3=Naumov et al.,1974;4=Barin et al.,1977; 5=Vasilenko et
al.,Russ.J.Phys.Chem.1983,v.57,625;6=Cobble et al.,1982; 7=Baes;Mesmer,1976;8=Robinson et al.,1982;9=This work. Data for
FeSe2 gotten by averaging values for sulfide and telluride from Ref.4. Gibbs energy for Fe2(8e03)3 and Fe2(OH) SeO3 calcu-
laxed from log K values in H.R.Geering;E.E.Cary;L.H.P Jones;W.H.Allaway:Soil Sci.Soc.Am.Proc. 1968, v.32, 35. Data for
Fe'" and Fe'™ from Cobble;Murray;Tumer; K.Chen:"High-Temperature Thermodynamic Data for Species in Aqueous
Solution",NP-2400, San Diego State Univ.,San Diego, CA (May 1982). Also, from C.M.Fiynn: Chem.Rev. 1984, v.84, 31. See
also J.W.Larson; P.Cerutti;H.K.Garber;L.G.Hepler: J.Phys.Chem. 1968, v.72, 2902. Our Gibbs energies for Fe'" and Fe** give
E°=-0.473v. forFeH+e=Fe(s). which compares well with the commonly accepted value. Similarly, we calculate E°=-0.062v. for
Fet't +3e = Fe(s). Our values for hydrolysis free energy values calculated from data in Baes;Mesmer, 1976. Gibbs energy of
formation for lepidocrocite is from K.M.Krupka;E.A.Jenne: "WATEQ3 Geochemical Model: Thermodynamic Data for Several
Additional Solids", PNL-4276, Pacific Northwest Laboratory, Richland, WA (Sept.1982). Vasil'ev et al. Measure for

Fe'tA fH—-91 .0kJ/mol,5°=-143.93 J/mol/K: Russ.JInorg.Chem. 1985, v.30, 957. Vasil'ev et al. given AfH[FeSO 7H20 s] =
-3014 58k]/mol Tbid. ,p 959. P.H.Tewari;A.B.Campbell:J.Phys.Chem. 1976, v.80, 1844 measure A G=-15.7+03kJ/mol for reac-
tion FeS(s)+2H =Fe™ + st(g) so that we calculate AfG[FeS ,s]. Khoe et al.,J.Chem.Soc. Dalton Trans.1986,1901 measure
for the Fe™™. -(OH)n system at I=1.0: logK1 1=-2.72;logK12:—6.29;logK22=-3.20;log](3 4=-6.98 which compare with our -2.77,
-6.43, -2.63 and -5.79, respectively. Gibbs energy for both 'y—Fe2O (s) and B-FeO(OHXs) are from Flynn (1984). Flynn also
provides logK® values from which we calculated Gibbs energies of Fe(OH) (s)=-706.8x11, y-FeO(OHXs) = -473.4113 kJ/mol.
Cp[FH] is from L. Brewer, 1981. Data for fayalite from Robie; Finch; Hemmgway Am. Mineral. 1982, v.67,463 (R.A. Robie,
Private Communication, April 8, 1988). Khoe notes that data for Fe(IIT)-OH were obtained in perchlorate and nitrate media:
logKll, logKlz, logl(22 (NO3'); logl(3 4 (C10 4-). Therefore, the effect of different ionic media must be considered (Private
Communication, April 11, 1988).
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é‘\c%uqous LANTHANUM
u
D(:ulzlibg:g Lawrence Berkeley Laboratory Esv;ltﬁimzd
February 1988
PROPERTIES OF ELEMENTAL LANTHANUM:
Atomic Number:
Formula Mass: 138.91
Electronic Configuration:
Electronegativity: 1.1
Hydration Number: 7.5 (LaI )
Ionic Radius: 1.061 angstrom (La+++)
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
AG® AH° Se Cp°
Substance tG 1 fH 1 o-1 Ref.
kJ mol Jmol " K
La(s) 0.000 0.000 56.90 27.11 2222
0.80
La203(s),hexagonal -1705.800 -1793.700 127.32 108.78 2222
08 0.20
La(OH)3(s) -1278.000 -1410.000 117.80 14.12 8888
La(OH)3(am) -1286.200 -1410.000 144 .80 3330
42
LaF3.H20(s) -1987.400 0200
LaCl3(s) -997.510 -1071.100 145.60 108.80 3332
1.3 13.00
LaCl .7H20(s) -2712.900 -3178.600 462.80 431.00 2222
3 2.10
Laz(SO 4)3(3) -3941.300 0200
Laz(C03)3(s) -3141.600 2000
Lattt -686.200 -707.100  -209.20 -81.00 3339
2.1 2.1 13.00
LaOH* -872.310 6000
LaF*™™ 979.500 2000
Lac1** -813.800 7000
LasO,* 1435300  -1562.500 9900
La(SO 4)2' -2180.970 -2464.600 9900
LaCO3+ -1258.100 3000
Comments:

Reference 2=Wagman et al., 1982; 3=Naumov et al., 1974; 6=Baes;Mesmer,1976; 7=Smith;Martell,1976; 8=L.R.Morss: Yttrium,
Lanthanum, and the Lanthanide Elements, in "Standard Potentials in Aqueous Solution",A.J.Bard; R. Parsons; J. Jordan, eds.,
Marcel Dekker, Inc., New York (1985), p. 587. Cp for La(OH)3(s) from R.D.Chirico;E.F. Westrum: J. Chem. Thermodynamics
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1980, v. 12, 71. Data for LaSO4+ and La(SO4)2' from Simpson:J.Soluton Chem.1987,v.16,411. We have assumed values at
1=1.0 are the same as those at 1=0.
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Aqueous LEAD
Soluti E d
D(;;%g:: Lawrence Berkeley Laboratory SV ;l['ﬁwz
February 1988
PROPERTIES OF ELEMENTAL LEAD:
Atomic Number: 27
Formula Mass: 207.1900
Electronic Configuration:
Electronegativity: 1.6
Hydration Number: 12
Ionic Radius: 1.18 angstrom (Pb++)
Selected Average for Soils: 10 ppm
Concentration in Natural Waters: 20 pg/L
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A (=] A © SO Cpo
Substance fG 1 fH -1 Ref.
kJ mol Jmol " K
Pb(s) 0.000 0.000 64.80 2644 | 5552
0.30
PbO(s)(yellow),massicot -188.573 -218.070 68.70 45.71 1111
0.7 0.6 0.21
PbO(s)(red),litharge -189.202 -219.409 66.32 45.77 1111
0.9 0.8 0.84
PbO, (s),plattnerite -215.314 -274.470 71.80 61.17 1111
2 3.0 3.0 042
Pb,0 ,(s),minium -601.358 -718.686 211.96 154.93 1111
374 6.3 6.3 6.70
Pb(OH),(s) -452.200 2000
4.1
Pb(OH)Z(aq) -402.960 *000
1
PbCIOH(s),laurionite -480.300 3000
4.0
Pb3(CO3),(OH),(s) 1711000 3000
Pb0.0.3H,0(s) -258.610 9000
PbF,(s) -630.901 -676.970 112.90 72.26 6666
2 42 8.40
PbF,(aq) -582.000 -666.900 -17.20 -317.00 | 2229
0.1
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AG®

A,H"

SO

Cp®

Substance 1 1.-1 Ref.
kJ mol Jmol 'K
PbClz(s),cotunnite -314.100 -359.000 136.00 73.15 1111
0.7 03 2.10
PbClz(aq) -297.700 -318.500 218.10 -334.00 4449
0.1
PbFCI(s),matlockite -484.800 -533.500 114.60 3330
1.3
Pb2(CO3)Cl2(s) -952.300 3000
4.0
PbBrz(s) -261.900 -278.700 161.50 80.12 3333
04 2.00
PbIz(s) -176.300 -178.070 175.18 79.16 3333
0.21
PbS(s),galena -96.075 -97.709 91.38 49.50 1111
08 1.0 1.30
PbSO 4(s),anglcsite -813.140 -919.940 148.49 103.21 2552
1.0 09 0.40
PbSO 4(aq) -783.200 3000
40
PbO.PbSO4(s) -1032.100 9000
PbCO3 (s),cerrusite -625.337 -699.150 131.00 1110
1.5 12 3.30
PbCO3(aq) -589.210 *000
0.6
PbCl2.PbCO3 (s) -952.210 9000
10.0
Pb3(PO4)2(s) -2363.900 353.10 256.27 9922
PbSe(s),clausthalite -101.577 -102.925 102.51 50.20 1112
2.1 2.2 2.10
PbSeO3(s),molybdomcnite -447.220 -532.600 128.40 99.49 9444
10.0 10.0
PbSeO 4(s),kerstenite -504.900 -609.200 167.80 2220
PbSi03(s) -1062.100 -1145.700 109.60 90.04 2222
1.30
PbZSiO 4(s) -1252.600 -1363.100 186.60 137.15 2222
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AG® AH® S° Cp°
Substance (© - £ 1 _lp Ref.
kJ mo! Jmol 'K
PbMoO,(s),wulfenite 951.110  -1051.860  166.10 1110
0.9 0.9 2.10
Pt -23.970 0.920 1770  -83.00 | 9559
0.1 0.3 0.80 :
PbOH* -217.550 -240.140 89.30 19.00 | ***9
2.1
Pb(OH);~ -575.630 “000
40
1>b20H+++ -249.700 *000
Pb3(OH)4++ -888.600 -1037.600 234.00 2220
Pb3(OH)5+ -1212.980 7000
Pb4(0H)4+“'* 936300  -1066.100  234.00 2220
Pb6(OH)8+'H+ -1800.200  -2089.900  498.00 2220
PbF" -311.700 3000
PbF,~ -884.100 3000
pbCIt -163.300 -163.700 109.40 6.00 | 4449
0.2
PbCl,~ 427.100 -503.100  210.00 -1.00 | 4449
0.2 .
PbCl,” " -557.100 4000
0.3
PbHCO3+ -642.200 9000
Pb(HCO5),(aq) -1247.800 9000
Pb(CO,), " -1137.470 *000
32
0.6
Comments:

Reference 1=Robie et al.,1978;2=Wagman et al.,1982;3=Naumov et al.,1974; 4=Seward,1984;
5=CODATA,1978;7=Sylva, 1980;9=This work. 6 = Baes;Mesmer, 1976.

Gibbs energy for PbCIt, PbClZ(aq) and PbCl3' calculated using log K values given in F.J.Millero;R.H.Byme: Geochim.
Cosmochim.Acta 1984,v.48,1145 differ from those in Ref. 4: TM. Seward: Geochim. Cosmochim. Acta 1984, v. 48, 121. AfG°
for Pb(OH)z(aq), Pb(OH)3', PbZOH'H' calculated using log K values in C.F. Baes; R.E.Mesmer: The Hydrolysis of Cations
(1976); AfG" for Pb3(OH)5+ calculated from log K in RN. Sylva; P.L. Brown: J.C.S. Dalton 1980, 1577; for PbCO3(aq) and
Pb(CO3)2' ", from H. Bilinski; P. Schindler: Geochim. Cosmochim. Acta 1982, v. 46, 921. Gibbs energies for bicarbonates from
Phillips, 1982. Grenthe;Hietnan;Salvatore:Acta Chem.Scand. 1987,v.A41,349 find for Pt + 2CO3" = Pb(C03)2", log K° =
10.4, comparing with our calculated 10.11. Lozar et al., Thermochim.Acta 1984,v.79,171 measure AfGo as follows: PbCl*,
-164.82; PbCl2(aq), -296.44; PbCl3'. -433.084 kJ/mol.
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Aqueous MAGNESIUM

Solutions Evaluated
Database Lawrence Berkeley Laboratory Status 2

September 1987

PROPERTIES OF ELEMENTAL MAGNESIUM:
Atomic Number:
Formula Mass: 24.312
Electronic Configuration:
Electronegativity: 1.2
Hydration Number: 5.1 (Mg'H)
Ionic Radius: 0.72 angstrom for coordination no. = 6.
Selected Average for Soils: 5000 mg/kg.
Concentration in Natural Waters: Varies, Mg is a common constituent.

THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0

AG° AH° S° Cp°
Substance fG 1 fH 1 -1 Ref.
kJ mol Jmol " K
Mg(s) 0.000 0.000 32.68 2489 | 2222
0.10
MgClz(s),chloromagnesi[e -591.780 -641.320 89.54 71.04 3333
0.5 0.5 0.80
MgCl2.2H20(s) -1118.100 -1279.700 180.00 159.00 | 3333
0.8 0.8 2.10
MgC12,4}]20(5) . -1623.500 -1899.000 264.00 24100 | 3333
08 0.8 3.00
MgC12.6H20(s),bischoﬁw -2115.010 -2499.060 366.10 317.00 | 3333
0.8 0.8 4.00
MgO(s),periclase -568.961 -601.239 26.95 3734 | 8888
_ 03 03 0.17
MgCO3(s),magnesite -1029.477 -1113.225 65.08 76.23 8888
14 1.3 0.71 0.3
MgCO3.3H20(s),nesquehoniLe -1723.750 -1977.260 195.67 1110
0.5 0.3 0.60
Mg(OH),(s),brucite -834.337 -925.307 63.18 77.64 8888
04 04 0.66 0.1
MgSiO3(S),clinoenstatite -1457.995 -1544.844 67.76 81.57 | 8888
12 12 1.80 0.2
MgSiO3(s) ,enstatite -1457.411 -1544.696 66.29 8220 | 8888
0.34 0.1
MgSiO3(s),protoens[a(itc -1449.182 -1531.885 81.67 79.99 | 8888
4.80 6.0
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AG® AHC s° Cp°
Substance (© - f -1 -lp Ref.
kJ mol J mol 'K
Mg, Si0,(s).forsterite -2053.843 2172.729 95.51 118.10 | 8888
1.3 1.3 3.60 03
Mg5Si,05(OH) 4(s) -4032.365 4482037 22134 27386 | 8888
35 35 1.13 08
Mg53Si O 4(OH),(s), talc -5514,937 6200218  260.80  322.66 | 8888
4.3 43 133 0.7
Mg, SigO,,(OH),(s),anthophyllite -11332.884  -12058.366  537.00  663.62 | 8888
13.0 1.02 0.8
Mg Sis,Ogs(OH)H(s),antigorite -66113.823  -71397.109 8888
MgSe(s) -268.690 -272.790 61.50 4797 | 9444
MgSeO.6H,0(s) -2266.500 -2701.600  321.70 3330
MgSeO5(s) -928.100 -943.100 86.20 88.50 | 6666
6.0 40 6.00
MgSeO,(am) -887.000 0300
4.0
MgSeO3(aq) -841.000 7000
MgSeO,(s) -968.510 0200
MgSeO,(aq) -908.888 7000
MgSeO ,.H,0(s) -1295.450 0200
MgSe0,,.4H,0(s) -2189.910 0200
MgSO,(s) -1165.790 -1279.970 91.60 96.48 | 3333
2.0 20 1.00
MgSO,,.TH,O(s),epsomite -2871.240 -3388.700  372.00 1110
0.9 1.2 4.00
MgSO0,,.H,0(s) kieserite -1428.700 -1602.100  126.40 2220
4.0 4.00
MgS0,,.6H,0(s) -2631.800 -3087.000  348.10  348.10 | 2222
mgtt -454.800 -466.850  -138.10 -16.00 | 2225
1.7 1.3 1.70 8.0
MgOH" -627.600 3000
2.0
MgClz(aq) -717.100 2000
2.0
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Substance AtGO -1 AfHo 5 -1 .C1p° Ref.
kJ mol Jmol 'K
MgSO4(aq) -121:12.300 -1368.900 -52.30 3330
MgCO3(aq) -100;;(5)00 3000
MgB(OH),* -1618.000 *000
3.0
Comments:

Reference 1=Robie et al.,1978;2=Wagman et al.,1982;3=Naumov et al.,1974; 4 = Barin et al., 1977; 5 = Brewer, 1981; 6 =
Pashinkin et al.: Russ.J.Phys.Chem. 1971, v.45, 909 and from Malkova et al.: Russ.J.Phys.Chem. 1976, v.50, 1312 for heat capa-
city. Reference 8 is Robinson et al., 1982. S of antigorite is 3606.08 J/mol/K. Heat capacity of antigorite is 4436.510 J/mol/K.
Uncertainties for silicates obtained from Ref.1, except those for anthophyllite are from Naumov et al.,Ref.3. Ref. 7 is Sposito,
and AfG [MgSeO ,aq] calculated from log K of formation,using value from G.Sposito: Thcrmodynarmc Formation Constants for
Selenium Species at 298.15 K, Private Communication, May 12,1986. * Value for MgB(OH)4 from L.Bassett, 1980.
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Agueous - NEPTUNIUM
Solutions Evaluated
Database Lawrence Berkeley Laboratory Status 1
January 1988
PROPERTIES OF ELEMENTAL NEPTUNIUM:
Atomic Number: 93
Formula Mass: 237.05 2
Electronic Configuration: 515 7s
Electronegativity: 1.1
Hydration Number:
Ionic Radius: 1.01 angstrom (Np *):0.91 angstrom (Np'H'H)
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A o A [«] SO Cpo
Substance ‘G R ‘H 11 Ref.
kJ mol Jmol " K
Np(s) 0.000 0.000 50.30 29.62 4444
1.00 0.6
Np20 (s) -2013.000 -2147.250 163.00 129.00 1911
3 14.0 150 23.00
NpO,(s) -1021.800 -1074.000 80.30 66.21 1911
2 2.5 25 0.40
NpO3.H2O(s) -1247.000 -1379.000 146.00 112.00 3339
: 8.0 4.6 33.00
NpO,(OH),(s) -1236.000 -1377.010 118.00 112.00 1911
22 12.0 120 20.00
NpO,(OH)(am) -1128.000 -1224.100 101.00 86.00 1911
2 55 6.0 8.00
Np(OH) 4(s) -1447.000 -1621.365 139.00 131.00 1911
20.0 20.0 25.00
NpF4(s) -1783.630 -1874.000 152.72 116.06 2222
13.0 4.10 _
NpF,(s) -1460.310 -1528.830 124.68 98.32 2222
3 50 4.00
NpCl,(s) -896.208 -984.100 201.67 120.46 2222
4 1.7 4.10
NpCl,(s) -831.699 -898.500 161.50 104.39 2222
3 2.5 8.40
NpBr ,(s) -737.644 -771.100 242.67 128.62 2222
4 1.7 12.50
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AG® AH® S° Cp°
Subsmnce tG -l f}l -1 _lp Ref
kJ mol J mol ‘'K
NpBr3(s) -706.031 -730.500  196.65 10924 | 2222
2.1 17.00
NpO,(NO4),(s) -1190.000 0400
NpO,(NO,), H,O(s) -1505.000 0400
NpO,(NOs4),.6H,0(s) 2429200  -3009.100  516.30 3330
54 5.0 4.60
NpOClLy(s) 967760  -1037.600  141.00 2220
13.0 8.40
NaNp0,CO;.3.5H,0(s) -2601.000 31400  269.00 | 1011
10.0 50.00
NP(C,0,)5(s) -1975.000 3000
21.0
Np(HPO,),(s) -2858.000  -3121.300  200.00  224.00 | 1911
14.0 20.00
Na,Np,0.(s) -2893.500 0400
9.9
Npo2++ -795.800 -860.600 -94.00 -8.00 | 4449
54 46 8.00
Np02+ 915.000 -978.200 -21.00 9200 | 4449
54 46 8.00
NpTHH -502.900 -556.100  -389.10  -112.00 | 4449
7.5 42 21.00
NptT -517.100 -527.200  -179.10  -102.00 | 4449
33 2.1 6.40
Np020H+ -1004.000  -1102.990 24.00 63.00 | 1919
5.0 6.0 50.00
(Np02)2(OH)2+ + 2029380  -2246.210 -14.00 -62.00 | 1919
10.0 10.0 50.00
(Np02)3(0H)5+ 3474000  -3897.550  116.00 2.00 | 1919
17.0 17.0 50.00
NpO,(OH)(aq) -1101.000  -1220.100 25.00 4800 | 1919
5.0 60.00
NpoHH -734.000 -790.540  -167.00  -110.00 | 1919
9.0 40.0 40.00
Np(OH)2++ 961.000  -1050.400 -44.00 4200 | 1919
15.0 15.0 80.00
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A o A (o] SO C (]

Substance tG 1 & . _1p Ref.

kJ mol J mol 'K

Np(OH);* -1181.000  -1313.705 44.00 50.00 | 1919
20.0 20.0 110.00

Np(OH),,(aq) -1397.000  -1699.900 75.00  -695.00 | 1919
20.0 130.00

Np(OH),~ -1607.000  -1863.350 96.00  -76.00 | 1919
40.0 170.00

NpoH*™ -714.300 -762900  -75.00  -21.00 | 1919
4.0 4.0 30.00

Np02F+ -1103.800  -1194400  -14.00 88.00 | 1919
5.7 7.0 80.00

NpO,F,(aq) -1403.800  -1527.735 4000  -249.00 | 1919
6.0 6.0 80.00

NpO,F(aq) 1207900  -1284.700  100.00  -24.00 | 6919
6.0 9.0 100.00

Nprttt -834.300 -894.800  -247.00  -56.00 | 1919
8.0 8.0 50.00

Npo,CI* 926,000  -1015.540 0.00 79.00 | 1919
6.0 50 150.00

NpO,Cl,(aq) -1055.000  -1175.300 73.80  -266.00 | 9999
50 50

NpO,Cl(ag) -1044.000  -1129.892 80.00  -33.00 | 1919
8.0 10.0 200.00

Npcrt+ -636.000 2703475  -260.00  -48.00 | 1919
9.0 9.0 150.00

NpCL,** -765.000 -795.795 4000  -98.00 | 1919
9.0 10.0 200.00

NpO,S0,(aq) -1558900  -1753.500 4280  -293.00 | 7779
1.0 0.5 2.00

NpO,(S0,4), ™~ —2 T 2311460 2653800 11970  -201.00 | 7779
1.0 1.0 6.00

Np0,SO,” -1656.100  -1856.400 9190  -79.00 | 8889
1.0 8.0 50.00 3.0

Npso,** -1279.000  -1444.790  -195.00 59.00 | 1919
10.0 10.0 50.00

Np(SO,),(aq) -2048.000  -2334600  -27.00 -689.00 | 1919
10.0 70.00
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AG® AHP s° Cp°

Substance ‘G . ]_1 fl-l ] l_lK_]p Ref.

mo mo

NpO,(CO5)(aq) -1360.000  -1540.000  -3600  -289.00 | 9999
50 5.0

NpO,(CO3),~ -1953.800 2221700 11610  -203.00 | 7779
2.0 2.0 30.00 30.0

NpO,(CO4)3 ™ 22505200  -2927.900 38.10  -53500 | 7779
2.0 2.0 9.00

NpO,CO;” -1470.020  -1599.900  200.00 -7.00 | 5919
1.0 1.0 200.00

NpO,(CO5), ™ 2009.600  -2298.800 11000  -348.00 | 5919
1.0 1.0 200.00

NpO,(CO4); ™ 2547000  -2977.700 80.00  -648.00 | 1919
1.0 1.0 50.00

Np(COz)s™ 23361000 -3912310 16000  -735.00 | 1919
14.0 15.0 200.00

NpO,HPO,(ag) -1932.000  -2159.000 1000  -269.00 | 1919
8.0 200.00

NpO,H,PO,* -1940.000  -2184.900  -50.00 11200 | 1919
8.0 200.00

NpO,HPO,” 22025.000 2221200  180.00  -20.00 | 1919
6.0 200.00

NpO,H,PO,,(aq) -2049.000  -2292.700 20.00 59.00 | 1919
6.0 200.00

NpH,PO,** -1661.000  -1854200  -146.00 26.00 | 1919
10.0 200.00

Np(H,PO,),* 22799.000  -3195300 -180.00  199.00 | 1919
100 200.00

Np(H,P0,)(aq) -3941.000  4549.600 -24500 -218.00 | 1919
20.0 200.00

NpHPO,** -1666.000  -1840.900  -150.00 29.00 | 1919
20.0 200.00

Np(HPO,),(aq) 2817000  -3175900  -120.00 -641.00 | 1919
200 200.00

Np(HPO,)3 ™ -3962.000  -4478.200 000 -280.00 | 1919
20.0 200.00

Np(HPO,), ™~ -5107.000  -5792.400 80.00 -508.00 | 1919
20.0 200.00

Np(HPO,)s ™ -6246.000  -7100.500  160.00  -735.00 | 1919
20.0 200.00

Comments:
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Ref.1=Lemire (1984); 2=1AEA, Part8,1983; 3=IAEA,Part 3,1978; 4=Morss (1985); 5=Bidoglio; 6=Choppin. 7=Ullman; 8=Halpe-
rin. 9=this work, as discussed below. The existence of Np(OH) is tacitly questioned since U(OH) (a basis for Np(OH)5
was questioned by Ryan;Rai: Polyhedron 1983, v.2, 947. We choose to include Np(OH) in our mble citing the rationale by
R.J.Lemire:".. Neptunium...",AECL-7817,Atomic Energy of Canada,Ltd. (March 1984). Thus although there is no unequivocal
evidence for the formation of anionic Np(IV) hydrolysis species, this species is included "in the expectation that, within the
noted estimated uncertainties, these may serve a guide 1o the probable behaviour of Np(IV) in solution...". Also, ** stability of
Np(OH)S' is especially likely to be ovcrsmtcd if the noted value is used, as little experimental evidence was found for increased
solubility of U(IV) in basic solutions...”. Lemire (1984) assigns uncertainty to Np(OH) for AfG of +40, -20 kJ/mol. Note Baes
and Mesmer (1976) tabulate hydrolysis oonslams for other anionic pentahydroxy species, Hf(OH) .Zr(OH) (log K =-17.2.-
16.0). However, the large uncertainty in AfG [Np(OH)5 ] renders any conclusions on the solubxhty calculauons involving this
species highly tenuous. For example, the propagated uncertainty for the reaction NpO (s) + 2H20 +OH = Np(OH)5 is log K°
= -8.11 + 7.03, -8.11 - 3.50. See Reference 68 in This Work for a more complete evaluauon of U(OH)5
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éAc}ue.ous NICKEL
il
D(;;b(z;:es Lawrence Berkeley Laboratory ESV ;ltlxl:;de
February 1988
PROPERTIES OF ELEMENTAL NICKEL:
Atomic Number:
Formula Mass:
Electronic Configuration:
Electronegativity:
Hydration Number:
Ionic Radius:
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A o A (<] SO Cpo
Substance fG -1 [H -1 -1 Ref.
kJ mol Jmol " K
Ni(s) 0.000 0.000 29.87 26.07 | 2222
NiO(s),bunsenite -211.700 -239.740 37.99 44 31 3333
0.5 04 0.17
Nin(s) -604.170 -651.400 73.60 64.06 | 2222
1.2
Nin(aq) -603.300 -719.200 -156.50 2220
NiF2.4H20(s) -1581.000 2000
NiS(s),millerite -85.240 -87.860 53.01 47.11 1111
44 6.3 0.40
NiSz(s) -124.890 -131.380 71.96 70.63 1111
17.0 8.00
Ni, S,(s),heazelwoodite -210470 -216.310 133.89 117.73 1111
3V
50 0.40
Ni,S 4(s) -291.992 -301.250 186.48 164.81 1111
3 21.0 17.00
NiSO,(s) -763.250 -872.950 103.80 97.61 3333
1.7 0.80
NiSO,.6H,0(s) -2224.720 -2682.600 33447 32790 | 3333
4
2.1 0.21
NiSO .7H20(s) -2461.990 -2976.120 378.94 364.60 | 3333
4
2.1 0.21
NiSez(s),kulleruditc -139.650 -108.800 103.50 7548 | 4444
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A [« A o So C o
Substance fG - fH 1 _Ip Ref.
kJ mol Jmol "K
NiSe; 5(s) -73.180 -74.900 75.19 5339 | 9444
NiSe; 143(9) -73.950 -79.700 77.15 55.07 | 9444
NiSe, »s(s) - -72.510 -83.050 80.08 56.86 | 9444
NiSeO5(s) -598.160 547700 100.40 97.34 | 9**4
6.0 8.00
NiSeO,.2H, 0 ahlfeldite 915460  -1109.180  197.10 3330
40 40
NiSeO,(aq) 0000
Nitt -45.600 -54.000 -12890  -42.00 | 222*
0.9 0.9 0.90

Comments:

Ref.1=JANAF;2=Wagman et al.,1982;3=Naumov et al.,1974;4=Barin et al.,1977; 9—Ttus work. *Data on enthalpy and entropy of
NiSeO (s) are from A.S.Pashinkin et al.:Russ.]J. Phys Chem. 1971, v.45, 909. AI'G for NlSe 5(s). NiSel 43(5). NiSe1 25(s)
calculated here for internal consistency. Cp [Nx ] from Spitzer et al., 1978.
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Aqueous NITROGEN
Soluti Evaluated
D(;;bg:: Lawrence Berkeley Laboratory Svtaul:‘:el
February 1988
PROPERTIES OF ELEMENTAL NITROGEN:
Atomic Number: 7
Formula Mass: 14.0067 2. 2.3
Electronic Configuration: 1s“ 2s“ 2p
Electronegativity: 3.0
Hydration Number: 0.2 (NH, "), 0 MNO3)
Ionic Radius: 1.48 angstrom for NH
Selected Average for Soils: 1400 mgﬁ(g (1400 ppm)
Concentration in Natural Waters: 10-100 ug/L; 5.6 mg/L (Tuff)
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A o A HO SO Cpo
Substance ‘G -1 f -1 -1 Ref.
kJ mol Jmol " K
Nz(g) 0.000 0.000 |4, & 45777 29.12 1554
0.01
N'H3(g) -16.450 -45.940 192.67 35.06 1551
04 0.08
NH,(aq) -26.500 -80.290 111.30 86.40 | 3333
3 02 0.80 40
NH 4OH(aq) -263.650 -366.121 181.20 150.50 1114
02 0.80 33
NH4+ -79.310 -133.260 111.17 69.00 1554
0.1 03 0.75
NO3' -110.780 -206.860 146.94 -72.00 | 9454
04 04 0.04 40
Comments:

Ref.1=Wagman et al.,1982; 3=Naumov et al.,1974; 4=Brewer,1981; 5 = CODATA, 1978.
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g\queous OXYGEN
luti E
D?nlzlabgges Lawrence Berkeley Laboratory gg&gtﬁd
October 1987
PROPERTIES OF ELEMENTAL OXYGEN:
Atomic Number: 8 '
Formula Mass: 15.9994 2 4
Electronic Configuration; 1s“ 2s~ 2p
Electronegativity: 3.5
Hydration Number: 6.1 for OH™
Ionic Radius: 1.40 angstrom
Selected Average for Soils: 490,000 mg/kg
Concentration in Natural Waters: 8.24 mg/L. for CI' = 0
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A (=} A HO SO Cpo
Substance (G 1 f 1 -1 Ref.
kJ mol Jmol " K
Oz(g) 0.000 0.000 205.04 29.38 5555
0.0 0.0 0.03
oz(aq) 16.530 -12.138 108.90 22400 | 9222
, 0.2 0.2 0.80 250
Hzo(g) -228.572 -241.814 188.72 38.61 1552
0.1 0.0 0.04
HZO(D -237.129 -285.830 69.95 75.29 1551
0.1 0.1 0.08
OH -157.244 -230.025 -10.71 -140.50 1552
0.1 0.1 0.20 4.0
OH(aq),radical 13.900 -4.990 64.80 3220
25 8.00
O (aq) 81.600 37.400 -16.60 -116.40 3222
8.3 17.00 25
02'(aq) -5;.%11 ‘31;(5)(7) 0220
N 48. 000
03 (aq) 8.900 3
Comments:

Ref. 1 = Wagman et al., 1982; 2 = Brewer, 1981; 3 = Koppenol; Liebman: J.Phys.Chem. 1984, v.88, 99.
N.E.Khomutov;A.Sh.Groisman: Russ.J.Phys.Chem. 1984, v.58, 1078. have published equilibrium data on Oz(g)lOz(aq). 5=

CODATA, 1987 or 1978.
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?ﬁ}ue,ous PALLADIUM
t
D(;;b::: Lawrence Berkeley Laboratory ESV ;][lllliwld
February 1988
PROPERTIES OF ELEMENTAL PALLADIUM:
Atomic Number: 46
Formula Mass: 106.4
Electronic Configuration:
Electronegativity: 2.0
Hydration Number:
Ionic Radius: 0.64 angstrom for M-O distance
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1=0
A (o] A (=] SO O
Substance ‘G 1 fH 1 -Clp Ref.
KJ mol Jmol " K
Pd(s) 0.000 0.000 37.57 2598 | 4444
0.20
PdO(s) -84.900 -115.500 38.90 3140 | 3334
2.1 2.1 12.00 :
Pd02(s) -100.000 9000
PA(OH),(s) -302.400 -368.200 149.90 114.00 | 9399
03
Pd(OH),(aq) -271.500 -355.200 90.10  -279.00 | 9999
1.1
PA(OH) 4(s) -481.200 -649.500 146.00 40.00 | 3939
8.0 40.0
Psz(s) -301.300 -350.000 77.00 66.94 | 9996
2.1 4.0 0.20
PdCL,(s) -117.100 -163.000 108.80 7527 | 3339
1.2
PdCl2(aq) -130.000 -199.000 26.50 -250.00 9999
2.1 20
PJOHCl(aq) -218.000 9000
PdClZ.HZO(s) -550.000 -481.000 9500
2.0 3.0
PdCL,.2H,0(s) -900.000 -778.200 9500
2.0 3.0
PdCl,.3H,0(s) -1270.000 -1075.300 9500
3.0 3.0
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AG® AHe S° Cp°
Subsmcc 1G - 1 f}{ 1,- lp Rcf.
kJ mol J mol 'K

PACL, 4H,0(s) -1600.000  -1372.300 9500
3.0 3.0

PACL,.5H,0(s) 22000000  -1669.400 9500
4.0 40

PACL,.6H,0(s) 2350000  -1966.500 9500
40 40

PA(NH,),CLy(s) -498.000 -422.600 9300

PdBr,(s) -104.200 0400

PdLy(s) -58.580 -58.580  159.00 3330

PA(SCN),(s) 234.300 4000

PA(SCN),(aq) 314.300 4000

PdS(s),braggite -68.060 -75.000 46.00 4340 | 9446

PdS,(s) -74.500 -81.200 79.00 6590 | 4446

Pd,S(s) -67.000 67000  180.00 11490 | 4446

PdSe(s) -50.670 -58.600 53.10 9770

PdTe(s) -46.000 65.60 5130 | 0776

H,PdCl,(aq) -551.900 0400

K,PdCl,(s) -1029.300  -1158900  397.50 3330

K,PdCl,(s) -1083.700 0300

Pt 176.500 172900  -108.10 100 | 4999
13

pdoH’ -48.600 -81.970 25.40 62.00 | 9999
0.6

pdcrt 16.800 -50.000 -144.00  175.00 | 9999
2.0

PACl,” -280.000 -370.000  133.00 -51.00 | 9999
42

PdCl, ™ 416.000 523000 253.00  -111.00 | 9999
42

PdCl.~ -432.300 -601.100  272.00 99.00 | 9949
2.1

PdBry~ -204.200 4000
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Substance AfG j 1 At > -1 -(ljp° Ref.

kJ mol J mol 'K
PdBr,” -318.000 384900  247.00 4440
PdBrg -335.100 4000
Pdl,” -171.500 3000
Pl " -184.100 3000
PdCN* 289.000 4000
PA(CN),” 628.000 4000
PA(SCN), ™~ 410.500 4000
PALy(SCN)” 23.900 4000
PA(NO,),~ -83.700 3000
PA(NH,), -104.600 3000
PA(N,),Cly~ 557.000 4000
PACl,(C,H,) -210.300 -370.300  176.00 4440
Comments:

0 = No data; 3 = Goldberg and Hepler,1968; 4 = Wagman et al.,1982; 5 = Burylev,1976; 6 = Barin et al.,1977; 7 = Buketov et
al.,1964; 9 = This work. 'AfG[PdOZ.s] calculated from correlation between At-G[MO.s] and AtG[MOTs]. S[Pd(OH)z,s] calculated
from ArG = ArH - 298.15AIS; C [Pd(OH)z,s] from correlation of Cp[M(OH)z.s] and M - O distance. Enthalpy of Pd(OH)z(aq)
calculated on assumption of liner change in AfH[M(OH) ,aq] with number of OH" ligands; entropy calculated from enthalpy and
free energy; heat capacity of both Pd(OH) (aq) and PdCl2(aq) estimated eq 7A. Heat capacity of Pd(OH) (s) was obtained from
a plot of values of properties for Pd(OH) (s) versus those for Pd(OH) 4(1;) a straight line could be drawn through the three points,
and interpolated to find C_. Enthalpy of Pd(OH) (s) was recalculated so that self-consistency is <1000 J/mol. Heat capacity of
PdClZ(s) was obtained from a correlation between Cp[MCl2 s] and S[MC12.s] Gibbs energy of formation of hydrated chloride
series PdClz.tzO(s) was estimated by analogy with the comparable Ni hydrated chlorides using values from the NBS Tables.
Cp[Pd*™ ag] caiculatd from the correlation, eq 7. Cp[PdOH™] obtained from correlation, eq 7. Data for the Pd*™ - CI” com-
plexes calculated from Ryhl:Acta Chem.Scand.1972,v.26,2961. Cp[Pd-H'-CI"] complexes calculated from eq 7, 7A, 7B. The
values for the Pd(IV) chloride complex, PdCl6" recalculated for self-consistency, except heat capacity calculated from eq 7A.
Values of AfG[Pd(OH) ,aq,s] calculated from equilibria in Baes and Mesmer. Davies equation was used to calculate I = 0.1
values to I = 0. PdF. (s) data from Barin et al. Enthalpy tabulation of PdCl2 xH O(s) from Burylev. Enthalpy and entropy of
PdSe(s) and PdTe(s) are from Buketov Enthalpy and entropy for Pd*" were recalculated from Goldberg and Hepler values to
maintain self-consistency. PdOH" values calculated from Baes and Mesmer, and for self-consistency with the hydrolysis reaction

patt 4 H,0 = PdOHY + HT.
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él\c}ue'ous PHOSPHORUS
tion
D?atlzlabgsg Lawrence Berkeley Laboratory Esvtz;ltuuzsncld
. April 1988
PROPERTIES OF ELEMENTAL PHOSPHORUS:
Atomic Number: 15
Formula Mass: 30.9738
Electronic Configuration: 3s2 3p3
Electronegativity: 2.1
Hydration Number:
Ionic Radius:
Selected Average for Soils: 600 mg/kg
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AG® AH° S° Cp°
SubStance ‘G -1 fH -1 _ lp Ref.
kJ mol Jmol " K
P(s),white 0.000 0.000 41.09 23.84 0051
0.25
PO 4“' -1018.700 -1277.400 -220.30 -496.00 1224
42 8.40 200
HPO 4“ -1089.150 -1292.140 -33.47 -254.00 1224
2.1 410 4.0
H2PO 4' -1130.280 -1296.290 - 90.37 -34.00 1224
2.1 1.30 4.0
H.PO 4(aq) -1142.540 -1288.340 158.10 94.00 1224
3 2.1 4.20 40
Comments:

Reference 1 = Wagman et al.,1982; 2 = Naumov et al.,1974; 5 = CODATA, 1976; Reference 4 is

J.W.Larson;K.G.Zeeb;L.G.Hepler: Can.J.Chem. 1982, v.60,2141. A.J. Read: J.Solution Chem. 1988, v.17,213 for H3PO
H,PO,” + H* calculates A G° = 12.3 KJ/mol, A H® = -11.7 Kmol; ArS° = -80 Jimol/K; A Cp° =

with our GHSCp: 12.26, -7.95; -67.73, -128, respectively.
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é\queous PLUTONIUM
luti E
D(z)n:bz:es Lawrence Berkeley Laboratory Sv::l[?;w]d
January 1988
PROPERTIES OF ELEMENTAL PLUTONIUM:
Atomic Number: 94
Formula Mass: 239.05 2
Electronic Configuration: 5(6 s
Electronegativity: 1.3
Hydration Number:
Ionic Radius: 1.00 angstrom (Pu ' ); 0.90 angstrom (PuI H )
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AGe AHC s° Cp°
Substance ‘G -1 ‘H -1 -1 Ref.
kJ mol Jmol " K
Pu(s) 0.000 0.000 54.46 31.19 3333
0.42 03
Puoz(s) -998.000 -1056.192 66.13 66.25 1111
0.8 0.8 0.25
B-Pu,0,(s) -1580.000 -1656.000 163.00 117.00 | 3333
2"3 21.0 21.0 0.60 0.5
Pu02(OH)2(s) -1209.900 -1356.900 104.00 112.00 | 9911
8.0 8.0 13.00
Pqu(OH)(am) -1056.000 -1158.160 87.00 86.00 1911
8.0 8.00
Pu(OH)4(am) 1yl -14367000 -1615.120 107.00 131.00 | 344
29.0 29.0 21.00
Pu(OH),(s) -1157.000 -1296.600 92.00 105.00 3911
3 7.0 7.0 8.00
PuF4(s) -1753.000 -1846.000 147.25 116.19 3333
21.0 20.0 0.40 0.3
PuF,(s) -1516.400 -1585.700 126.10 92.60 | 3331
3 13.0 13.0 0.40
PuCl,(s) -964.000 0300
4
8.0
PuO,HPO ,(s) -1918.000  -2103210 15400  159.00 | 1911
2774 13.0 8.00
Pu(HPO ANO! -2818.000 -3085.190 187.00 22400 | 1911
8.0 17.00
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A (-] A o SO C (o]
Substance (© 1 i 1 -lp Ref.
kJ mol J mol 'K
Pu(S0,),(s) 2012.504  -2238440  184.10  182.00 | 3333
418 418 21.00
Pu02++ -756.900 822200  -88.00 11.00 | 3311
7.1 6.7 8.00
Pu02+ -849.800 914600  -21.00 93.00 | 3339
75 59 8.00
Put 481600  -536400  -389.00  -112.00 | 3339
3.3 3.3 20.00
puttt -578.600 -592.000  -185.00 -98.00 | 3339
3.3 2.1 8.00
Pu020H+ 961900  -1062.600 26.00 62.00 | 1119
8.0 8.0 80.00
(Pu02)2(OH)2++ -1941.000  -2157.900 000  -71.00 | 1119
13.0 13.0 80.00
(Pu02)3(OH)5+ -3333.000  -3756300  140.00 -14.00 | 1119
21.0 210 80.00
PuO,(OH)(aq) -1032.000  -1131.504 9600  -47.00 | 1119
13.0 12.0 200.00
puOHT -715.900 2774000  -167.00  -110.00 | 1119
20.0 20.0 40.00
Pu(OH)2++ 942700  -1033.700  -44.00 42,00 | 1119
20.0 20.0 80.00
Pu(OH)3+ -1163.000  -1297.300 44.00 50.00 | 1119
20.0 20.0 110.00
Pu(OH),/(aq) 11376000  -1570.600 7500 -674.00 | 1119
20.0 20.0 130.00
Pu(OH),~ -1582.000  -1839.900 9600  -76.00 | 1119
20.0 20.0 170.00
PuOH" ~770.300 -824.600  -88.00  -12.00 | 1119
42 42 40.00
Pu02F+ -1071.000  -1162.800 -10.00 8500 | 1119
8.0 8.0 80.00
PuO,F,(aq) -1383.000  -1534.600 4400 -244.00 | 1119
8.0 8.0 80.00
PuO,Fy” -1693.000  -1857.700 7900  -87.00 | 1119
8.0 8.0 80.00
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A [} A o] SO C (o]

Substance tG -1 IH -1 _lp Ref.
kJ mol J mol 'K

PuO,F,” -1991.000  -2203.600 85.00  -215.00 | 1119
8.0 8.0 80.00

purt -811.640 849920  -167.00  -109.00 | 9919
8.0 8.0 130.00

PuF2++ -1131.100 9000
10.0

PuO2C1+ -887.000 -978.100 4.00 76.00 | 1119
8.0 8.0 130.00

puCIttt -618.000 686300  -257.00 4900 | 1119
4.0 4.0 130.00

Pu0,S0,(aq) 1481730 -1715.700 4690  -267.00 | 2299
1.0 1.0

PuO,(SO,),"" 22271070 2598400 17410  -164.00 | 2299

250400

1.0 1.0

PuSO4++ -1259.000  -1433.500  -218.00 7400 | 1119
8.0 8.0 30.00

PuSO4+ -1343.000  -1487.200  -50.00  112.00 | 1119
5.0 5.0 30.00

Pu0,CO4(ag) -1216.100 2000
1.0

Pu0,(CO5),” -1898.000  -2149.500  175.00  -155.00 | 1119
13.0 13.0 130.00

Pu0,(CO4); ™~ 2445700 2886200  -17.90  -527.00 | 2229
1.0

Puco3++ -1070.000  -1227.800  -293.00 124.00 | 9919
21.0 210 200.00

Comments:

Reference 1 is R.J.Lemire;P.R.Tremaine: J.Chem.Eng.Data 1980, v.25, 361. Ref. 2 = Ullman;Schreiner: Radiochim.Acta 1986,
v.40, 179. Ibid.,to be published (1987). Ref. 3=L.R.Morss, 1986; Ref. 9 = This work. Refer to R.Silva;H.Nitsche: National
Meeting American Chemical Society, Miami,FL April 29 - May 3,1985 where they reported log Ql(O.SM) less than 13.0 for the
reaction Put "t 4 CO:{- =PuCO,"™". D.Rai and J .L.Ryan: Inorg.Chem. 1985 v.24,247 mention a reasonable value for forma-
tion of PuCO3++ is 10 2. J.F Kerrisk:LA-9484-PR, Los Alamos National Laboratory,Los Alamos,NM 87545 (October 1982) cal-
culates log K = 9.9 from plots of formation constants versus number of ligands for OH", F', HPO 4",80 4" and C03" ligands for
Udv),PuV), Th(IV). We calculate log K = 10.4, and values for properties tabulated by correlating oxalate,carbonate and sulfate
formation constants for actinides. The existence of Pu(OH)S' is tacitly questioned, since U(OH)S' (the basis for Pu(OH)S') was
questioned by J.L.Ryan; D.Rai: Polyhedron 1983, v.2, 947. We choose to include Pu(OH)S' in our table although unequivocal
data for a U(OH)S' anionic substance does not appear to exist, to maintain consistency with Np and U tables. Also, Baes and
Mesmer (1976) list other anionic pentahydroxy species, e.g.,Hf(OH)S'.Zr(OH)S' with compatible values for hydrolysis constants
of log K= -17.2 and -16.0, respectively. Ryan and Rai (1983) found that U02(am) is less soluble in 0.045 - 10.0M NaOH con-
taining added Zn(s) and dithionite than measured by Gayer and Leider: Can.J.Chem. 1957, v.35, 5. Inclusion of data for
Pu(OH)S' within the assigned uncertainties "may serve as a guide to the probable behaviour of [Pu(OH)S'] in solution...”. See
Lemire: ".. Neptunium...", AECL-7817, Atomic Energy of Canada,Ltd.(March 1984). For AGf[Np(OH)S'],Lcmire assigns an
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uncertainty of +40 kJ/mol, -20 kJ/mol. Morss (1986) questions the slmc}uometry of Pu(OH) (am). Data for PuF recalcu-
lated to conform with log K° = 8.46 in Morss (1986) and Nash (1984). PuF ** calculated from data in Ahrland,in Katz et
al.(1986),p.1498.
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é’xqueous POTASSIUM
luti E
D%t:bgg: Lawrence Berkeley Laboratory Sv‘:lt::z;t%d
January 1988
PROPERTIES OF ELEMENTAL POTASSIUM:
Atomic Number: 19
Formula Mass: 39.102
Electronic Configuration:
Electronegativity: 0.80
Hydration Number: 0.6 (K™*)
Ionic Radius: 1.38 angstrom.
Selected Average for Soils: 8300 ppm.
Concentration in Natural Waters: <20mg/L in most drinking waters.
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I1=0
A o A (<] SO C (<]
Substance ‘G 1 fH 1 _lp Ref,
kJ mol Jmol'" K
K(s) 0.000 0.000 64.68 29.58 | 5552
0.20
KOH(s) -378.930 -424.680 78.91 64.89 1111
0.5 04 0.80
KCLMgCL,.6H,0(s) camallite 2529230 -2944.700 4300
40 40
KCL.MgSO 4.3H20(s),kainitc -2325.710 -2640.100 4200
4.0 40
K2504(s),arcani[c -1319.660 -1437.700 175.56 130.04 1111
0.5 0.5 0.30
K,50,.MgSO,.6H,0(s).picromerite(shoenite) -3956.590  -4538.420 4300
4.0 4.0
K2Ca2Mg(SO 4) 4.2H20(s),polyhalite -5658.110 4000
5.0
KZSO 4.MgSO 4 .4H2O(s),lconitc -3480.310 -3948.350 4300
4.0 40
KHCO3(s),kalicinite -866.760 -966.090 109.20 3330
40 40 12.00
KIO4(s) -361.350 -467.230 176.00 126.30 | 222%
0.6
K,Se(s) -395.000 0200
K,Se(aq) 437200 2000
K25603(S) -982.000 0200
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A o] A o SO C Q
Substance ( 1 £ 1 -lp Ref.
kJ mol Jmol 'K
KZSeO3(aq) -936.300 -1013.800 218.00 2220
2.0
K28e0 4(s) -1002.800 -1110.020 222.00 142.64 222+
KTcO ,(s) -1030.000 164.77 123.30 0222
4
Kkt -282.224 -252.170 101.04 13.00 9556
0.1 0.1 0.25 4.1
Comments:

Reference 1 = Robie et al.,1978; 2 = Wagman et al., 1982; 3 = Naumov et al.,1974; 4 = Bodine, 1986; 5 = CODATA, 1978; 6 =
L.Brewer, 1981.
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Aqueous PROTACTINIUM
ot
%z;%gg: Lawrence Berkeley Laboratory ng;l&l;lt;d
February 1988
PROPERTIES OF ELEMENTAL PROTACTINIUM:
Atomic Number:
Formula Mass: 231.0359
Electronic Configuration:
Electronegativity: 1.7 (Pa(V))
Hydration Number:
Ionic Radius:
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A o A (<] SO CpO
Substance ‘G 1 fH 1 -1 Ref.
kJ mol Jmol " K
Pa(g) 617.000 660.000 197.90 2290 | 4444
Pa(s) 0.000 0.000 55.00 3400 | 4444
1.00 1.0
Paoz(s) -1044.000 -1109.000 77.00 4440
Pa205(s) 88.00 0040
PaF (s) -1853.000 -1946.000 147.00 115.00 | 4444
4 20.0
PaCl,(s) -954.000 -1044.000 194.00 121.00 | 4444
13.0
PaClS(s) -1032.000 -1143.000 238.00 156.00 | 4444
15.0
Pa*tt 22.000 49.000 2200  -86.00 | 4449
pattt 431.000 -439.000 -17200 -107.00 | 4449
Pa" (1M HCD) -565.000  -619.700  -397.00  -106.00 | 5559
17.0 13.0 42.00
PaOOH (1M HCI) -1050.000 -1113.000 -21.00 4440
17.0 17.0 16.00
Comments:

Ref. 4=L.R. Morss: "Thermodynamic Properties,” in "The Chemistry of the Actinide Elements,”

Ref. 5 = Fuger; Oetting, 1976; 9 = This work.
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é'\c%ue,ous RADIUM
41
Dc;x‘;b(;:: Lawrence Berkeley Laboratory Esv;luulz;t%d
February 1988

PROPERTIES OF ELEMENTAL RADIUM:

Atomic Number: 97

Formula Mass: 226.025

Electronic Configuration:

Electronegativity: 0.9

Hydration Number:

Ionic Radius: 0.14 nm

Selected Average for Soils:

Concentration in Natural Waters: Not detected.
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0

AG° AH® Se Cp°
Substance ‘G -1 [H -1 -1 Ref.
kJ mol Jmol " K

Ra(g) 129.700 159.000 176.47 20.79 3333
Ra*(g) 674.540 0300
Ra*(g) 1659.790 0300
RaH(g) -195.000 -223.000 227.00 30.30 3333
RaF(g) -372.000 -348.000 234.00 50.00 3333
RaCi(g) -233.000 -208.000 -265.00 38.00 3333
RaBrz(g) -502.000 -448.000 339.00 62.00 3333
Ralz(g) -418.000 -337.000 351.00 63.00 3333
RaIz(aq) -665.000 -640.000 271.00 3330
Ra(s) 0.000 0.000 71.00 30.00 111*
RaO(s) -511.000 -523.000 76.20 46.40 3111
RaO2(s) -704.000 -598.000 3.70 64.00 3333
Ra(OH)z(s) -838.000 -950.000 117.00 89.20 3333
RaH2(s) -142.000 -151.000 78.40 44.80 3333
Ran(s) -1197.000 -1201.000 100.00 73.60 3333
Ra(ClO3)2(s) -620.000 -787.000 180.00 167.00 3333
Ra(ClO 4)2(5) -527.000 -845.000 190.00 172.00 3333
Racxz(s) -841.000 -887.000 134.00 76.50 1131
RaC12.2H20(s) -1302.900 -1464.400 213.40 163.00 1111
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Substance AG° -1 A 5 ) Spo Ref.
kJ mol Jmol 'K

RaCl, .4H,0(s) -2051.000 0400
RaC12.6H2O(s) -2596.000 0400
RaBrz(s) -720.000 -770.000 153.00 81.00 | 3333
RaBr2.2H2O(s) -1238.000 -1385.000 224.00 171.00 | 3333
RaBr,.4H,0(s) -2006.000 0400
RaBr,.6H,O(s) -2527.000 0400
Ra(BrO3)2(s) -611.000 -711.000 256.00 172.00 | 3333
Ra(BrO3)2.H20(s) -858.000 -1013.000 302.00 217.00 | 3333
Ralz(s) -594.000 -640.000 176.00 84.00 | 3333
Ra120.5H20(s) -724.000 -796.000 199.00 106.00 | 3333
RaIZ.4H20(s) -1875.000 0400
Ral,.6H,O(s) -2403.000 0400
Ra(IO3)2.H20(s) -1102.000 -1320.000 307.00 23400 | 3333
Ra(IO3)2(s) -869.000 -1027.000 272.00 188.00 | 3333
Ra(HCO3)2(s) -1979.000 0300
RaCO3(s) -1142.000 -1222.000 123.00 85.00 | 3333
RaCO3(aq) -1103.700 -1200.300 67.00 2220
Ra(NO2)2(s) -774.000 0300
Ra(N 03)2(s) -796.100 -992.000 222.00 154.00 1333
Ra(NO3)2(aq) -784.000 -942.200 347.00 3133
Ra(NO3)2.4H20(s) -2181.000 0400
Ra(NO3)2.6H20(s) -2731.000 0400
Ra3(PO 4)5(5) -3974.000 -4170.000 3300
RaS(s) -423.000 -446.000 85.00 52.00 | 3333
Ra(HS),(s) -548.000 0300
RaSO3(s) -1089.000 -1180.000 133.00 96.00 | 3333
Ra(HSO,),(s) -2326.000 0300
RaSO,(s) -1366.000 -1471.000 159.00 103.00 | 3393
RaSO,(aq) -1306.200 -1436.800 75.00 3330
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Substance A" 1 At 5 1 -(13p° Ref.
KJ mol J mol 'K
RaSe(s) -350.000 -360.000 92.00 53.00 3333
RaSeO3(s) -970.000 -1033.000 174.00 100.00 3333
RaSeO 4(s) -1050.000 -1175.000 180.00 108.00 3333
RaTe(s) 54.00 0003
RaPo(s) 54.00 0003
Ra(N3)2(s) -170.000 -4.000 170.00 3330
Ra3N2(s) -335.000 0300
RaC2(s) -80.000 0300
RaCZO 4(s) -1410.000 0300
Ra(CHO2)2(s),formate -1376.000 0300
Ra(CH3C02)2(s) -1498.000 0300
Ra(CN)z(s) -217.000 0300
RaCNz(s),cyanamide -234.000 0300
Ra(CNS)z(s) -406.000 0300
RaSiO3(s),metasilicatc -1537.000 -1577.000 120.00 91.00 3333
RaZSiO 4(s) -2268.000 -2268.000 195.00 136.00 3333
RaReO 4)2(5) -2167.000 0300
RaCrO 4(s) -1330.000 -1440.000 160.00 118.00 3333
RaMoO4(s) -1470.000 -1570.000 157.00 118.00 3333
RaWO 4(s) -1592.000 -1693.000 166.00 125.00 3333
RaV206(s) -2450.000 253.00 184.00 *033
Ra2V207(s) 290.00 226.00 0033
RaTi03(s) -1548.000 -1640.000 123.00 103.00 3333
Ra, TiO 4(s) 2092000  -2197.000  214.00  160.00 | 3333
RaZrO3(s) -1707.000 -1785.000 143.00 105.00 3333
Ra‘t -561.500 -527.600 5400 -107.00 | 3319
10.0

RaOH* -728.000 -757.000 46.40 48.00 | 3339
Ra(OH)z(aq) -895.000 -987.000 38.30 -388.00 3339
RaClz(aq) -823.800 -861.900 167.00 -358.00 3339
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A [=] A HO SO =]
Substance © g f 1 ?p Ref.
kJ mol J mol 'K

Ra(ClO 4)?_(aq) -580.000 -810.000 418.00 -161.00 3339
RaBrz(aq) -770.000 -770.000 213.00 -371.00 3339
RaC204(aq) -1242.300 9000
' Ra(CH3COO)2(aq),acetate -931.380 9000
Comments:

Reference 1 is Wagman et al.,1982; 2=D.Langmuir;A.C.Riese:Geochim.Cosmochim. Acta 1985, v.49,1593;
3=R.T.Lowson:Thermochimica Acta 1985, v.91,185. Ref.4=D.S.Kaganyuk;V.I.Kyskin;I.V.Kazin:Radiokhimiya 1983, v.25, 67.
Ref. 9 is This Work. Cp[Ra++] calculated from eq 7. Lowson H-TS=53.18k)/mole for solubility of RaSO,(s) inconsistent with
G=59.97 and logK = -10.43. The logK value agrees with -10.37 (20 C) from Smith & Martell,1976; and -10.26 caiculated by
Langmuir & Melchior: Geochim.Cosmochim.Acta 1985,v.49,2423. We choose to recalculate S(RaSO,,.s) as 159 J/mole/K, so that
H - TS = 59.80, agreeing within 0.17 of the G value. Values for oxalate and acetate (aq) calculated from log K values in
Kumok: Radiokhimiya 1979, v.20, 687. AfG[R82V206.s] from Yu.P.Chukova: Russ.J.Phys.Chem. 1984, v.58, 21.
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Aqueous
Solutions
Database

Lawrence Berkeley Laboratory

RUTHENIUM
Critically
Evaluated

November 1985

PROPERTIES OF ELEMENTAL RUTHENIUM:

Atomic Number:

Formula Mass:

Electronic Configuration:
Electronegativity: 2.0 (Ru'H+)
Hydration Number:

Ionic Radius:

Selected Average for Soils:
Concentration in Natural Waters:

THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0

A (=] A (*] SO o
Substance © -1 ! 1 ? Ref.
kJ mol Jmol " K
Ru(g) 595.800 642.700 186.40 29.84 2211
Ru03(g) -55.800 -70.800 285.80 59.40 1113
9.1 6.6 8.40
RuO 4(g) -148.500 -192.700 290.60 75.60 1113
4.1 4.0 0.60
. RuCl3(g) 16.700 16.900 363.70 55.80 1113
26.0 33.0 33.00
RuCl 4(g) -63.400 -93.300 374.10 84.05 1113
17.0 17.0 21.00
Ru(s) 0.000 0.000 28.61 24.06 1111
Ru)O5(am) -4422.300 1000
Ru02(s) -253.100 -307.200 52.20 56.30 1113
8.2 78 8.70
Ru02.2H2O(am) -69; .000 1000
13.0
RuO 4(s) -159.500 -244 400 154.00 75.90 1112
4.6 4.4 1.10
Ru04(aq) -154.000 -238.100 156.70 1110
5.0 4.7 1.10
Ru(OH)3 -H,O(am) -7(152.800 1000
RuFS(s) -940.900 -892.900 161.10 163.00 3333
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A [«] A HO SO [+]
Substance © -1 f 1 ?p Ref.
kKJ mol J mol 'K
a-RuCly(s) -158.700 221200 153.30 115.00 | 1113
23,0 33.0 32.00
RuBry(s) -120.800 -147.800  166.50 1110
10.0 12.0 53.00
Ruls(s) -53.500 58400  186.30 1110
9.2 8.0 25.00
RuS,(s) -188.400 -199.500 55.20 66.53 | 1111
1.7 1.7 1.70
RuSe(s) -138.000 -146.400 85.40 7025 | 1111
0.8 0.8 0.80
RuTe.(s) -128.600 -140.000 89.60 7406 | 1111
0.8 0.8 0.80
Rutt 150.300 1000
19.0
Rttt 173.400 1000
20.0
RuO,’ -250.100 332400  224.90 1110
55 18.0 79.00
H,RuO(aq) -391.200 1000
5.0
RuO, - -306.600 -457.000 64.90 1110
6.6 34 34.00
HRuO, -325.400 1000
7.1
Ru(0H)2+ -280.900 1000
21.0
Ru(ol)+* -51.000 1000
21.0
Ru(OH)2++ -221.800 1000
13.0
Ru4(OH)12+'H+ -1877.000 1000
58.0
Ru4(OH)105+ -1462.400 1000
61.0
Ru4(OH)86+ -1056.000 1000
62.0
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AG® AH° s° Cp°
Substance ( 1 f -1 -lp Ref.
kJ mol J mol K
Ru 4(0H)67+ -629.200 1000
63.0
Ru,(OH) Al -193.500 1000
72.0
rRuctt 29.700 1000
19.0
Rucrt 21.800 1000
25.0
RuC12+ -110.600 1000
20.0
RuCly(aq) -245.000 1000
20.0
RuCl,~ -375.400 1000
21.0
RuClg™ -505.000 1000
230
RuCl ™~ -634.000 1000
24.0
Ru(OH)2C1+ -361.000 1000
14.0
Ru(OH),Cl,(aq) -494.700 1000
14.0
Ru(OH),Cl;” -624.900 1000
14.0
Ru(OH),Cl, ™~ -762.400 1000
14.0
Ru(OH),S0,(aq) 976.500 1000
13.0
RuSO,(aq) -607.600 1000
19.0
RuSO4+ -582.200 1000
20.0
Ru(SO,)," -1333.000 1000
21.0
Comments:

Reference 1 is J.A.Rard: Chem.Rev. 1985, v.85, 1. Ref. 2 is Wagman et al.,1982; Ref. 3 is Barin et al.,1977. Table reviewed
by J.A.Rard, Dec.5,1985. RuO 4(aq) and H?‘RuO5 (=RuO 4t H2O) are the same species.
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Aqueous
Solutions
Database

Lawrence Berkeley Laboratory

SELENIUM
Evaluated
Status 1
November 1987

PROPERTIES OF ELEMENTAL SELENIUM:

Atomic Number:

Formula Mass: 78.96

Electronic Configuration: 3d10 4s2 4p4

Electronegativity: 2.48
Hydration Number:

Ionic Radius: 1.17 angstrom, covalent radius
Selected Average for Soils: 0.3 mg/kg
Concentration in Natural Waters: <10 ug/L

THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0

A (-] A (<] SO CpO
Substance (G -1 (H -1 .,-1 Ref.
kJ mol Jmol " K
Se(g) 187.030 227.070 176.72 20.82 2222
Sez(g) 96.200 146.000 252.00 35.40 2222
SeO(g) 26.800 53.350 233.90 31.24 2244
HZSe(g) 15.900 29.700 219.02 34.73 2222
8.0 8.0 4.00
H2Se(aq) 22.200 '19.200 163.60 103.30 2223
8.0 8.0 4.00
Se(s),hexagonal 0.000 0.000 42.27 25.06 1111
0.05
Se(s),monoclinic 6.700 0200
Se(am) 3.350 5.020 4841 27.15 3333
0.80
SeO,(s),selenolite -171.540 -225.350 66.69 117.60 3333
2 b
2.1 1.70
SeOz(aq) -189.010 -221.630 137.90 118.80 9299
1.3
SeO3(s) -84.100 -166.900 72.40 3330
6.3 12.00
SeO,(s) -524.670 0300
K 3 2.1
H25e03(aq) -426.140 -507.480 207.90 194.10 2223
13
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A =] A HO SO O
Substance ‘G 1 f 1 fp Ref.
kJ mol J mol 'K
SeCl 4(s) -246.705 -188.700 194.50 134.00 4444
SeBr(s) -74.900 10500
2.1

Se” ~ 129.290 64.010 -46.02 -379.50 3333
84 84 21.00

HSe™ 44.000 15.900 79.50 -151.90 2233
84 84 20.00

Sez' ) 114.200 3000

SeO3' ) -369.800 -509.200 13.00 -282.80 2223
20 2.0 4.00

HSeO3' -411.460 -514.550 135.10 -69.04 2223
2.0 2.0 4.00

SeO4' B -441.300 -599.100 54.00 -323.80 2223
20 21.00

HSeO4' -452.200 -581.600 149.40 -84.90 2223
2.0 4.0 8.00

Comments:

1=Robie et al.,1978;2=Wagman et al.,1982;3=Naumov et al.,1974; 4=Barin et al.,1977; 5=Epifanov et al.,1984; 9=This work.
Values for SeO2(aq) calculated from equation for hydration of SeOz(aq) where SeOz(aq) + H2O = H25e03(nq). for which ArG

=AH=AS=ACp=0.
T T T
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Aqueous SILICON
%?};%gnsg Lawrence Berkeley Laboratory Esvgltﬁzwid
February 1988
PROPERTIES OF ELEMENTAL SILICON:
Atomic Number: 14
Formula Mass: 28.0855
Electronic Configuration: 3s“ 3p
Electronegativity: 1.8
Hydration Number:
Ionic Radius: 1.17 angstrom covalent
Selected Average for Soils: 320,000 mg/kg
Concentration in Natural Waters: 11-92 mg/L in tuff,
basalt, granite waters
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AG® AH® s° Cp°
Substance tG -1 tl-l -1 -1 Ref.
kJ mol Jmol " K
Si(s) 0.000 0.000 18.81 1994 | 7771
0.08
8i0,(s),0-quartz -856.288 -910.700 41.46 4459 1771
1.1 1.0 0.20
SiO,(s),cristobalite -854.512 -908.346 43.40 44.18 111
2.1 20 0.13
Si02(s),lridymite -853.812 -907.488 4393 4460 | 1111
24 24 042
Si02(am) -850.700 -903.490 46.90 4440 | 3333
20
Si02(s),silica glass -850.559 -903.200 47.40 37.94 1111
2.1 2.1 0.21
Si02(s),cocsite -850.850 -905.584 40.38 4540 | 1111
2.1 2.1 042
SiO,(aq) -833.700 -888.500 40.10 -6.00 | 9999
20 20 4.00
SiOz(soil) -851.438 8000
H,SiO5(aq) -1072.900 -1176.300 110.00 140.00 | 9999
Si(OH) 4(aq) -1308.000 -1460.140 180.00 21500 | 9999
1.7 1.7 4.20
SiO(OH)3' -1251.910 -1434.540 77.83 51.10 | 9999
1.7 1.7 4.00 11.0
Si02(0m2" -1177.150 -1397.540 -48.90 -80.00 | 9999
20
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AG® AH° Se Cp°
Substance (© -1 F - -lp Ref.
kJ mol Jmol 'K
SiO3(OH)"' -1120.500 -1380.000  -180.20  -230.00 | 9999
3.0
Sio 4"" -1027.200 -1352,700  -402.10  -380.00 | 2999
30
Si 406(0}1)6" 4207.447 4000
Si 408(OH) 4"" -4081.820 4000
SiO3" -887.000 8000
1.0
NaAlSiO 4(s),nepheline -1977.498 -2092.110 124.35 115.81 1111
2.5 24 1.30
Na[AlSi206] .H20(s),analcime -3091.730 -3309.840 23443 210.00 1112
3.7 36 2.50
NaAlSi308(s),low albite -3711.723 -3935.120 207.40 205.10 1111
34 34 040
KAISi 308(5) Jmicrocline -3742.330 -3967.690 214.20 202.40 1111
34 34 044
Ca[AIZSi 4012] .4H20(s),laumonitc -6657.200 6000
8.7
Ca[AIZSi 4012].2H20(s),wairakite -6183.100 6000
8.0
Ca[AIZSi10024].8}120(s),clinopﬁlolitc -12743.600 6000
13.0
Mg[A125i10024].8H20(s),Mg-clinoptilolite -12654.500 6000
13.2
Na2[A128i10024].8H20(S)Na-clinoptilolitc -12720.200 6000
15.8
K2[A128i10024].8H20(s),K-c1inoptilolitc -12827.300 6000
12.9
Ca[A128i7018].6H20(s),heulanditc -9700.200 6000
11.6
Na[AlSiSOlz].3H20(s),mordenitc -6122.200 6000
K[AISi 5O 12].3H20(s),K-mordcnite -6172.‘;00 6000

Comments:

Ref.1=Robie et al.,1978; 2=Naumov et al,,1974; 3=Wagman et al.,1982 4=Baes;Mesmer,1976; 6=Kerrisk: **Free Energy of For-
mation of Some Minerals in Nevada Tuff",LLA-9225-PR, Los Alamos National Laboratory (April 1982),p.75. Ref. 7=CODATA,
1978; 8=Bard et al.,1985; 9 = This work. Cp°[Sl(OH) (aq)] calculated from data in Cobble et al., p. 4-30. For SlO (quartz) +
ZHQ Si(OH) 4(aq) AL G°=22.987 kJ/mol, A $°=22.01 J/mol/K, A Cp =-49.79 J/mol/K By definition: Gibbs energy, cnthalpy

entropy and heat capacny of reaction are zero for hydration of aqueous substances, for example - SlOZ(aq) + H20 HZSIO3(BC]).
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Agqueous SODIUM

Solutions A
Datlzllbase Lawrence Berkeley Laboratory Svtauu;%
January 1988

PROPERTIES OF ELEMENTAL SODIUM:
Atomic Number: 11
Formula Mass: 22.9898
Electronic Configuration:
Electronegativity: 0.9
Hydration Number: 4 (Na+)
lonic Radius: 1.02 angstrom.
Selected Average for Soils: 6300 ppm
Concentration in Natural Waters: 1 to 500 mg/L.

THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0

A © A © SO Cpo
Substance IG -1 (H -1 -1 Rcf.
kJ mol Jmol " K
Na(s) 0.000 0.000 51.30 28.24 5552
0.20
NaCl(s),halite -384.210 -411.260 72.12 50.51 1111
' 0.1 - 01 0.20
NaCl(aq) -393.133 -407.270 115.50 -90.00 2222
10 1.0
NaHCO3(s),nahcolite -815.900 -913.500 102.10 87.60 3333
1.2 1.2 1.60
N32$04(s),thcnardite -1269.990 -1387.790 149.58 127.28 1111
04 04 0.08
NaZSO 4 10H20(s),mirabilite -3646.540 -4327.250 591.90 1110
30 4.0 0.60
Na2CO3.H20(s),thermonatrite -1285.700 -1432.000 168.10 145.60 3333
1.0 1.2 0.40
Na2CO3.10H20(s),natr0n(soda) -3431.510 -4082.030 564.70 550.30 3333
12 1.2 0.80
Na3H(CO3)2.2H20(s),trona -2380.690 4000
Na,S0,.3K,S0,(s),glaserite -5240.600 6000
Na,SO,.MgS0,.4H,O(s),bloedite -3429.820 4000
Nazso 4-CasSO 4(s).glauberite -2569.530 6000
2Na,S0,.CaSO,(s),labile salt -4342.060
N32C03 .CaCO3.2H20(s),pirssonite -2660.120 4000
Nat T -261.905 -240.300 5841 42.40 2552
0.1 0.1 0.20
Comments:

Reference 1 = Robie et al, 197i; 2 = Wagman et al., 1982; 3 = Naumov et al., 1974; 4 = Bodine, 1986; 5 = CODATA, 1978; 6
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= Harvie, 1980.
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Aqueous STRONTIUM
Soluti Evaluated
sz:bgsns Lawrence Berkeley Laboratory Sv a u“:;el
January 1988
PROPERTIES OF ELEMENTAL STRONTIUM:
Atomic Number: 38
Formula Mass: 87.62
Electronic Configuration: 5s
Electronegativity: 1.0
Hydration Number: 3.7 (Sr™)
Tonic Radius: 1.27 anstrom for St
Selected Average for Soils: 200 mg/kg
Concentration in Natural Waters: 5-15 mg/L in brines; 0.05 mg/L (Tuff)
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; 1I=0
A o A o SO Cpo
Substance tG - fH -1 Ref.
kJ mol Jmol " K
a-Sr(s) 0.000 0.000 55.70 26.40 | 0012
0.21
SrO(s) -559.960 -590.600 55.44 4502 | 1112
1.0 0.9 0.50
Sr(OH),(s) -882.175 -968.889 97.07 7490 | 5555
2 92 92 8.40
StF,(s) -1164.800 -1216.300 82.13 7000 | 2222
a-SrCl,(s) -785.000 -833.850 114.85 7560 | 1112
2 08 10 0.42
SrCl,(aq) -826.321 -885.060 81.70  -286.00 | 9119
1.0 1.0 0.50
SrC12.2H2O(s) -1281.800 -1438.000 218.00 160.20 | 2222
1.0
SrCl,.6H,0(s) -2240.920 -2623.800 390.80 2220
1.0
SrSO,(s).celestite -1340.970 -1453.170 118.00 4440
40 42 420
SrS0,(aq) -1320.300 -1449.970 6090  -313.00 | 9999
5.0 '
SrCO3(s),stromianite -1144.730 -1225.770 97.20 8142 | 1113
1.0 1.0 1.70
SrCO,(aq) -1107.820 -1204.300 4540  -308.00 | 1119
3 1.0 1.0 420
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A (o] A (=] SO C (]
Substance © -1 ¢! 1 _lp Ref.
kJ mol J mol 'K

Sr(N 03)2(5) -780.020 -978.220 194.56 149.91 2222
1.0

SrSe(s) -385.800 0200

SrSeO3 (s) -969.400 -1047.700 3200
40

SrSeO4(s) -1039.100 -1156.210 112.90 3330
7.0 6.3

SrSiO3(s) -1561.640 -1645.980 96.70 88.53 3333
4.0 0.84

SrzsiO 4(s) -2215.0590 -2328.980 153.10 134.26 3333
2.1 2.1 1.30

st -563.830 -550.900 -31.50 -34.80 1116
0.8 0.5 2.00

SroH™ -726.040 -775.900 -8.74 85.00 9999
0.8 42

SrFt -851.500 9000
0.8 _

SrHCO3+ -1157.520 -1215.560 174.40 -37.00 1119
1.0 1.0 420

StB(OH),* -1719.210 *000
3.0

Comments:

Reference 1= E.Busenberg;L.Niel Plummer;V B.Parker:Geochim.Cosmochim.Acta 1984,v.48,2021. Reference 2=Wagman et
al.,1982; 3=Naumov et al.,1974;4=Robie et al.,1978; 5 = JANAF Tables; 6 = J.K.Hovey;L.G.Hepler;P.R.Tremaine: J.Solution
Chem. 1986, v.15, 977; 9 = This work. Ap Go[SrClz,aq] calculated 10 -826.21 for consistency with H-TS. Ref.l recommends
-826.33J/mol for AfGo[SrClz.nq].NBS Tables for SrSO 4(aq) give inconsistent G = H - TS; also, log K calculated from NBS
Tables is -0.76 for reaction Sr* ' + SO 4" = SrSO 4(aq), in disagreement with range 2.1 to 2.55 given in Smith and Martell; and
Millero and Schreiber: Am.J.Sci. 1982, v.282, 1508. * From L.Bassett, 1980.
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Aqueous SULFUR
Soluti E
D(z)ulzlxbggs Lawrence Berkeley Laboratory Sv;lnulz;tezd
January 1988
PROPERTIES OF ELEMENTAL SULFUR:
Atomic Number: 16
Formula Mass: 32.06 2. 4
Electronic Configuration: 3s™ 3p
Electronegativity: 2.44 (6)
Hydration Number: 2.8 (SO, )
Ionic Radius: 1.90 angstrom (S7), 2.40 (SO 4")
Selected Average for Soils: 700 mg/kg (ppm) (7)
Concentration in Natural Waters: 19-108 mg/L sulfate
in wff basalt,granite waters
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AG° A H° S° Cp°
Substance fG 1 f 1 -1 Ref.
kJ mol Jmol " K
S(s),rhombic 0.000 0.000 32.05 2264 | 0052
0.05 0.1
H,S(g) -33.560 -20.630 205.79 3423 2222
0.7 0.6 021
H,,S(aq) T -27.865 -39.700 121.00 178.50 | 333*
: 04 1.7 420 19
HS” 12.080 -17.600 62.80 -92.00 | 333+
04 12 1.0
S~ 85.800 33.100 -14.60 40040 | 333*
20 33 12.50
S 2"_ 79.500 30.120 28.45 42890 | 3333
42 42 8.40
SO,(g) -300.194 -296.810 248.11 39.87 | 2552
2 0.2 0.2 0.06 0.0
SO,(aq) -300.676 -322.980 161.90 195.00 | 333*
04 08 1.30 10.0
SO, -486.500 -635.500 -29.00  -26820 | 333*
3 42 42 12.50
HSO3' -527.730 -626.220 139.70 -10.00 | 222*
42 33 0.70 4.0
sto3(aq) -537.810 -608.810 23220 293.00 | 222*
0.2 0.3 0.80 10.0
SO 4" -744.530 -909.600 18.83 -278.00 | 255*
04 04 0.50 6.7
HSO 4’ -755.910 -888.760 12426 4180 | 333*
2.1 1.30
Comments:
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Reference 2=Wagman et al.,1982; 3= Naumov et al.,1974; 5=CODATA,1978. * Heat capacity data from

Barbero;McCurdy; Tremaine: Can.J.Chem. 1982, v.60, 1872; J.A Barbero;L.G.Hepler;K.G McCurdy;P.R.Tremaine: Can.J.Chem.
1983, v.61, 2509. Our data for SOz(g) and SOz(aq) compare well with that in Goldberg;Parker: J.Res.Natl Bur.Stand. 1985,
v.90, 341. For HS =S~ + H, logK® = -17.620.3, reported by S.Licht;J.Manassen: J.Electrochem.Soc. 1987, v.134, 918. This

leads to AfG°[S"] = 112.44 kJ/mol.
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Aqueous TECHNETIUM
luti Evaluated
%(;;[ég:s Lawrence Berkeley Laboratory Svt?mlﬁ 5
February 1988
PROPERTIES OF ELEMENTAL TECHNETIUM:
Atomic Number:
Formula Mass:
Electronic Configuration:
Electronegativity: 1.9(Tc(V)),2.3(Tc(VI)
Hydration Number:
Ionic Radius:
Selected Average for Soils:
Concentration in Natural Waters:
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I1=0
A o A o SO Cpo
Substance 1G -1 fH 1 o-1 Ref.
kJ mol Jmol" K
Te(g) 678.000 181.07 20.79 | 0222
Tc207(g) -888.500 -987.400 449.40 1110
_ 16.0 10.0 13.00
TcF6(g) 371.28 0010
0.75
TcO3Cl(g) 317.60 ) 0010
Tc(s) 0.000 0.000 33.50 24.30 1111
Tc207(s) -935.600 -1120.000 166.00 238.00 1113
15.0 8.0 13.00
Tc03(s) -461.000 -539.700 71.10 107.90 1333
Tc02(s) 450.510 -433.040 59.00 55.77 | 3333
T002.2H20(s) -832.(3;00 1000
Tc;04(am?) -862.200 1000
Tc40-(am?) -135‘:.800 1000
TcOH(am?) -234.700 1000
38
Tc(OH)2(am?) -461.200 1000
38
Tc(OH)3(am?) -658.500 1000
38
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A (o] A (=] SO C [+)
Subsmcc tG _ 1 ‘J-I -1 1 p Ref
XJ mol J mol 'K
TcFg(s) 253.52 0010
0.25

TcS,(s) -216.000 -224.000 71.00 1000

TcS4(s) -263.000 -276.000 84.00 1000

Tc,S4(s) -581.000 615000  176.00 1110

HTcO,(s) -589.800 -703.800 12630 1110
10.5 9.6

NaTcO,(s) -877.000 1000
10.1

HTcO,(aq) -630.420 -724.000 9200

KTcO,(s) 919200  -1022200 16478 12330 | 111*
10.0 55

Tttt 105.800 1000
10.5

TcOT -100.600 1000
10.5

TcO(OH)* -331.300 1000
10.5

TcO(OH),(aq) -556.000 1000
10.5

[TcO(OH),],(aq) -1149.200 1000
213

TcO, "~ -508.000 1000
11.2

TcO, ~ -564.900 1000
10.0

HTcO,” -614.600 1000
10.5

H,TcO ,(aq) -616.300 1000
12.1

TcO,” -623.800 2716300  199.00 1110
10.0 45 1.30

Comments:

Reference 1 is J.A.Rard: Critical Review of the Chemistry and Thermodynamics of Technetium and Some of Its Inorganic Com-
pounds and Aqueous Species, UCRL-53440, Lawrence Livermore National Laboratory, Livermore, CA 94550 (Sept.15,1983).
Reference 2 is Wagman et al.,1982; Ref. 3 is Barin et al,,1977. Table reviewed by J.A.Rard, Dec. 5,1985. C (KTcO4,s) from
Busey et al.:].Chem.Thermodynamics 1972,v.4,77. Rard notes values are estimated for TcSz,TcS3,Tc2$7,Tc 35 and Tc(s).
Also,existence of Tc 407 is questionable; the litde evidence for 'I‘cOH,Tc(OH)2 and Tc3O N is for surface films only. Gibbs
energy of formation for HTcO 4(aq) is from Bibler,1985.
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éAqueous THORIUM
luti
D%;bgrslg Lawrence Berkeley Laboratory Esvalnulz;t%d
January 1988
PROPERTIES OF ELEMENTAL THORIUM:
Atomic Number; 90
Formula Mass: 232.0381
Electronic Configuration:
Electronegativity: 1.4
Hydration Number:
Ionic Radius: 1.00 angstrom
Selected Average for Soils:
Concentration in Natural Waters: .
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A o A L] SO Cpo
Substance ‘G -1 ‘H 1 .-1 Ref.
kJ mol Jmol" K
Th(g) 556.400 598.000 189.30 2079 | 7777
6.0 0.40
ThO(g) -50.200 -28.000 240.00 3125 | 2722
20
Th02(g) -506.700 -497.000 287.60 4735 | 2222
3.0
ThF(g) 257.20 34770 | 0077
ThF,(g) -663.000 -651.000 295.10 5240 | 7177
ThF4(g) -1161.000 -1166.000 339.20 73.30 | 7777
12.0
ThF 4(g) -1724.000 -1759.000 342.00 93.00 | 7777
11.0
ThCl(g) 269.10 36.50 | 0077
ThClz(g) 317.00 5530 | 0077
ThCl3(g) 369.60 78.00 0077
ThCl,(g) -932.000 -964.000 390.70 107.60 | 7777
30 20.0
ThBr(g) 281.00 37.50 | 0077
ThBr,(g) 338.90 56.70 | 0077
ThBr5(g) 405.10 80.80 | 0077
ThBr 4(g) -783.000 -762.000 430.00 10490 | 7777
20.0
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AG® AH® Se Cp°
Substance ‘G -1 ‘H 1 _lp Ref.
kJ mol Jmol 'K
Thl(g) 228.50 37.60 | 0077
'I'1112(g) 355.50 57.40 | 0077
Thlz(s) -352.000 0700
ThI3(g) 429.80 81.80 | 0077
Thi 4(g) -521.000 -466.000 469.00 106.00 | 7777
8.0
Th(s) 0.000 0.000 52.64 26.24 7777
0.40
ThOz(s), thorianite -1168.770 -1226.400 65.23 61.76 1111
35 3.5 0.20 0.1
Th(OH) 4(s) -1599.100 -1772.300 143.50 5550
12.00
Th(OH) 4(aq) -1562.700 -1834300  -100.00 3330
ThF 4(s) -1997.000 -2098.000 142.05 110.54 1711
4.0 9.0 0.20 0.1
ThF 4.2.5H20(s) -2614.000 -2854.000 234.00 7770
10.0 10.0 9.00
ThOFz(s) -1592.400 -1669.400 101.00 86.00 | 6677
11.0 10.5 9.00
ThCl 4(s) -1094.500 -1186.600 190.40 12090 | 6666
30 1.7 4.00
ThCl 4 .2H20(s) -1836.300 0600
84
ThCl 4.4H20(s) -2469.800 0600
84
ThCl 4 .7H20(s) -3375.700 0600
8.4
ThCl 4.81-120(5) -3675.200 0600
84
ThOC12(s) -1169.800 -1233.400 114.60 91.00 | 6666
3.0 29 4.00
ThBr 4(s) -925.500 -964.400 228.03 12520 | 6666
4.0 2.1 8.40
ThSiO4(s), huttonite 106.70 0030
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A o A o So C o
Substance © -1 i -1 _lp Ref.
kJ mol Jmol 'K
ThBr 4.71-120(s) -3162.300 0600
84
ThBr 4 10H20(s) -4071.900 0600
84
ThBr 4 12H20(s) -4767.500 0600
84
ThOBrz(s) -1076.500 -1129.700 129.70 93.50 6666
130 13.00
Thi 3(s) -515.000 0700
Thi 4(s) -662.000 -670.700 255.00 126.60 7777
38
ThOIz(s) -959.000 -997.000 145.00 94.00 7777
ThS(s) -395.000 -399.000 69.81 47.72 7777
40 40 0.35 02
ThS 1.03(5) -405.000 0700
40
ThS2(s) -621.000 -627.000 96.20 70.30 7777
40.0 40.0 0.80 03
ThZS 3(s) -1077.000 -1083.000 180.00 7770
13.0 8.00
Thzs 5(s) -1272.000 215.00 0770
40.0
Th,S,,(s) -4138.000 641.00 0770
7712
53.0
Th(SO 4)2(s) -2306.300 -2535.900 167.40 173.50 | 4444
15.0 21.0 10.00 0.6
Th({SO 4)2(aq) -2249.300 -2556.400 -92.00 -630.00 8889
Th(HPO 4)2.4H2O(s) -3985.300 -4476.800 372.00 3330
Th(HPO 4)2(aq) -3013.300 -3189.500 -100.00 3330
Th(NO3) 4(s) -1049.000 -1446.000 335.00 7770
14.0 13.0 13.00
Th(NO3) 4.4H20(s) -2707.000 0700
13.0
Th(NO3) 4.5H20(s) -2325.000 -3007.900 543.10 480.80 7777
40 42 2.00
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Substance AC° 1 A > -1 -(12p° Ref.
kJ mol Jmol 'K
Th(C,0,),-6H,0(5) -36}3.800 7000
ThH,(s) -105.600 -145.100 50.73 3671 | 7777
1.0 1.0 0.10 0.1
Tht -704.600 769.000 42300  -89.00 | 7779
54 2.5 17.00 11.0
ThoH -920.800 -1030.100  -343.00 8.00 | 2229
5.
Th(OH), "™ -1140.900  -1282400  -218.00 74.00 | 2229
Th(OH);" 1349300  -1541400  -151.00  180.00 | 3339
Th,(OH), 1848500  -2047.600 -615.00  -261.00 | 3339
Th,(OH)g T+ 4595300  -5121.200 -724.00  -488.00 | 3339
The(OH), 5" " AARARAN 7575500  -8447.500  -669.00  -675.00 | 3339
ThE -1029.700  -1106.700  -300.00  -21.00 | 2229
ThF, ™ 1343900  -1442.600  -205.00 66.00 | 2229
ThF," 1649300  -1778.600  -14200  174.00 | 2229
ThF,,(aq) 1947200 2115000 .-105.00  -543.00 | 2229
Thert+* -842.700 936000  -343.00 800 | 2229
ThCL, "™ 971900  -1015.700 353  -68.00 | 2889
ThCly* -1108.300  -1204.300 293 81.00 | 2889
ThsO,*Y -1480.700  -1658.500  -230.00 8200 | 2229
Th(SO,4)5” " -2998.400  -3448.100 462 -273.00 | 2889
Th(SO,), "~ 3731400  4351.500 476  -543.00 | 2889
ThCO, " -1295.370 8000
ThH,PO, " " -1864.900  -1994.600 262 -372.00 | 8889
ThH, PO, "+ -1867.700  -1997.900 097  -222.00 | 8889
Th(H,PO,), " -3029.700  -3350.700 806  -76.00 | 8889
ThHPO, ™ -1855.600  -i884.100  -251.00 96.00 | 3339
Th(HPO);” 4192200  -4683.400 8443  -217.00 | 8889
ThC,0, " -1431.800 3000
Th(C,0,4),(aq) -2158.500 3000
Th(C,0,)3 -2873.600 3000
Comments:

Reference 1=Robie et al.,1978;2=Wagman et al.,1982;3=Langmuir and Herman,1980;4=IAEA, Part 3,1978;5=Naumov et

al,,1974;6=1AEA, Part 8, 1983; 7=L.R.Morss, 1985; 8=NEA,1986.
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References: D. Langmuir; I.S. Herman: Geochim. Cosmochim. Acta 1980, v. 44, 1753. L.R. Morss: "Thermodynamic Proper-
ties," in "The Chemistry of the Actinide Elements,” 2nd ed., 1.J. Katz; G.T. Seaborg; L.R. Morss, eds. preprint (August 1985).
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Aqueous TIN
%?&%gges Lawrence Berkeley Laboratory ESV ;ltll‘]?%d
May 1988
PROPERTIES OF ELEMENTAL TIN:
Atomic Number: 50
Formula Mass: 118.69 10. 2. 2
Electronic Configuration: Efr] 4d" " 5s"5p
Electronegativity: 1.8 (Sn™ ")
Hydration Number:
Ionic Radius: 0.93 angstrom (Sn*4),0.69 (Sn***")
Selected Average for Soils: 10 mg/kg
Concentration in Natural Waters: .
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
A o A (o] SO Cpo
Substance © 1 . 1 -1 Ref.
kJ mol Jmol " K
Sn(g) 267.300 301.200 168.38 2126 | 2552
1.7 0.02
Sn(s),white 0.000 0.000 51.18 2699 | 5552
0.08
B-Sn(s),gray 0.130 -2.090 44.14 2577 | 2222
0.4 04 0.06
SnO(s) -256.900 -285.930 57.17 44.31 2552
0.7 0.30
SnOz(s),cassiterite -519.600 -580.780 52.30 52.59 2552
0.8 04 1.20
Sn(OH)(s) -491.600 -561.100 155.00 2220
Sn(OH)z(aq) -461.200 -543.300 113.80 -341.00 | 6919
40
Sn(OH)4(s) -1110.000 0200
SnCl,(s) -302.100 -349.800 122.60 78.05 | 444
1.0
SnCl,(aq) -299.500 -329.700 172.00  -311.00 | 2229
40
SnOHCl(aq) -392.000 -453.500 126.00  -326.00 | 2229
SnO(OH)F(aq) -788.600 2000
SnCl,.2H,O(s) -921.300 0200
SnOHCl.HZO(s) -648.400 2000
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A [« A HO SO C [«]
Substance fG - f -1 _lp Ref.
kJ mol J mol 'K
$nCl, (1) -440.100 -511.300 25860 16530 | 2222
SnS(s),herzenbergite -98.300 -100.000 77.00 49.25 2222
15 1.5 0.80
SnSz(s),stannic sulfide -179.600 -153.500 87.45 4440
0.20
SnSO,,(s) 1055900  -1014.600  138.60 4440
$nSO,(aq) -779.000 *000
Sn(SO ), (s) -1451.000  -1646.000  155.20 4440
Sn(SO,),(aq) -1481.800 2000
SnSe(s) -123.810 -94.500 92.46 440
0.4 13.00
SnSe,(s) -159.860 124700 118.00 4440
10.0 12.0 2.50
sn*t 27.870 7610 -11.05 -60.00 | 8889
0.1 12 4.00
sttt 1.630 30.500 -117.00  -293.00 | 8229
0.1
SnoH" -244.920 -264.600 89.70 19.00 | 6669
2.0
Sn(OH);” -643.800 -776.140 17870  -21.00 | 6919
0.5
++
Sn,(OH) -501.430 6000
2O,
2.0
++
Sny(OH), -990.800 6000
0.5
Sn(OH)3+ -712.100 -834.400 7740  67.00 | 1119
2.0
Sn(OH),” -1123.900  -1302.060  358.10 99.00 | 9779
2.0
Sn(OH),™ -1298.200  -1584.060 23180 -118.00 | 9779
SnOH -238.180 260400  -5230 -186.00 | 1119
Sn(OH)2++ 470.870 -543.070 13.04 -80.00 | 1119
Sn(OH),(aq) 950600  -1123.610 14230  -855.00 | 1119
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AG® AH® S° Cp°

Substance ‘G -1 f 1 _]p Ref.

kJ mol J mol "'K

SnF* -332.170 -353.590 34.30 56.00 | 1119

snc1* -168.490 -165.700 107.22 15.00 | 8889
0.2 1.6 4.60

SnCly” -432.630 487.000  259.00 32.00 | 3919
4.0

SnCl, " -560.600 -610.500  476.70 45.00 | *999

SnSO4++ -781.740 3000
40

Comments:

Reference 1=Jackson; Helgeson, 1985;2=Wagman et al.,1982;3=Naumov et al.,1974; 4=Barin et al.,1977;5=CODATA,
1978;6=Baes; Mesmer, 1976,1981: 9=This work.

7 = Eadington, 1982; 8 = Vasil’ev, 1976, 1979.: Values for SnSe (s) from Melekh et al.:Russ.J.Phys.Chem. 1971,v. 45 1144.
Gibbs energies of following ca]culated from values of hydrolysis constams given in Bacs Mesmer, 1976, 1981: SnOH™,
Sn(OH)z(aq), Sn(OH)3 , Snz(OH) ,Sn (OH) e Enthalpy and entropy of SnOHT calculated from data in Baes;Mesmer,1981.
Heat capacity and entropy of SnClz(s) obtained from Paukov;Slenin; G.ILFrolova:Russ.J.Phys.Chem. 1979, v.53, 1505. Gibbs
energy of formation for SnCl 4 ,SnSO (aq) Sn(SO ) " from data in Phillips, 1982. Entropy of SnO(s) i 1s from the calorimetry
measurements by V.N.Kostryukov et al Russ.J. Phys Chem. 1978, v.52, 1071. The Gibbs energy for Sn*™ from emf measure-
ments by V.P.Vasil’ev et al.:Jzv.Vyssh.Uchebn.Zaved. Khim.Khim.Tekhnol. 1979, v. 22, 1082 (Chem.Abstr. 1980, 91:199833f).
Enthalpy of formation of both SnO(s) and Sn02(s) are -280.71 and -577.63kJ/mol, measured by combustion calorimetry:
E.G.Lavut;B.1.Timofeyev;V.M.Yuldasheva;E.A.Lavut;G.L.Galchenko: J.Chem.Thermodynamics 1981, v.13, 635. P.J.Eadington:
Proc.First Intl.Conf.Hydrothermal Reactions (1982); Vasil'ev et al.:Russ.JInorg.Chem.1976,21,218;1985,30,957. ’
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g\quepus . URANIUM
D%l;gg:: Lawrence Berkeley Laboratory Es";lt‘lﬁ“id
January 1988
PROPERTIES OF ELEMENTAL URANIUM:
Atomic Number: 92
Formula Mass: 238.0290 fotSU 2. 6..1.2
Elecwonic Configuration: 5f~ 65 6p~ 6d" 7s
Electronegativity: U(IV)=1.4; U(VD=1.9
Hydration Number: UQO =735
Ionic Radius: U+++=1.%25;U+H+=0.93;U02++=0.75 angstrom.
Selected Average for Soils:
Concentration in Natural Waters: 3.3u g/L in sea water.
THERMODYNAMIC PROPERTIES OF SUBSTANCES: 25°C; I=0
AGe AH° S° Cp°
Substance ‘G -1 tH -1 -1 Ref.
kJ mol Jmol " K
U(s) 0.000 0.000 50.20 2766 | 5557
0.20 0.0
U02(s),uraninitc -1031.700 -1084.900 77.03 63.60 1111
1.0 1.0 0.20 0.0
UO,(am) -1010.700 9000
2
4.0
UO3(am),gummitc -1130.500 -1208.300 96.65 8880
a'UVOS(S) -3369.700  -3574.800 28259 23836 | 1111
3 3.0 2.5 0.50
v-UO4(s) -1145.900 -1223.800 96.11 81.67 1111
3 2.0 2.0 0.40
U0;.2H,0(s) -1632.000 -1827.200 171.00 200.20 | 1111
3 2.0 2.1 4.00
U,Oq(s) -4275.000 -4510.000 334.10 29330 | 7777
479 40 0.70
B-UO (OH)(s) -1394.000 -1534.700 123.00 85.79 1111
2 40 40 13.00
UOZ(OI-I)Z.H2O(S),schoepitc -1633.400 -1825.900 178.20 8880
UF.(s) -2068.500  -2197.000  227.60  166.77 | 4444
6 1.7 1.30 02
UF,(s) -1823.300 -1914.200 151.67 116.02 | 4444
4 - 4.1 0.17 0.1
2 I e q/lz,b : :
UF 4 .2.5H20(s) -2408.000 - : 289:00 263.70 1111
130 | 150 \; 25.00
\‘\\“.._/
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A [~ A [+] SO C <}
Substance fG -1 fH -1 _lp Ref.
kJ mol J mol 'K
UClé(s) -962.000 -1092.000 285.80 175.70 4444
13.0 1.70 4.1
UOClz(s) -996.200 -1066.900 138.32 95.06 4444
2.5 0.20 04
UOZCOB(S) Jutherfordine -1562.600 -1691.200 138.10 125.50 3333
2.0 8.0 8.00
B-UOZSO4(S) -1685.915 -1845.100 163.17 144.90 3333
2.5 08 8.00
U(soO 4)2(s) -2084.900 -2309.600 180.00 3330
14.6 12.6 21.00
U02HPO 4(s) -2111.660 9000
4.0
(U02)3(PO 4)2(s) -5176.000 -6008.200 406.00 357.00 1111
17.0 17.0 21.00
(UOZ)Z(HPO 4)2(s) -4218.000 -4577.300 331.00 298.00 1111
13.0 13.0 17.00
UMHPO 4)2.4H20(s) -3811.000 -4305.300 356.00 460.00 1111
3.0 3.0 17.00
uUsio 4(s),coffmite -1891.200 -1999.900 117.10 8880
(NH 4)2(UO2)2(PO 4)2(s) -4397.400 -4899.500 439.30 8880
H2(U02)2(PO 4)2(3),H-autunitc -4217.500 -4457.300 330.00 8880
Naz(U02)2(PO 4)2(8),Na-autunite -4736.300 -5071.000 393.30 8880
KZ(UOZ)Z(PO 4)2(s) JK-autunite -4782.300 -5121.200 405.80 8880
Mg(UOZ)Z(PO 4)2(s),saleeite -4648.400 -4974.800 343.10 8880
Ca(UOz)z(PO 4)2(s),aumnite -4748.800 -5075.200 351.50 8880
Sr(UOz)z(PO 4)2(8),Sr-aumnite -4757.200 -5083.600 364.00 8880
Ba(UOz)Z(PO 4)2(s) Juranocircite -4757.200 -5087.700 368.20 8880
Fc(UOZ)Z(PO 4)2(S),basscﬁtc -4276.000 -4598.200 355.60 8880
Cu(UOz)Z(PO 4)2(s),torbemilc -4133.800 -4460.100 355.60 8880
Pb(UO2)2(PO 4)2(3) ,przhevalskite -4220.700 -4548.000 376.60 8880
K2(UO2)2(V O 4)2(s),carnotitc -4589.800 -4912.000 439.30 8880
Ca(U02)2(V (@] 4)2(3),tyuyamunitc -4560.600 -4870.100 384.90 8880
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A [<] A o SO C (=]
Substance © -1 ! 11 P Ref.
kJ mol J mol 'K
CaUu(PoO 4)2.2H20(s),ningyoitc -3905.300 -4250.900 293.00 8880
Ca(U02)2(SiO3OH)2(s),uranophane -4975.000 8000
N32U207(s) -3002.000 -3203.800 275.86 22730 | 7777
4.4 0.83 0.7
B-C52U207(s) -3003.300 -3226.600 327.80 23120 | 7777
50 4.5 0.70 0.5
a-Li2UO 4 (s) -1971.900 0700
1.7
a-NaZUO 4(s) -1778.300 -1897.000 166.02 146.60 | 7777
20 40 0.30 0.3
B-NazUO 4(s) -1886.000 0700
4.0
KZUO 4(s) -1911.000 0700
1.7
C52UO4(s) -1803.801 -1926.314 219.66 152.76 7777
42 42 0.46 0.3
Li 4U05(s) -2641.000 0700
B-Na 4UO5(S) -2451.000 0700
2.0
MgU3O 1 0(s) 338.60 305.60 | 0077
CaU207(s) -3335.000 0700
Sr2U3O1 1(s) -5234.000 0700
30
MgUO4(s) -1749.213 -1856.900 131.90 128.10 7777
1.3 13
Cauo 4(s) -1895.043 -2001.626 123.80 12330 | 7777
33 210 8.00
o-SrUuo 4(8) -1985.000 0700
2.0
B-SrUO 4(s) -1987.000 0700
2.0
BaUO 4(s) -1887.200 -1997.100 153.97 125.27 7777
2.1 2.1 0.30 0.3
Sr,UO (s) -2626.000 0700
275 2.0
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A o A (o] SO C o
Substance © - ¢ -1 -lp Ref.
kJ mol J mol 'K
CazUO(s) -3302.000 0700
3.0
SraUO4(s) -3263.000 0700
40
Ba,UO,(s) -3210.600 0700
3YY%
5.8
Ba,MgUO(s) -3245.300 0700
48
Ba,CaUO(s) -3295.600 0700
53
NiU,0, (s) 3942000  358.00 0770
LiUO,(s) -1522.100 0700
1.7
NaUO4(s) -1412200  -1494.600  132.84 10890 | 7777
1.6 1.6 0.13 0.1
KUO,4(s) -1522.900 0700
1.6 ,
RbUO,(s) -1520.900 0700
1.7
NajUO,(s) -1897.965  -2022.127 19820  173.01 | 7777
2.5 2.5 0.42 0.4
CaU,04(s) -3210.000 0700
KUO,PO, .3H,0(s) -3102.000 9000
8.0
NH,UO, PO, .3H,0(s) -2912.200 9000
UOZ'H 952700  -1019.200  -98.30 500 | 7551
2.1 2.5 4.00
U02+ 968.600  -1032.600  -25.00 98.00 | 2221
54 5.9 8.00 :
gttt -530.900 591200  -414.00 -48.00 | 2221
2.1 33 21.00
uttt -480.700 -489.100  -174.90 -64.00 | 2221
4.6 3.8 6.40
U020H+ 21156260  -1258.230 16.00 68.00 | 9919
0.2 0.2 25.00
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AG® AH® S° Cp°

Substance ‘G 1 fH -1 -Ip Ref.
kJ mol Jmol 'K

UO,(OH),(aq) -1359.000  -1515.000 59.00 -276.00 | 1119
5.0 17.00

(U02)2(OH)2++ 2347350  -2566.510  -19.00 -58.00 | 9919
0.5 0.7 17.00

(UO,)5(OH) 4*'* -3739.500 6000
2.0

(U02)3(OH)5+ 3955000  -4381.000  111.00 500 | 1119
7.0 7.0 17.00

(UO,)5(OH),” -4343.000 299.00 59.00 | 1019
20.0 80.00

vont*t -764.320 -827.990  -192.00 9300 | 6919
2.0 2.0 40.00

U(OH)2++ 980.800  -1077.390 -69.00 22500 | 9919
20.0 20.0 40.00

U(OH)3+ -1197.350  -1337.220 19.00 66.00 | 9919
20.0 20.0 40.00

U(OH), (aq) -1413870  -1614.050 50.00 -610.00 | 9919
20.0 20.0 40.00

UOH),” 1630380  -1893.860 71.00 93.00 | 9919
20.0 20.0 40.00

U02F+ -1264.000  -1357.300  -19.00 9200 | 1119
3.0 3.0 20.00

UO,F,(aq) -1567.000  -1693.300 3500 -229.00 | 1119
3.0 3.0 20.00

UO,Fy’ -1863.000  -2028.400 69.00 -94.00 | 1119
3.0 3.0 20.00

UO,F,” 2151.000  -2364.700 7600 -221.00 | 1119
3.0 3.0 20.00

urttt -862.000 -907.010  -192.00 93.00 | 1119
8.0 8.0 80.00

UF2++ -1177.000  -1233.300 -63.00 29.00 | 1119
8.0 8.0 200.00

UF3+ -1485.000  -1567.300 13.00 70.00 | 1119
13.0 13.0 200.00

UF,(ag) -1793.000  -1914.900 5000 -516.00 | 1119
13.0 13.0 200.00
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A (o] A '0 SO C o
Substance © - £ -1 -lp Ref.
kJ mol J mol 'K
UF~ -2084.000  -2249.600 71.00 93.00 | 1119
17.0 17.0 200.00
UF,~ -2379.000  -2589.500 8400 -21500 | 1119
17.0 17.0 200.00
U02C1+ -1094.000  -1186.500 -6.00 83.00 | 1119
8.0 80.00
vcrttt -677.000 2751000  -283.00 3200 | 1119
8.0 8.0 80.00
U0,50,(aq) -1715.610  -1909.200 4750  -273.00 | 9999
0.2 0.7 3.00
U0,(SO,),” 2466870  -2800.600 15040  -173.00 | 9999
0.6 2.0 9.00
USO4++ -1307.000 27200 11000 | 1019
8.0 30.00
U(SO,,),(aq) -2076.000 2378600 -110.00 -604.00 | 1119
17.0 17.0 50.00
U0, CO,(aq) -1549.730  -1697.050 75.10  -269.00 | 9999
2+Y3
1.0 1.0
UO,(CO,),~ 2104980  -2391.900 5140  -239.00 | 9999
2(tV3)y
2.0 2.0
U0,(CO5)5 ™~ 2660230  -3086.750 2770 -522.00 | 9999
2.0 2.0 8.00
(UO,),CO4(OH);” 3132300 -3631.000 9900
10.0 30.0
UO,HPO,(aq) -2090.000  -2304.900 50.00 1110
42,0 42.0 200.00
UO,(HPO,),”™ -3237.000  -3622900 12600 -187.00 | 1119
42,0 42.0 200.00
UO,H,PO,* -2100.000  -2311.700 63.00 37.00 | 1119
3.0 3.0 200.00
U0, (H,PO,)(aq) -3245.000  -3242.600 84.00 1110
2050 40 4.0 200.00
UO,(H,PO,);” 4385.000  4970.600  105.00 6500 | 1119
40 4.0 200.00
UHPO4++ -1689.000  -1837.200 -63.00 -29.00 | 1119
21.0 21.0 200.00
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- AG® AH® S° Cp°
Substance fG : o 1_1 fH ] I'IK'lp Ref.
mo mo
U(HPO,),(aq) -2835.000  -3138.800 63.00 1110
21.0 21.0 200.00
U(HPO,); ™ -3974.000  -4455900 10500  -201.00 | 1119
21.0 21.0 200.00
U(HPO,), "~ -5109.000  -5811.600 2100 -529.00 | 1119
21.0 21.0 200.00
U025i0(0m3+ -2246.800 8000
Comments:

References are as follows: 1=R.J.Lemire;P.R.Tremaine:].Chem.Eng.Data 1980,v.25,361; 2=]AEA Pant

2,1976,3=1AEA, Part3,1978;4=IAEA Pan 8,1983,5=CODATA; Ref. 6 = Baes; Mesmer, 1976; 7=L.R.Morss: "Thermodynamic
Properties”,in, "The Chemistry of the Actinide Elements”,2nd ed.,Preprint (Nov.6,1985);8=D.Langmuir:Geochim.Cosmochim.
Acta 1978, v.42, 547; 9 = This work. AfG[(U02)2CO3(OH)3'] from L.Maya:Inorg.Chem.1982,v.21,2895. Species U(OH)S' has
been questioned in two ways by Ryan and Rai: Polyhedron 1983, v.2, 947:(a) whether this anionic form exists in alkaline
media,(b) logK for hydrolysis of -16.0 as calculated by Baes and Mesmer,1976. AF°[w02)2(OH)2H] obtained by plotting
experimental measurements of log K(I) versus I, according to extended Debye-Huckel equation, and extrapolating to zero ionic
strength, to obtained log K°. From this value, the Gibbs energy of formation was calculated. Ryan and Rai (1983) found that
uncharacterized UOz(am) is less soluble in 0.045 10 10.0M NaOH solutions containing added Zn(s) and dithionite than measured
by Gayer and Leider: Can.J.Chem. 1957, v.35, 5. Also, the solubility of carefully characterized UOz(s) in pOH 1.5 and pOH 2.5
soludons, 25 to 300°C under wet H2(g) by Tremaine;Chen;Wallace; W.A Boivin: J.Solution Chem. 1981, v.10, 221 gave results
"at least consistent with U02(s) + 2H20 +OH = U(OH)S'". We have calculated AfG"[U(OH) “} from the measurements of
Tremaine et al. (1981) on the solubility of uraninite; this value together with that for U(OH) was plotied versus the number
of OH ligands, and values for the 1:2, 1:3 and 1:4 postulated intermediate hydrolysis products were obtained by interpolation of
this plot. Ullman;Schreiner:Radiochim.Acta 1986,v.40,179 and Ibid. (submitted,1987) report data from which we calculate or use
for Gibbs energy and enthalpy of formation values for U0280 4(aq);U02(SO 4)2".xmd 1:2,1:3 carbonates. Gibbs energy and
enthalpy of formation for U02CO3(aq) calculated from plot of these values for the 1:2 and 1:3 complexes, then extrapolating to
n=]1. JAEA, Part 3, gives AfG°[U02CO3(aq)]=-1536.819.2. and AfH" = -1691.248.9, $° = 5018. Enthalpy of formation for
(U02)2CO3(OH)3' from Ullman;Schreiner. AfG°[U02,am] calculated from Bruno et., 1986. Gibbs energy _’f_or U02HPO 4&h
NH 4U02PO 4(s).3H20(s), and KUO2PO 4.3H,20(s) are from Naumov et al (1974). Gibbs energy of UO2OH is from
Caceci;Choppin: Radiochim.Acta 1983,v.33,207. F.David: J.Less-Common Metals 1986,v.121,27 gives S°[U+H]=-183.
$[U*)=-399, $°[U0,"}=-26, S°[UO,"")=-98, all J/mol/K. His values for comresponding AH® are: -489.1, -591.2, -1033,
-1019.2, all kJ/mol. Our AG°[UO, ™"} and AG[U] give E°=0.272 v. for UO, " +4HY + 26 = UM 4+ 2H,,0, comparing
with 0.329 v. by Sobkowski;Minc:J.Inorg.Nuclr.Chem. 1961,v.23,81; and, 0.273v., by Nikolaeva: in Bruno et
al.:Mat.Res.Soc.Symp.Proc. 1985,v.50,299; and, 0.329 v. by Guorong et al.,, Radiochim.Acta 1985,v.38,145. Parks and Pohl:
Geochim.Cosmochim.Acta 1988, v.52,863 published careful experimental data on ‘‘Hydrothermal Solubility of Uraninite” from
100 w0 300° C.
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