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Preface

Unlike earlier books in this series, this review describes the selection of chemical ther-
modynamic data for species of two elements, neptunium and plutonium. Although this
came about more by circumstance than design, it has allowed for a more consistent ap-
proach to chemical interpretations than might have occurred in two separate treatments.
It has also drawn attention to cases where the available data do not show expected par-
allels, and where further work may be useful to confirm or refute apparent differences
in the behaviour of neptunium and plutonium.

This volume has taken more than ten years to compile. The combined neptu-
nium and plutonium groups, selected by Anthony Muller, the originator of the TDB
project, first met at Saclay, France in April 1988. Subsequent meetings were held
at Pinawa, Canada in September 1990, at Saclay in February 1992, and at Issy-les-
Moulineaux, France in March 1994 and December 1997. Smaller working sub-groups
met in Chicago (1994 and 1996) and Issy-les-Moulineaux (1995 and 1996). The lo-
gistics and financing of the TDB project has meant the NEA itself has had difficulties
in editorial preparation of more than one volume at a time, and the current volume has
passed through the hands of four successive TDB co-ordinators, Hans Wanner (who
later joined the neptunium/plutonium TDB team as a reviewer), Ignasi Puigdomenech,
Amaia Sandino and Erik Osthols. The latter two have done the bulk of the work in
combining the reviewers’ drafts and seeing the book through to its final form. Several
of the reviewers worked on other elements for the TDB; this overlap delayed work on
neptunium and plutonium, but has enhanced the consistency of the TDB as a whole.

Despite the extended time-frame, most of the original participants in the project
have persisted through to its completion - perhaps an indication of the importance the
authors have attached to the review. During the time the work was being done, a large
number of excellent, relevant studies have been reported in the literature, many based
in the world-wide efforts directed toward management of nuclear fuel waste. These
papers have helped strengthen, but have to some extent delayed this publication. Any
chemical thermodynamic database does no more than represent a survey of what is
known at a particular time. The time required to carefully compile and consider data
dictates that any database is at least slightly “out-of-date” by the time it appears in print.
The current review is no exception. Although an arbitrary “cut-off” date of mid-1996
was set for papers used in this review, a few later papers have been included.

The large number of co-authors has resulted in less consistency in style and depth
of discussion than in some previous volumes. We hope readers do not find this unduly
distracting. Although almost all of the authors contributed text and comments to many
of the chapters, primary responsibility for the different chapters was divided as fol-
lows. William Ullman and Jim Sullivan prepared the sections on sulphato complexes
and on plutonium carbonates, Hans Wanner the sections on aqueous halide and thio-
cyanate complexes, Kastriot Spahiu the sections on nitrato and phosphato complexes,
Pierre Vitorge the extensive section on neptunium carbonates (he also extensively re-
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viewed several of the other sections), Heino Nitsche the initial drafts of the aqua-ion
sections, and Paul Potter the sections on nitrides. Malcolm Rand prepared the sections
on carbides and, with Jean Fuger, the sections on solid and gas phase halides. He and
the chairman drafted the sections on oxides, and the chairman prepared the sections on
hydrolysis with help from Jan Rydberg (who also provided his expertise in extraction
technigues to the other reviewers as required).

Experimental chemical thermodynamics is not a particularly popular topic in mod-
ern scientific circles. Because of safety and regulatory constraints, work on the chem-
istry of transuranium elements is particularly slow, and therefore costly. Fewer and
fewer laboratories are capable of carrying out such measurements, and of having the
luxury of time to check and recheck their values. It was therefore distressing to find
that much of the work that has been done was incompletely documented. Often the re-
viewers have had to pass over what were probably good studies because interpretations
had been used that are now known to be incorrect, and the raw data were unavailable
for reinterpretation (sadly, this was the case even for several studies done in the late
1980s). As is the case for databases for many other elements, “key” values often are
based on a single experiment or even more tenuously on a chain of uncorroborated
experimental values. Some of the values for the plutonium aqua ions are particularly
glaring examples. Although we have assigned uncertainties, there is no satisfactory
way of dealing quantitatively with this problem.

Chalk River, Canada, November 2000 Robert Lemire, Chairman
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Foreword

This is the fourth volume of a series of expert reviews of the chemical thermodynam-
ics of key chemical elements in nuclear technology and waste management. The re-
commended thermodynamic data are the result of a critical assessment of published
information.

The data base system developed at the Data Bank of the OECD Nuclear Energy
Agency (NEA),cf. Section2.6, ensures consistency not only within the recommended
data sets on neptunium and plutonium, but also among all the data sets to be published
in the series.

The NEA Data Bank provides a number of services that may be useful to the reader
of this book.

e The recommended data can be obtained via Internet directly from the NEA Data
Bank.

e The NEA Data Bank maintains a library of computer programs in various
areas. This includes geochemical codes such as PHREEQE, EQ3/6, MINEQL,
MINTEQ, PHRQPITZ,etc., in which chemical thermodynamic data like those
presented in this book are required as the basic input data. These computer
codes can be obtained on request from the NEA Data Bank.

We'd like to hear from you!

If you have comments on the NEA TDB reviews, please contact us and tell us what
you liked, what you didn’t like, and of course about any errors you find in the reviews.
See below for information on where to find us.

How to contact the NEA TDB project

Information on the NEA and the TDB project, on-line access to selected data, com-
puter programs etc., as well as many documents in electronic format, is available at
http://ww. nea. fr.

For contact with the TDB project coordinator and the authors of the review reports,


http://www.nea.fr

X FOREWORD

sending comments on the TDB reviews, or if you wish to request further
information, please send mail tdb@nea.frIf this is not possible, write to

TDB project coordinator

OECD Nuclear Energy Agency, Data Bank
Le Seine-St. Germain

12, boulevard des Tles

F-92130 Issy-les-Moulineaux

FRANCE


mailto:tdb@nea.fr
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Chapter 1

Introduction

1.1 Background

The modelling of the behaviour of hazardous materials under environmental condi-
tions is among the most important applications of natural and technical sciences for
the protection of the environment. In order to assess, for example, the safety of a
waste deposit, it is essential to be able to predict the eventual dispersion of its hazard-
ous components in the environment (geosphere, biosphere). For hazardous materials
stored in the ground or in geological formations, the most probable transport medium
is the aqueous phase. An important factor is therefore the quantitative prediction of
the reactions that are likely to occur between hazardous waste dissolved or suspended
in ground water, and the surrounding rock material, in order to estimate the quantit-
ies of waste that can be transported in the aqueous phase. It is thus essential to know
the relative stabilities of the compounds and complexes that may form under the rel-
evant conditions. This information is often provided by speciation calculations using
chemical thermodynamic data. The local conditions, such as ground water and rock
composition or temperature, may not be constant along the migration paths of haz-
ardous materials, and fundamental thermodynamic data are the indispensable basis for
dynamic modelling of the chemical behaviour of hazardous waste components.

In the field of radioactive waste management, the hazardous material consists to
a large extent of actinides and fission products from nuclear reactors. The scientific
literature on thermodynamic data, mainly on equilibrium constants and redox potentials
in aqueous solution, has been contradictory in a number of cases, especially in the
actinide chemistry. A critical and comprehensive review of the available literature
is necessary in order to establish a reliable thermochemical data base that fulfils the
requirements of a proper modelling of the behaviour of the actinide and fission products
in the environment.

The International Atomic Energy Agency (IAEA) in Vienna published special is-
sues with compilations of physicochemical properties of compounds and alloys of ele-
ments important in reactor technology: Pu, Nb, Ta, Be, Th, Zr, Mo, Hf and Ti between
1966 and 1983. In 1976, IAEA also started the publication of the series “The Chemical
Thermodynamics of Actinide Elements and Compounds”, oriented towards nuclear en-
gineers and scientists. This international effort has resulted in the publication of several
parts, each concerning the thermodynamic properties of a given type of compounds for
the entire actinide series. These reviews cover the literature approximately up to 1984.
The latest volume in this series appeared in 1992, under Part 12: The Actinide Aqueous
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Inorganic Complexes9RFUG/KH(J. Unfortunately, data of importance for radioact-
ive waste management (for example, Part 10: The Actinide Oxides) is lacking in the
IAEA series.

The Radioactive Waste Management Committee (RWMC) of the OECD Nuclear
Energy Agency recognized the need for an internationally acknowledged, high-quality
thermochemical data base for the application in the safety assessment of radioactive
waste disposal, and undertook the development of the NEA Thermochemical Data Base
(TDB) project BSMUL, 88WAN, 91WAN]. The RWMC assigned a high priority to the
critical review of relevant chemical thermodynamic data of compounds and complexes
for this area containing the actinides uranium, neptunium, plutonium and americium, as
well as the fission product technetium. After the books on chemical thermodynamics
of uranium P2GRE/FUG, americium P5SIL/BID] and technetium99RAR/RAN],
the present report on thermodynamics neptunium and plutonium is the fourth volume
in the series.

Simultaneously with the NEA's TDB project, other reviews on the physical and
chemical properties of actinides have appeared, including the book by Cordfunke
al. [90COR/KON3, the series edited by Freemahal. [84FRE/LAN 85FRE/LAN
85FRE/KEL, 86FRE/KEL 87FRE/LAN 91FRE/KEL, the two volumes edited by
Katzet al. [86KAT/SEA], and Part 12 by Fugest al. [92FUG/KHQJ within the IAEA
reviews series mentioned above. These compilations are both an important source of
information, which has been used in the present review, and a complement to the ther-
modynamic data contained in this volume.

1.2 Focus of the review

The first and most important step in the modelling of chemical reactions is to decide
whether they are controlled by chemical thermodynamics or kinetics, or possibly by a
combination of the two. This also applies to the modelling of more complex chemical
systems and processes, such as waste repositories of various kinds, the processes de-
scribing transport of toxic materials in ground and surface water systems, the global
geochemical cyclegtc.

As outlined in the previous section, the focus of the critical review presented in
this report is on the thermodynamic data of neptunium and plutonium relevant to the
safety assessment of radioactive waste repositories in the geosphere. This includes the
release of waste components from the repository into the geospleeréq interac-
tion with the waste container and the other near-field materials) and their migration
through the geological formations and the various compartments of the biosphere. As
ground waters and pore waters are the transport media for the waste components, the
knowledge of the thermodynamics of the corresponding elements in waters of various
compositions is of fundamental importance.

The present review therefore puts much weight on the assessment of the
low-temperature thermodynamics of neptunium and plutonium in aqueous solution
and makes independent analyses of the available literature in this area. The standard
method used for the analysis of ionic interactions between components dissolved in
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water (see AppendiB) allows the general and consistent use of the selected data
for modelling purposes, regardless of the type and composition of the ground water,
within the ionic strength limits given by the experimental data used for the data
analyses in the present review.

The interactions between solid compounds, such as the rock materials, and the
aqueous solution and its components are as important as the interactions within the
aqueous solution, because the solid materials in the geosphere control the chemistry
of the ground water, and they also contribute to the overall solubilities of key ele-
ments. The present review therefore also considers the chemical behaviour of solid
compounds that are likely to occur, or to be formed, under geological and environ-
mental conditions. It is, however, difficult to assess the relative importance of the solid
phases for performance assessment purposes, particularly since their interactions with
the aqueous phase are in many cases known to be subject to quantitatively unknown
kinetic constraints. Furthermore, in some circumstances sorption of aqueous ions at
mineral-water interfaces may be a more important factor in determining migration of
neptunium and plutonium than dissolution and precipitation phenomena.

This book contains a summary and a critical review of the thermodynamic data
on compounds and complexes containing neptunicimPartlil) and plutonium ¢f.
Part1V), as reported in the available chemical literature up to mid-1996, but a few
more recent references are also included. A comparatively large number of primary
references are discussed separately in Appefdix

Although the focus of this review is on neptunium and plutonium, it is necessary
to use data on a number of other species during the evaluation process that lead to the
recommended data. These so-called auxiliary data are taken both from the publication
of CODATA Key Values B9COX/WAQ and from the evaluation of additional auxil-
iary data in the uranium and other volumes of this serf$SRE/FUG 95SIL/BID,
99RAR/RAN], and their use is recommended by this review. Care has been taken
that all the selected thermodynamic data at standard condittbnS€ction2.3) and
298.15 K are internally consistent. For this purpose, special software has been de-
veloped at the NEA Data Bank that is operational in conjunction with the NEA-TDB
data base systemf. Section2.6. In order to maintain consistency in the application
of the values selected by this review, it is essential to use these auxiliary data when
calculating equilibrium constants involving neptunium and plutonium compounds and
complexes.

The present review does not include any compounds or complexes containing or-
ganic ligands. This class of compounds is planned to be the subject of a later review in
the NEA-TDB series.

1.3 Review procedure and results

The objective of the present review is to present an assessment of the sources of pub-
lished thermodynamic data in order to decide on the most reliable values that can be
recommended. Experimental measurements published in the scientific literature are
the main source for the selection of recommended data. Previous reviews are not neg-
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lected, but form a valuable source of critical information on the quality of primary
publications.

When necessary, experimental source data are re-evaluated by using chemical mod-
els which are either found more realistic than those used by the original author, or
which are consistent with side-reactions discussed in another section of the review (for
example, data on carbonate complex formation might need to be re-interpreted to take
into account consistent values for hydrolysis reactions). Re-evaluation of literature val-
ues might be also necessary to correct for known systematic errors (for example, if the
junction potentials are neglected in the original publication) or to make extrapolations
to standard state conditionk & 0) by using the specific ion interaction (SIT) equa-
tions (cf. AppendixB). For convenience, these SIT equations are referred to in some
places in the text as “the SIT".

In order to ensure that consistent procedures are used for the evaluation of
primary data, a number of guidelines have been developed. They have been updated
and improved since 1987, and their most recent versions are available at the NEA
[20000ST/WAN 2000GRE/WAN 99WAN/OST, 2000WAN/OST 99WAN]. Some
of these procedures are also outlined in this volucheChapter2, AppendixB, and
AppendixC. Parts of these sections, which were also published in earlier volumes
[92GRE/FUG 95SIL/BID, 99RAR/RAN], have been revised in this review. For
example, in Chapte, the section on “Redox equilibria” has been revised.

Once the critical review process in the NEA-TDB project is completed, the result-
ing manuscript is reviewed independently by qualified experts nominated by the NEA.
The independent peer review is performed according to the procedures outlined in the
TDB-6 guideline POWAN]. The purpose of the additional peer review is to receive an
independent view of the judgements and assessments made by the primary reviewers,
to verify assumptions, results and conclusions, and to check whether the relevant liter-
ature has been exhaustively considered. The independent peer review is performed by
personnel having technical expertise in the subject matter to be reviewed, to a degree
at least equivalent to that needed for the original review.

The thermodynamic data selected in the present review (see Chapteand5)
refer to the reference temperature of 298.15 K and to standard conditfor&sc-
tion 2.3 For the modelling of real systems it is, in general, necessary to recalculate the
standard thermodynamic data to non-standard state conditions. For aqueous species a
procedure for the calculation of the activity factors is thus required. This review uses
the approximate specific ion interaction method (SIT) for the extrapolation of experi-
mental data to the standard state in the data evaluation process, and in some cases this
requires the re-evaluation of original experimental values (solubilities, emfetafa,

For maximum consistency, this method, as described in Appéhdikould always be
used in conjunction with the selected data presented in this review.

The thermodynamic data selected in this review are provided with uncertainties
representing the 95% confidence level. As discussed in Appé&hdiere is no unique
way to assign uncertainties, and the assignments made in this review are to a large
extent based on the subjective choice by the reviewers, supported by their scientific
and technical experience in the corresponding area.

The quality of thermodynamic models cannot be better than the quality of the data
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they are based on. The quality aspect includes both the numerical values of the thermo-
dynamic data used in the model and the “completeness” of the chemical model used,
e.g., the inclusion of all the relevant dissolved chemical species and solid phases. For
the user it is important to consider that the selected data set presented in this review
(Chapters3 and4) may not be “complete” with respect to all the conceivable systems
and conditions; there are gaps in the information. The gaps are pointed out in the vari-
ous sections of Part$l andIV, and this information may be used as a basis for the
assignment of research priorities.






Chapter 2

Standards, Conventions, and
Contents of the Tables

This chapter outlines and lists the symbols, terminology and nomenclature, the units
and conversion factors, the order of formulae, the standard conditions, and the fun-
damental physical constants used in this volume. They are derived from international
standards and have been specially adjusted for the TDB publications.

2.1 Symbols, terminology and nomenclature

2.1.1 Abbreviations

Abbreviations are mainly used in tables where space is limited. Abbreviations for
methods of measurement are kept to a maximum of three characters (except for com-
posed symbols) and are listed in TaBle

Other abbreviations may also be used in tables, such as SHE for the standard hy-
drogen electrode or SCE for the saturated calomel electrode. The abbreviation NHE
has been widely used for the “normal hydrogen electrode”, and this is a term which is
often used to refer to the SHE. It should nevertheless be noted that NHE customarily
refers to a standard state pressure of 1 atm, whereas SHE always refers to a standard
state pressure of 0.1 MPa (1 bar) in this review.

2.1.2 Symbols and terminology

The symbols for physical and chemical quantities used in the TDB review follow the
recommendations of the International Union of Pure and Applied Chemistry, IUPAC
[79WHI, 88MIL/CVI]. They are summarised in Tak?el

Table 2.1: Symbols and terminology.

Symbols and terminology

length I

height h
radius r
diameter d

(Continued on next page)
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Table 2.1: (continued)

Symbols and terminology

volume

mass

density (mass divided by volume)
time

frequency

wavelength

internal transmittance (transmittance of the medium itself,
disregarding boundary or container influence)

internal transmission density, (decadic absorbance): A
log,o(1/T)

molar (decadic) absorption coefficiemty (cgl)
relaxation time

Avogadro constant

relative molecular mass of a substafite
thermodynamic temperature, absolute temperature
Celsius temperature

(molar) gas constant

Boltzmann constant

Faraday constant

(molar) entropy

(molar) heat capacity at constant pressure

4> < 3 3 <

~ - ~
SRR R

.m
(molar) heat capacity of a solute at constant pressure m2
(molar) enthalpy

(molar) Gibbs energy

chemical potential of substance B

pressure

partial pressure of substancegp P
fugacity of substance B fs
fugacity coefficient:fg/ ps Vi.B
amount of substan&d n
mole fraction of substance B/} _; n; XB

molarity or concentration of a solute substance B (amountcg, [B]
of B divided by the volume of the solutiof?)

molality of a solute substance B (amount of B divided by mg
the mass of the solverd)

mean ionic molalit{?, m{"* ") =
activity of substance B ag

V. V_
m,'m my

(Continued on next page)
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Table 2.1: (continued)

Symbols and terminology

activity coefficient, molality basisag/mpg VB
activity coefficient, concentration baseg /cg VB
mean ionic activity®, a}* "~ = ag = a’*a’" at
. . .. . . Iéﬂ) (ptv-) vy v

mean ionic activity coefficief, y =y Ty Y+
osmotic coefficient, molality basis 0]
ionic strengthilm = 3 3, mZ2orlc = 3 3 6 2 I

SIT ion interaction coefficient between substangeaBd £(B1,By)

substance B

stoichiometric coefficient of substance B (negative for VB
reactants, positive for products)

general equation for a chemical reaction = 8B
equilibrium constar? K
rate constant k
Faraday constant F

charge number of an ion B (positive for cations, negative fag
anions)

charge number of a cell reaction n
electromotive force E
pH = — logyglay+/(mol - kg™)]

electrolytic conductivity

superscript for standard stéte °

@The ratio of the average mass per formula unit of a substanég tf the mass of an atom
of nuclide12C.

(®)¢f, Sections 1.2 and 3.6 of the IUPAC manuzdyVHI].

©This quantity is called “amount-of-substance concentration” in the IUPAC man@e/Hl].
A solution with a concentration equal toldmol - dm=3 is called a 0.1 molar solution or a
0.1 M solution.

@ A solution having a molality equal to.Omol- kg*1 is called a 0.1 molal solution ora 0.1 m
solution.

©For an electrolyte N, X,_ which dissociates intot (= v+ + v_) ions, in an aqueous
solution with concentratiom, the individual cationic molality and activity coefficient are
m4 (= vym) and y+ (= ay/my). A similar definition is used for the anionic symbols.
Electrical neutrality requires that.zy =v_z_.

<f)S|oecial notations for equilibrium constants are outlined in Se&@iaré In some case¥¢
is used to indicate a concentration constant in molar unitsKap@ constant in molal units.

(@ See SectiorR.3.1
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Table 2.2: Abbreviations for experimental methods

aix
cal
chr
Cix
col
con
cor
cou
cry
dis
em
emf
gl
ise-X
iX
kin
mvd
nmr
pol
pot
prx
gh
red
rev
Sp
sol
tc
tls

vit
?

anion exchange

calorimetry

chromatography

cation exchange

colorimetry

conductivity

corrected

coulometry

cryoscopy

distribution between two phases
electromigration

electromotive force, not specified
glass electrode

ion selective electrode with ion X stated
ion exchange

rate of reaction

mole volume determination
nuclear magnetic resonance
polarography

potentiometry

proton relaxation

quinhydrone electrode

emf with redox electrode

review

spectrophotometry

solubility

transient conductivity

thermal lensing spectrophotometry
voltammetry

method unknown to the reviewers
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2.1.3 Chemical formulae and nomenclature

This review follows the recommendations made by IUPACJEN 77FER 90LEI]
on the nomenclature of inorganic compounds and complexes, except for the following
items:

i) The formulae of coordination compounds and complexes are not enclosed in
square bracket[LJEN Rule 7.21]. No brackets or parentheses are used at all
to denote coordination compounds.

i) The prefixes “oxy-" and “hydroxy-" are retained if used in a general vy,
“gaseous uranium oxyfluorides”. For specific formula names, however, the
IUPAC recommended citatiorv LJEN Rule 6.42] is usede.g., “uranium(IV)
difluoride oxide” for URO(cr).

An [UPAC rule that is often not followed by many autho®&LDEN Rules 2.163
and 7.21] is recalled here: the order of arranging ligands in coordination compounds
and complexes is the following: central atom first, followed by ionic ligands and then
by the neutral ligands. If there is more than one ionic or neutral ligand, the alphabetical
order of the symbols of the ligating atoms determines the sequence of the ligands. For
example(UO2)2CO3(OH); is standard(UO,)2(OH)3CO; is non-standard and is not
used.

Abbreviations of names for organic ligands appear sometimes in formulae. Fol-
lowing the recommendations by IUPAC, lower case letters are used, and if necessary,
the ligand abbreviation is enclosed within parentheses. Hydrogen atoms that can be
replaced by the metal atom are shown in the abbreviation with an upper case “H", for
example: Hedta , Am(Hedta)(s) (where edta stands for ethylenediaminetetraacetate).

2.1.4 Phase designators

Chemical formulae may refer to different chemical species and are often required to
be specified more clearly in order to avoid ambiguities. For examplg dd€urs as a

gas, a solid, and an aqueous complex. The distinction between the different phases is
made by phase designators that immediately follow the chemical formula and appear
in parentheses. The only formulae that are not provided with a phase designator are
aqueous ions. They are the only charged species in this review since charged gases are
not considered. The use of the phase designators is described below.

e The designator (I) is used for pure liquid substanegs, H>O(l).

e The designator (aq) is used for undissociated, uncharged aqueous spggies,
U(OH)4(aq), CQ(aq). Since ionic gases are not considered in this review, all
ions may be assumed to be aqueous and are not designed with (aq). If a chemical
reaction refers to a medium other thap®(e.g., D20, 90% ethanol/10% $0),
then (aq) is replaced by a more explicit designatagy, “(in D20)” or “(sIn)”. In
the case of (sIn), the composition of the solution is described in the text.
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e The designator (sIn) is used for substances in solution without specifying the
actual equilibrium composition of the substance in the solution. Note the differ-
ence in the designation of@ in Egs. .2) and .3). H>O(l) in Reaction 2.2)
indicates that KO is present as a pure liquide., no solutes are present, whereas
Reaction 2.3 involves a HCI solution, in which the thermodynamic properties
of H2O(sIn) may not be the same as those of the pure liqw@@. In dilute
solutions, however, this difference in the thermodynamic propertiesOf ¢hn
be neglected, and4®(sIn) may be regarded as pure®{]).

Example:
UOCl(cr) + 2HBr(sln) = UOBr»(cr) + 2 HCI(sIn) (2.2)
UO,Cly - 3H20(cr) = UOLCly - H2O(cr) + 2H0() (2.2)
UOs(y) + 2HCI(sln) = UO2Clx(cr) + HaO(sln) (2.3)

e The designators (cr), (am), (vit), and (s) are used for solid substances. (cr) is
used when it is known that the compound is crystalline, (am) when it is known
that it is amorphous, and (vit) for glassy substances. Otherwise, (s) is used.

e In some cases, more than one crystalline form of the same chemical composition
may exist. In such a case, the different forms are distinguished by separate desig-
nators that describe the forms more precisely. If the crystal has a mineral name,
the designator (cr) is replaced by the first four characters of the mineral name in
parenthese®.g., SiOx(quar) for quartz and Sigdchal) for chalcedony. If there
is no mineral name, the designator (cr) is replaced by a Greek letter preceding
the formula and indicating the structural phasg,, «-UFs, 8-UFs.

Phase designators are also used in conjunction with thermodynamic symbols to
define the state of aggregation of a compound a thermodynamic quantity refers to.
The notation is in this case the same as outlined above. In an extended nathtion (
[82LAF]) the reference temperature is usually given in addition to the state of aggreg-
ation of the composition of a mixture.

Example:

AtG, (Nat, ag 29815 K) standard molar Gibbs energy of formation of
aqueous N& at 298.15 K
Sh (UO2S0y - 2.5H,0, cr, 29815 K)  standard molar entropy of U0y - 2.5H,0(cr)

at298.15K

Cp.m (UO3, o, 29815 K) standard molar heat capacity®@fUO3 at
298.15K

AtHm(HF, sin, HF - 7.8H,0) enthalpy of formation of HF diluted 1:7.8 with

water
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Table 2.3: Abbreviations used as subscriptaa denote the type of chemical pro-
cesses.

Subscript ofA  Chemical process

at separation of a substance into its constituent gaseous atoms
(atomisation)

dehyd elimination of water of hydration (dehydration)

dil dilution of a solution

f formation of a compound from its constituent elements

fus melting (fusion) of a solid

hyd addition of water of hydration to an unhydrated compound

mix mixing of fluids

r chemical reaction (general)

sol process of dissolution

sub sublimation (evaporation) of a solid

tr transfer from one solution or liquid phase to another

trs transition of one solid phase to another

vap vaporisation (evaporation) of a liquid

2.1.5 Processes

Chemical processes are denoted by the operatawritten before the symbol for a
property, as recommended by IUPAB2LAF]. An exception to this rule is the equi-
librium constantgf. Section2.1.6 The nature of the process is denoted by annotation
of the A, eg., the Gibbs energy of formatiom\;iGn, the enthalpy of sublimation,
AsupHm, €tc. The abbreviations of chemical processes are summarised inZ.&8ble

The most frequently used symbols for processes/s®@ and AfH, the Gibbs
energy and the enthalpy of formation of a compound or complex from the elements in
their reference states (cf. Talileb).

2.1.6 Equilibrium constants

The IUPAC has not explicitly defined the symbols and terminology for equilibrium
constants of reactions in aqueous solution. The NEA has therefore adopted the con-
ventions that have been used in the wBtbility constants of metal ion complexes by

Sillén and Martell p4SIL/MAR, 71SIL/MAR]. An outline is given in the paragraphs
below. Note that, for some simple reactions, there may be different correct ways to
index an equilibrium constant. It may sometimes be preferable to indicate the number
of the reaction the data refer to, especially in cases where several ligands are discussed
that might be confused. For example, for the equilibrium

mM+4gL = Mplg (2.4)
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both 8q,m andB(2.4) would be appropriate, angh m(2.4) is accepted, too. Note that,

in generalK is used for the consecutive or stepwise formation constantgasdsed

for the cumulative or overall formation constant. In the following outline, charges are
only given for actual chemical species, but are omitted for species containing general
symbols (M, L). The ionization constant for water is designated jy K

2.1.6.1 Protonation of a ligand

[HrL]

HY +Hr_1L = H/L Kiyp=———— 2.5

+ Hr—1 r 1r [H 1M 1L (2.5)
[HrL]

rHT +L = H/L = — 2.6

+ r Bir [HT] (L] (2.6)

This notation has been proposed and used by Sillén and Ma#%dI[/MAR], but
it has been simplified later by the same auth@®sJIL/MAR] from K1 to K,. This
review retains, for the sake of consisterafyEqs. €.7) and @.8), the older formulation
Of Kl,l’ .

For the addition of a ligand, the notation shown in Bg/)is used.

[HLg]
HLg_1+L = HL Kg=—"—"— 2.7
-t 9 97 [HLgIL] &1
Eq. 2.9 refers to the overall formation constant of the specigsg-
[HrLql
+ N _ q
rHT+al = Hila  for = (2.8)

In Egs. .5, (2.6 and @.8), the second subscriptcan be omitted if = 1, as shown
in Eq. 2.7).

Example:

[HPO; |
[HH[PC; ]

[H2PO; |
[HT12[PC; ]

Ht + POy = HPO;™ Bri=f1=

2H" + PO} = HPO,  fr2=

2.1.6.2 Formation of metal ion complexes

[MLg]
MLg_14+L = ML Kg= ——9° 2.9
e L VTIPS T 29
M+qL = MLq  fq ML) (2.10)

~ [M]L]
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For the addition of a metal ion,e., the formation of polynuclear complexes, the
following notation is used, analogous to Ej%):
(MmL]

M+Mmn_o1L = MplL Kim=———— 2.11
+ Mm-1 m 1m [MIMm_aL] ( )

Eq. (2.19 refers to the overall formation constant of a complexI.

_ [Mnlg]
~ ML

The second index can be omitted if it is equal td.&, Bq,m becomesg if m = 1.
The formation constants of mixed ligand complexes are not indexed. In this case, it
is necessary to list the chemical reactions considered and to refer the constants to the
corresponding reaction numbers.

It has sometimes been customary to use negative values for the indices of the pro-
tons to indicate complexation with hydroxide ions, OHThis practice is not adopted
in this review. If OH™ occurs as a reactant in the notation of the equilibrium, itis treated
like a normal ligand L, but in general formulae the index variable used instead of
g. If H20 occurs as a reactant to form hydroxide complexe®) i considered as a
protonated ligand, HL, so that the reaction is treated as described below irREdgs. (
to (2.19 usingn as the index variable. For convenience, no general form is used for the
stepwise constants for the formation of the complexlH; . In many experiments,
the formation constants of metal ion complexes are determined by adding to a metal ion
solution a ligand in its protonated form. The complex formation reactions thus involve
a deprotonation reaction of the ligand. If this is the case, the equilibrium constant is
supplied with an asterisk, as shown in EG&1Q and .14 for mononuclear and in
Eqg. (2.15 for polynuclear complexes.

MM+ gL = Mmlq Bg.m (2.12)

_ N L% [ B
MLg 14+ HL = MLq+H Kq = Mo 1ITFL] (2.13)
_ o MLgIH
M+qHL = MLg+qH Pa = VAL (2.14)
« [MmLgl[HT]9
MM +gHL = Mplq+qHY  *Bgm= WW (2.15)
Example:
[UOF*][HT]
UOST + HF(ag = UOF" +H* K="= oo
2 +HFE9 ’ = A UoE HF@g)
. [(UO2)3(OH) IIHTT°
3UC" +5H0() = (UO2)3(OH)d +5H" "853 = U O§+§’3

Note that an asterisk is only assigned to the formation constant if the protonated lig-
and that is added is deprotonated during the reaction. If a protonated ligand is added
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and coordinated as such to the metal ion, the asterisk is to be omitted, as shown in
Eq. 2.16.

_ [M(HL)q]

M+aHL = MH L fa= g (2.16)

Example:

[UO2(H2POy)5 |

UOZt + 3HPO;, = UO»(HoPOy)5 3=
2 s P [UO2F][H,PC; 13

2.1.6.3 Solubility constants

Conventionally, equilibrium constants involving a solid compound are denoted as “sol-
ubility constants” rather than as formation constants of the solid. An index “s” to the
equilibrium constant indicates that the constant refers to a solubility process, as shown
in Egs. .17 to (2.19.

Malp(® = aM+bL  Kgg=[MPA[L]P (2.17)

Kso0is the conventional solubility product, and the subscript “0” indicates that the equi-
librium reaction involves only uncomplexed aqueous species. If the solubility constant
includes the formation of aqueous complexes, a notation analogous to that 2fE}. (

is used:

m mb mb_
a2 Malp(s) = MmlLq + <? - Q> L Ksg.m= [Mqu][L]( a q) (2.18)

Example:
UOsFe(cn = UOoFT + F~ Ks11=Ks1= [UOoFH][F]

Similarly, an asterisk is added to the solubility constant if it simultaneously involves
a protonation equilibrium:

m mb mb
2 Maln(s) + <? - q) HY = MmLq+ (? - q) HL

MunLqlHLI(F9)
(%)

*Ks,q,m = (2.19)

Example:

U(HPQy)2 - 4H,0(cn) + HY = UHPQLT 4 HoPO; + 4 H0(1)
_ [UHPQ;"][H2PO; ]
B [H+]

Ks11 = "Ks1
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2.1.6.4 Equilibria involving the addition of a gaseous ligand

A special notation is used for constants describing equilibria that involve the addition
of a gaseous ligand, as outlined in Eg.20.

[MLg]

Mlg-1+L@ = Mbg  Kpg ==

(2.20)

The subscript “p” can be combined with any other notations given above.

Example:

_ [CO(aq]
"~ pco,
3UGR" +6COxg) + 6H0() = (UO2)3(COnE™ + 12H'
[(UO)3(COz)g IIHT*2

[UO§+]3 pCG:OZ

CO(g) = COz(ag) Kp

*Bp.6.3 =

UO,COs(cr) + COx(g) + H20(1) = UO(COz)5~ + 2H*
[UO2(CO3)5 [H*7?
Pco,

>ka,s,Z =

In cases where the subscripts become complicated, it is recommendé&d dnat be
used with or without subscripts, but always followed by the equation number of the
equilibrium to which it refers.

2.1.6.5 Redox equilibria

Redox reactions are usually quantified in terms of their electrode (half cell) potential,
E, which is identical to the electromotive force (emf) of a galvanic cell in which the
electrode on the left is the standard hydrogen electrode, SHIE accordance with

the “1953 Stockholm Convention8BMIL/CVI]. Therefore, electrode potentials are
given as reduction potentials relative to the standard hydrogen electrode, which acts
as an electron donor. In the standard hydrogen electroglg) i$ at unit fugacity (an

ideal gas at unit pressure, 0.1 MPa), andiblat unit activity. The sign of the electrode
potential,E, is that of the observed sign of its polarity when coupled with the standard
hydrogen electrode. The standard electrode poteiifali.e. the potential of a stand-

ard galvanic cell relative to the standard hydrogen electrode (all components in their
standard statef. Section2.3.1, and with no liquid junction potential) is related to the
standard Gibbs energy changeGp, and the standard (or thermodynamic) equilibrium
constantK ° as outlined in Eq.4.21).

1 RT
E°=-—AG,,=—InK" 2.21
L= (2.21)

1The definitions of SHE and NHE are given in Sectibi.1
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and the potentialE, is related toE° by
E =E°— (RT/nF) > vilna (2.22)
For example, for the hypothetical galvanic cell:

| Fe(ClOg)2(aq app+ = 1)
HCl(a =1fq, =1
48 =5 =D Eecioga(ag apgr = 1

where 4" denotes a liquid junction and™a phase boundary, the cell reaction is:

Pt |Hx(g, p = 1lbap Pt (2.23)

FET +1Hy (g9 = Fér +HT (2.24)

For convenience Reactior2.@4) can be represented by half cell reactions, each
involving an equal number of “electrons”(designated™g as shown in the following
equations

FEt+e = F&' (2.25)
IHa(® = HT +e (2.26)
The terminology is useful, though it must be emphasized that here does not rep-

resent the hydrated electron.
Equilibrium2.26and Nernst law can be used to introdage:

RT
E = E®°(2.26 + ?In(,/ fH,/ (g +ae-) (2.27)
According to the SHE conventidg°(2.26 = 0, fy, = 1, ay+ = 1, hence
RT
E= —?Inaef (2.28)

This equation is used to calculate a numerical valueggofrom emf measurements
vs. the SHE; hence, as for the value®f(V vs. the SHE), the numerical value af-
depends on the SHE convention. Equilibrium constants may be written for these half
cell reactions in the following way:

. At
K°@225 = — ket 2.29
arer X 8- (2:29)
K°(2.26 = wzl (by definition (2.30)
H2

In addition, A,Gp, (2.26 = 0, AfHp, (2.20 = 0, A, (2.26 = 0 by definition, at all
temperatures, and therefateGy, (2.25 = A(Gp, (2.24. FromAGp, (2.26 and the
values given at 298.15 K in Tabte1 for Hy(g) and H", the corresponding values for

€~ can be calculated to be used in thermodynamic cycles involving half cell reactions.
The following equations describe the change in the redox potential of Rea2ti, (

if pH, anday+ are equal to unitydf. Eq. 2.22):

E(Q224 = E°(2.24 - g In (%) (2.31)
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For the standard hydrogen electrogle = 1 (by the convention expressed in
Eqg. 2.30), while rearrangement of Eq229 for the half-cell containing the iron
perchlorates in cel.23gives:

Clogipae = l0g1oK°(2.25 — logyg <Z:i)
and from Eq. 2.27):
—10gjpae = log;oK°(2.24 — logy, <:E:i) (2.32)
and
—lo - P koo (2.33)
908 = Rrhao < '

which is a specific case of the general equafdi8

The splitting of redox reactions into two half cell reactions by introducing the sym-
bol “e™”, which according to Eg2.27is related to the standard electrode potential, is
arbitrary, but useful (thisenotation does not in any way refer to solvated electrons).
When calculating the equilibrium composition of a chemical system, bath &and
H™ can be chosen as components and they can be treated numerically in a similar way:
equilibrium constants, mass balanet. may be defined for both. However, while
HT represents the hydrated proton in agueous solution, the above equations use only
the activity ofe™, and never the concentration @f. Concentration to activity con-
versions (or activity coefficients) are never needed for the electforAppendixB,
ExampleB.3).

In the literature on geochemical modelling of natural waters, it is cus-
tomary to represent the “electron activity” of an aqueous solution with the
symbol “pe” or “pe” (= —logjpa.-) by analogy with pH £ —logjgay+),
and the redox potential of an aqueous solution relative to the standard hy-
drogen electrode is usually denoted by either “Eh” dEy" (see for example
[81STU/MOR 82DRE 84HOS 86NOR/MUN).

In this review, the symboE*’ is used to denote the so-called “formal potential”
[74PAR. The formal (or “conditional”) potential can be regarded as a standard po-
tential for a particular medium in which the activity coefficients are independent (or
approximately so) of the reactant concentrati@@&HAR/PAR (the definition of E*
parallels that of “concentration quotients” for equilibria). Therefore, from

RT
E=E"— s > vilng (2.34)

E is the potentiaE for a cell when the ratio of theoncentrations (not the activities)
on the right-hand side and the left-hand side of the cell reaction is equal to unity, and

RT
E” =E°— = > vilngyi = —AGm/nF (2.35)

where they; are the molality activity coefficients andis (mi/c;), the ratio of mo-
lality to molarity (cf. Section2.2). The medium must be specified.
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2.1.7 pH

Because of the importance that potentiometric methods have in the determination of
equilibrium constants in aqueous solutions, a short discussion on the definition of “pH”
and a simplified description of the experimental techniques used to measure pH will be
given here.

The acidity of aqueous solutions is often expressed in a logarithmic scale of the
hydrogen ion activity. The definition of pH as

pH = —logjpay+ = —10g;o(Mpy+ yH+)

can only be strictly used in the limiting range of the Debye-Hiickel equation (that is, in
extremely dilute solutions). In practice the use of pH values requires extra assumptions
on the values for single ion activities. In this review values of pH are used to describe
gualitatively ranges of acidity of experimental studies, and the assumptions described
in AppendixB are used to calculate single ion activity coefficients.

The determination of pH is often performed by emf measurements of galvanic cells
involving liquid junctions B9ROS 73BAT]. A common setup is a cell made up of a
reference half-cell€g. Ag(s)/AgCI(s) in a solution of constant chloride concentra-
tion), a salt bridge, the test solution, and a glass electrode (which encloses a solution
of constant acidity and an internal reference half-cell):

test 1ikciag

solution

salt

=]
© bridge

Ag(s) | AgCl(s) AgCl(s) | Ag(s) | Pt(s), (2.36)

KCl(ag)

" a b

where “i" stands for a glass membrane (permeable to hydrogenions). The emf of such
a cell is given by

RT

nF
whereE* is a constant, anf; is the junction potential. The purpose of the salt bridge is
to minimise the junction potential in junctiom™, while keeping constant the junction
potential for junction &’. Two methods are most often used to reduce and control
the value ofEj. An electrolyte solution ohigh concentration (the “salt bridge”) is
a requirement of both methods. In the first method, the salt bridge is a saturated (or
nearly saturated) solution of potassium chloride. A problem with a bridge of high
potassium concentration, is that potassium perchlorate might precipitaséle the
liquid junction when the test solution contains a high concentration of perchlorate ions.

In the other method the salt bridge contains the saigk concentration of the
same inert electrolyte as the test solution (for example, 3 M NaCl®lowever, if
the concentration of the background electrolyte in the salt bridge and test solutions is
reduced, the values d; are dramatically increased. For example, if both the bridge
and the test solution have [CJQ = 0.1 M as background electrolyte, the dependence
of the liquid junction at b” on acidity isEj ~ —440x [H*]mV - dm® - mol~t at 25C
[69ROS p.110], which corresponds to an error att2 of > 0.07 pH units.

E=E* Inay+ + Ej

2KClO4(cr) has a solubility of 0.15 M in pure water at 2.
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Because of the problems in eliminating the liquid junction potentials and in de-
fining individual ionic activity coefficients, an “operational” definition of pH is given
by IUPAC [88MIL/CVI]. This definition involves the measurement of pH differences
between the test solution and standard solutions of known pH and similar ionic strength
(in this way similar values o+ and Ej cancel each other when emf values are sub-
stracted).

2.1.8 Order of formulae

To be consistent with CODATA, the data tables are given in “Standard Order of Ar-
rangement”82WAG/EVA]. This scheme is presented in Figard below which shows

the sequence of the ranks of the elements in this convention. The order follows the
ranks of the elements.

For example, for uranium, this means that, after elemental uranium and its
monoatomic ions€g., U*t), the uranium compounds and complexes with oxygen
would be listed, then those with hydrogen, then those with oxygen and hydrogen, and
so on, with decreasing rank of the element and combinations of the elements. Within a
class, increasing coefficients of the higher rank elements go before increasing coeffi-
cients of the lower rank elements. For example, in the U-O-F class of compounds and
complexes, a typical sequence would be Y@p, UOFR4(cr), UOF4(g), UO2F(ag),
UOFt, UOsFa(ag), UOsFa(cr), UOxFa(g), UOF;, UOsF2~, UsOsFg(cr), etc.
[92GRE/FUG. Formulae with identical stoichiometry are in alphabetical order of
their designators.

2.1.9 Reference codes

The references cited in the review are ordered chronologically and alphabetically by
the first two authors within each year, as described by CODAAAGAR/PAR. A
reference code is made up of the final two digits of the year of appearance (if the
publication is not from the 20 century, the year will be put in full). The year is
followed by the first three letters of the surnames of the first two authors, separated by
a slash.

If there are multiple reference codes, a “2” will be added to the second one, a “3”
to the third one, and so forth. Reference codes are always enclosed in square brackets.

2.2 Units and conversion factors

Thermodynamic data are given according to Byestéme International d’'unitdSl|
units). The unit of energy is the joule. Some basic conversion factors, also for non-
thermodynamic units, are given in Taldlel

Since a large part of the NEA-TDB project deals with the thermodynamics of
aqueous solutions, the units describing the amount of dissolved substance are used very
frequently. For convenience, this review uses “M” as an abbreviation of “afvoi3”
for molarity, ¢, and, in AppendiceB andC, “m” as an abbreviation of “molkg=1”
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Figure 2.1: Standard order of arrangement of the elements and compounds based on
the periodic classification of the elements (from R82\VAG/EVA]).

@030

for molality, m. It is often necessary to convert concentration data from molarity to
molality and vice versa. This conversion is used for the correction and extrapolation
of equilibrium data to zero ionic strength by the specific ion interaction theory which
works in molality units ¢f. AppendixB). This conversion is made in the following way.
Molality is defined asng moles of substance B dissolved in 1000 grams of pure water.
Molarity is defined agg moles of substance B dissolved({00Q — cg M) grams of

pure water, wherg is the density of the solution arid the molar weight of the solute.
From this it follows that

100G
100Q — cgM

Table 2.4: Unit conversion factors

To convert from to multiply by

(non-SI unit symbol) (Sl unit symbol)

angstrom (A) metre (m) 1 x 10~19 (exactly)
standard atmosphere (atm) pascal (Pa) 1.01325x 10° (exactly)
bar (bar) pascal (Pa) 1x10° (exactly)
thermochemical calorie (cal) joule (J) 4.184 (exactly)
entropy unit (e.u2 cal- K=1. mol=1) | J.K=1.mol~1 | 4.184 (exactly)
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Baes and MesmeVBBAE/MES p.439] give a table with conversion factors (from mol-
arity to molality) for nine electrolytes and various ionic strengths. Conversion factors
at 298.15 K for twenty one electrolytes, calculated using the density equations reported
by Séhnel and Novotny85SOH/NQV], are reported in Tabl2.5.

Table 2.5: Factorg for the conversion of molarityg, to molality, mg, of a substance
B, in various media at 298.15 K (calculated from densitieSEOH/NOV).

o = mg/cg (dm? of solution per kg of HO)
c (M) HCIO,4 NaClO;  LiClO4 NH4CIOs  Ba(ClOy), HCI NaCl LiCl
0.10 1.0077 1.0075 1.0074 1.0091 1.0108 1.0048 1.0046 1.0049
0.25 1.0147 1.0145 1.0141 1.0186 1.0231 1.0076 1.0072 1.0078
0.50 1.0266 1.0265 1.0256 1.0351 1.0450 1.0123 1.0118 1.0127
0.75 1.0386 1.0388 1.0374 1.0523 1.0685 1.0172 1.0165 1.0177
1.00 1.0508 1.0515 1.0496 1.0703 1.0936 1.0222 1.0215 1.0228
1.50 1.0759 1.0780 1.0750 1.1086 1.1491 1.0324 1.0319 1.0333
2.00 1.1019 1.1062 1.1019 1.2125 1.0430 1.0429 1.0441
3.00 1.1571 1.1678 1.1605 1.3689 1.0654 1.0668 1.0666
4.00 1.2171 1.2374 1.2264 1.0893 1.0930 1.0904
5.00 1.2826 1.3167 1.1147 1.1218 1.115p
6.00 1.3547 1.4077 1.1418 1.1423
c (M) KCl NH,Cl  MgCly CaCh NaBr HNO;  NaNO; LiNO3
0.10 1.0057 1.0066 1.0049 1.0044 1.0054 1.0056 1.0058 1.0059
0.25 1.0099 1.0123 1.0080 1.0069 1.0090 1.0097 1.0102 1.0103
0.50 1.0172 1.0219 1.0135 1.0119 1.0154 1.0169 1.0177 1.0178
0.75 1.0248 1.0318 1.0195 1.0176 1.0220 1.0242 1.0256 1.0256
1.00 1.0326 1.0420 1.0258 1.0239 1.0287 1.0319 1.0338 1.0335
1.50 1.0489 1.0632 1.0393 1.0382 1.0428 1.0478 1.0510 1.0497
2.00 1.0662 1.0855 1.0540 1.0546 1.0576 1.0647 1.0692 1.0667
3.00 1.1037 1.1339 1.0867 1.0934 1.0893 1.1012 1.1090 1.1028
4.00 1.1453 1.1877 1.1241 1.1406 1.1240 1.1417 1.1534 1.1420
5.00 1.2477 1.1974 1.1619 1.1865 1.2030 1.1846
6.00 1.2033 1.2361 1.2585 1.2309
c(M) | NHsNO3  HpSO;  NapSO;  (NHg)oSOx H3POy NapCO3 K»CO3 NaSCN
0.10 1.0077 1.0064 1.0044 1.0082 1.0074 1.0027 1.0042 1.0069
0.25 1.0151 1.0116 1.0071 1.0166 1.0143 1.0030 1.0068 1.0130
0.50 1.0276 1.0209 1.0127 1.0319 1.0261 1.0043 1.0121 1.0234
0.75 1.0405 1.0305 1.0194 1.0486 1.0383 1.0065 1.0185 1.0342
1.00 1.0539 1.0406 1.0268 1.0665 1.0509 1.0094 1.0259 1.0453
1.50 1.0818 1.0619 1.0441 1.1062 1.0773 1.0170 1.0430 1.0686
2.00 1.1116 1.0848 1.1514 1.1055 1.0268 1.0632 1.0934
3.00 1.1769 1.1355 1.2610 1.1675 1.1130 1.1474
4.00 1.2512 1.1935 1.4037 1.2383 1.1764 1.2083
5.00 1.3365 1.2600 1.3194 1.2560 1.2778
6.00 1.4351 1.3365 1.4131 1.3557
Example:

1.00MNaClQ £ 1.05mNaClQ

1.00 M NaCl 2 1.02mNaCl

4.00MNaClQ £ 4.95mNaClQ

6.00MNaNQ@ £ 7.55mNaNQ
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It should be noted that equilibrium constants need also to be converted if the concentra-
tion scale is changed from molarity to molality or vice versa. For a general equilibrium
reaction, 0= ) g vgB, the equilibrium constants can be expressed either in molarity
or molality units,K¢ or K, respectively:

|Oglo KC = Z VB Ioglo CB
B

logioKm = Z v log;omp
B

With (mg/cg) = o, or (log;gmg — log;gCs) = l0g g0, the relationship betweeld.
andKmy, becomes very simple, as shown in Eg.3().

logioKm = logioKe+ ) velogige (2.37)
B

> g vB is the sum of the stoichiometric coefficients of the react@nkEq. 2.53, and

the values op are the factors for the conversion of molarity to molality as tabulated in
Table2.5for several electrolyte media at 298.15 K. The differences between the val-
ues in Table.5and the values listed in the uranium NEA-TDB revid2GRE/FUG

p.23] are found at the highest concentrations, and are no largeetb@93 dnt/kg,
reflecting the accuracy expected in this type of conversions. The uncertainty intro-
duced by the use of Eq2(37) in the values of logy Km will be then no larger than
+0.001) g vs.

2.3 Standard and reference conditions

2.3.1 Standard state

A precise definition of the term “standard state” has been given by IUBRCAF].

The fact that only changes in thermodynamic parameters, but not their absolute values,
can be determined experimentally, makes it important to have a well-defined standard
state that forms a base line to which the effect of variations can be referred. The IUPAC
[82LAF] definition of the standard state has been adopted in the NEA-TDB project.
The standard state pressupg, = 0.1 MPa (1 bar), has therefore also been adopted,

cf. Section2.3.2 The application of the standard state principle to pure substances
and mixtures is summarised below. It should be noted that the standard state is always
linked to a reference temperatuck, Section2.3.3

e The standard state for a gaseous substance, whether pure or in a gaseous mixture,
is the pure substance at the standard state pressure and in a (hypothetical) state
in which it exhibits ideal gas behaviour.

e The standard state for a pure liquid substance is (ordinarily) the pure liquid at the
standard state pressure.

e The standard state for a pure solid substance is (ordinarily) the pure solid at the
standard state pressure.
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e The standard state for a solute B in a solution is a hypothetical solution, at the
standard state pressure, in whith = m° = 1mol- kg1, and in which the
activity coefficientyg is unity.

It should be emphasised that the useé,@g., in AtHy, , implies that the compound
in question is in the standard state and that the elements are in their reference states.
The reference states of the elements at the reference tempecht&rcfion2.3.3 are
listed in Table2.6.

Table 2.6: Reference states for some elements at the reference temperature of 298.15K
and standard pressure of 0.1 MB2WAG/EVA, 89COX/WAG, 91DIN].

O, gaseous Al crystalline, cubic

H, gaseous Zn  crystalline, hexagonal
He  gaseous Cd  crystalline, hexagonal
Ne gaseous Hg liquid

Ar  gaseous Cu  crystalline, cubic

Kr  gaseous Ag crystalline, cubic

Xe  gaseous Fe  crystalline, cubic, bcc
Fo  gaseous Tc  crystalline, hexagonal
Cl, gaseous \Y, crystalline, cubic

Bry liquid Ti crystalline, hexagonal

I> crystalline, orthorhombic Am crystalline, dhcp

S crystalline, orthorhombic Pu crystalline, monoclinic
Se  crystalline, hexagonal (“black”) Np  crystalline, orthorhombic
Te crystalline, hexagonal U crystalline, orthorhombic
N>  gaseous Th  crystalline, cubic

P crystalline, cubic (“white”) Be crystalline, hexagonal
As  crystalline, rhombohedral (“grey”) Mg crystalline, hexagonal
Sb  crystalline, rhombohedral Ca crystalline, cubic, fcc
Bi crystalline, rhombohedral Sr crystalline, cubic, fcc
C crystalline, hexagonal (graphite) Ba crystalline, cubic

Si crystalline, cubic Li crystalline, cubic

Ge  crystalline, cubic Na  crystalline, cubic

Sn  crystalline, tetragonal (“white”) K crystalline, cubic

Pb  crystalline, cubic Rb  crystalline, cubic

B B, crystalline, rhombohedral Cs  crystalline, cubic

2.3.2 Standard state pressure

The standard state pressure chosen for all selected data is 0.1 MPa (1 bar) as recom-
mended by the International Union of Pure and Applied Chemistry [URFRT AF].
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However, the majority of the thermodynamic data published in the scientific literat-
ure and used for the evaluations in this review, refer to the old standard state pressure
of 1 “standard atmosphere=(0.101325 MPa). The difference between the thermo-
dynamic data for the two standard state pressures is not large and lies in most cases
within the uncertainty limits. It is nevertheless essential to make the corrections for the
change in the standard state pressure in order to avoid inconsistencies and propagation
of errors. In practice the parameters affected by the change between these two standard
state pressures are the Gibbs energy and entropy changes of all processes that involve
gaseous species. Consequently, changes occur also in the Gibbs energies of formation
of species that consist of elements whose reference state is gaseous (H, O, F, CI, N,
and the noble gases). No other thermodynamic quantities are affected significantly. A
large part of the following discussion has been taken from the NBS tables of chemical
thermodynamic propertie82WAG/EVA], see also Freema84FRH.

The following expressions define the effect of pressure on the properties of all

substances:
8H Y
92V
< )T -7 (ﬁ)p &3
0S AV
(5p), = ~ve=-(5), 249
(E) _ v (2.41)
p /7
1 /0V
where v (ﬁ) ; (2.42)

For ideal gasesy = Rl ande = X = 2. The conversion equations listed below
(Egs. .43 to (2.50) apply to the small pressure change from 1 atmto 1 bar (0.1 MPa).
The quantities that refer to the old standard state pressure of 1 atm are assigned the
superscript2™ here, the ones that refer to the new standard state pressure of 1 bar the
superscriptP@.

For all substances the change in the enthalpy of formation and the heat capacity is
much smaller than the experimental accuracy and can be disregarded. This is exactly
true for ideal gases.

AfH®(Ty — ArH@M(T)y = 0 (2.43)
CPM(T) —C@™(T) = 0 (2.44)
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For gaseous substances, the entropy difference is

(bay (atm p@m
gban(my _ g@mTy — Rin e

= RIn1.01325
0.10943 K~1.mol™! (2.45)
This is exactly true for ideal gases, as follows from E40 with « = V- The

entropy change of a reaction or process is thus dependent on the number of moles of
gases involved:

(atm)
Ars(bar) — Ars(atm) = § x RIn p—
p(baD

= §x0.10943 K™t mol™t (2.46)

wheres is the net increase in moles of gas in the process.
Similarly, the change in the Gibbs energy of a process between the two standard
state pressures is

(atm)
AGP A GAM 5 RTIn pT
p( an

= —5x0.03263kI mol™! at29815K. (2.47)

Eq. (2.47) applies also taAfG®P — A¢G@M  since the Gibbs energy of formation
describes the formation process of a compound or complex from the reference states
of the elements involved:

AGP _ AGAM  — 5% 0.03263kJ mol! at29815K  (2.48)

The change in the equilibrium constants and cell potentials with the change in
the standard state pressure follows from the expression for Gibbs energy changes,

Eq. 2.47):
ArG(baO _ A,—G(atm)
- RT In10

(atm)
In (%) I platm
= § X W = X oglo p(bal')

= § x0.005717 (2.49)
A,—G(baD _ ArG(atm)
B nF
(atm)
RTIn (27 )
nkF

0.0003382
§ x ———"V at 29815K (2.50)

log;o K ®2” — logyo K ™

E(ban _ E(atm)

= §X
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It should be noted that the standard potential of the hydrogen electrode is equal to
0.00 V exactly, by definition.

Hf +e = IHa(g) E° £0.00v (2.51)
This definition will not be changed, although a gaseous substangg), lis involved
in the process. The change in the potential with pressure for an electrode potential
conventionally written as

Agt+e = Ag(en

should thus be calculated from the balanced reaction that includes the hydrogen elec-
trode,

Agt + 3Ha@ = Ag(cn+H"
Here§ = —0.5. Hence, the contribution t® from an electron in a half cell reaction

is the same as the contribution of a gas molecule with the stoichiometric coefficient of
0.5. This leads to the same valuesads the combination with the hydrogen half cell.

Example:
Fe(cr) + 2H = Fé#t + Hy(g) s= 1 g®ar _ g@m — 000017V
COx(g) = COx(ag) §=-1 logyo K ® _ Jog;o K @M — _0,0057
NH3(g) + 302(0) = NO(@@) + 3H,0(9) 6= 025 AGP — AGAM = _0,008kJ mol~L
1Cla(9) +20,(9) + & = ClO, §=-3 AG®P _ A;G@M — 0098 kJ- mol—1

2.3.3 Reference temperature

The definitions of standard states given in SecBid@make no reference to fixed tem-
perature. Hence, it is theoretically possible to have an infinite number of standard
states of a substance as the temperature varies. It is, however, convenient to complete
the definition of the standard state in a particular context by choosing a reference tem-
perature. As recommended by IUPAB2L AF], the reference temperature chosen in

the NEA-TDB projectisT = 29815 K ort = 25.00°C. Where necessary for the dis-
cussion, values of experimentally measured temperatures are reported after conversion
to the IPTS-6869COM]. The relation between the absolute temperalu(&, kelvin)

and the Celsius temperatur€°C) is defined byt = (T — To) whereTp = 27315 K.

2.4 Fundamental physical constants

The fundamental physical constants are taken from a recent publication by CODATA
[86CO0. Those relevant to this review are listed in TaBI&
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Table 2.7: Fundamental physical constants. These values have been taken from
CODATA [86COD]. The digits in parentheses are the one-standard-deviation uncer-
tainty in the last digits of the given value.

Quantity Symbol | Value Units
speed of light in vacuum c 299792458 m-s1
permeability of vacuum o 47 x 1077

=12566370614.. | 100/ N-A~2
permittivity of vacuum € 1/poC?

=8854187817.. | 10712¢c2.51. m1
Planck constant h 6.626 075%40) 1034J.s
elementary charge e 1.602 177 3349) 10719¢
Avogadro constant Na 6.022 136736) 10?3 mol—1
Faraday constant, F 96 485309(29) C-mol~1
Na x e
molar gas constant R 8.314 51G70) J.-K~1.mol"t
Boltzmann constant, k 1.38065812) 107233.k 1
R/Na
Non-SI units used with
Sl
electron volt,(e/C) J ev 1.602 177 3349) 107197
atomic mass unit, u 1.660 540210) 10-27kg
lu=m = £m*%0)

2.5 Uncertainty estimates

One of the principal objectives of the NEA-TDB development effort is to provide an
idea of the uncertainties associated with the data selected in the reviews. In general the
uncertainties should define the range within which the corresponding data can be repro-
duced with a probability of 95%. In many cases, a full statistical treatmentis limited or
impossible due to the availability of only one or few data points. Appe@diescribes

in detail the procedures used for the assignment and treatment of uncertainties, as well
as the propagation of errors and the standard rules for rounding.

2.6 The NEA-TDB system

A data base system has been developed at the NEA Data Bank that allows the stor-
age of thermodynamic parameters for individual species as well as for reactions. The
structure of the data base system allows consistent derivation of thermodynamic data
for individual species from reaction data at standard conditions, as well as internal
recalculations of data at standard conditions. If a selected value is changed, all the
dependent values will be recalculated consistently. The maintenance of consistency of
all the selected data, including their uncertaintigfs AppendixC), is ensured by the
software developed for this purpose at the NEA Data Bank. The literature sources of
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the data are also stored in the data base.
The following thermodynamic parameters, valid at the reference temperature of
298.15 K and at the standard pressure of 1 bar, are stored in the data base:

AtGg, the standard molar Gibbs energy of formation frontkJ- mol~1)
the elements in their reference state
AfHg,  the standard molar enthalpy of formation from the elekJ - mol—1)
ments in their reference state
S, the standard molar entropy (J-K~1.mol 1
Cpm the standard molar heat capacity (J-K=1.mol 1

For aqueous neutral species and ions, the valuestGf, , AiHp, , &, andCj,
correspond to the standard partial molar quantities, and for individual aqueous ions they
are relative quantities, defined with respect to the aqueous hydrogen ion, according to
the convention§9COX/WAQ that AtHg,(H',aq T) = 0, and thal§},(H*, aqT) =

0. Furthermore, for aronised solute B containing any number of different cations and
anions:

AHS,(Bi,ag) = Z v, AfH? (cation aq) + Z v_ A¢HZ (anion ag)

S,(Bx.ag = Z v, S, (cation ag) + Z _S;,(anion ag).

+

As the thermodynamic parameters vary as a function of temperature, provision is made
for including the compilation of the coefficients of empirical temperature functions for
these data, as well as the temperature ranges over which they are valid. In many cases
the thermodynamic data measured or calculated at several temperatures were published
for a particular species, rather than the deduced temperature functions. In these cases,
a non-linear regression method is used in this review to obtain the most significant
coefficients of the following empirical function:

F(T) = a+bxT+cxT24+dxT l4exT 24+ fxInT+gxTinT

[
+hxvVT4+—=+4)xT3+kxT3 2.52
Nl (2.52)
Most temperature variations can be described with three or four paranatbrand
e being the ones most frequently used. In the present review,@ily (T), i.e, the
thermal functions of the heat capacities of individual species, are considered and stored
in the data base. They refer to the relation

Com(M = a+bxT+cxT?+dxT 1+exT?

and are listed in Tabléx3and4.3

The pressure dependence of thermodynamic data has not been the subject
of critical analysis in the present compilation. The reader interested in higher
temperatures and pressures, or the pressure dependency of thermodynamic functions
for geochemical applications, is referred to the specialised literature in thiseagea,
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[82HAM, 84MAR/MES 88SHO/HEL, 88TAN/HEL, 89SHO/HEL, 89SHO/HEL2
90MON, 91AND/CAS.

Selected standard thermodynamic data referring to chemical reactions are also
compiled in the data base. A chemical reactiot) fnvolving reactants and products
‘B”, can be abbreviated as

0 = > B (2.53)
B

where the stoichiometric coefficientg, are positive for products, and negative for
reactants. The reaction parameters considered in the NEA-TDB system include:

log;o Ky the equilibrium constant of the reaction, logarithmic
AcGp, the molar Gibbs energy of reaction(kJ - mol—1)
ArHp,  the molar enthalpy of reaction (kJ- mol~1)
ArS;,, the molar entropy of reaction (J-K1.mol
AtCy  the molar heat capacity of reaction(J- K~ - mol™)

The temperature functions of these data, if available, are stored according 2o&). (
The equilibrium constant(?, is related toAG;, according to the following rela-
tion,
AGH,
RT In(10)

and can be calculated from the individual valueae®y, (B) (for example, those given
in Tables3.3and4.3and in tables.1), according to

log,o Ky =

1

log o K° -
G0 % RT In(10)

> vg AtGh(B) (2.54)
B

2.7 Presentation of the selected data

The selected data are presented in Chagtgfand5. Unless otherwise indicated, they
refer to standard conditionef( Sectior2.3) and 298.15 K (2%C) and are provided with
an uncertainty which should correspond to the 95% confidence level (see Ap@ndix

Chapters8 and4 contain tables of selected thermodynamic data for individual com-
pounds and complexes of neptunium and plutonium (Takleand4.1respectively),
tables of selected reaction data (Taldezand4.2) for reactions concerning neptunium
and plutonium species respectively, and tables containing selected thermal functions of
the heat capacities of individual species of neptunium and plutonium (Tal#esd
4.3respectively). The selection of these data is discussed in Haaisd |V .

Chapter5 contains, for auxiliary compounds and complexes that do not contain
neptunium or plutonium, a table of the thermodynamic data for individual species
(Table 5.1) and a table of reaction data (TalB#e?). Most of these values are the
CODATA Key Values [89COX/WAG]. The selection of the remaining auxiliary data
is discussed in Chapter VI of the uranium review [92GRE/FUG].
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All the selected data presented in TatBek 3.2, 4.1, 4.2, 5.1and5.2are internally
consistent. This consistency is maintained by the internal consistency verification and
recalculation software developed at the NEA Data Bank in conjunction with the NEA-
TDB data base systeraf. Section2.6. Therefore, when using the selected data for
either neptunium or plutonium species, the auxiliary data of Chdpteust be used
together with the data in Chapte&dsand4 to ensure internal consistency of the data set.

It is important to note that Table€s2, 4.2 and5.2 include only those species of
which the primary selected data are reaction data. The formation data derived there-
from and listed in Table8.1 and4.1 are obtained using auxiliary data, and their un-
certainties are propagated accordingly. In order to maintain the uncertainties originally
assigned to the selected data in this review, the user is advised to make direct use of the
reaction data presented in TabR& 4.2 and5.2 rather than taking the derived val-
ues in Table8.1, 4.1and5.1to calculate the reaction data with EQ.§4. The latter
approach would imply a twofold propagation of the uncertainties and result in reaction
data whose uncertainties would be considerably larger than those originally assigned.

The thermodynamic data in the selected set refer to a temperature of 298.15 K
(25.00C), but they can be recalculated to other temperatures if the corresponding data
(enthalpies, entropies, heat capacities) are avail@1BJI/RAR. For example, the
temperature dependence of the standard reaction Gibbs energy as a function of the
standard reaction entropy at the reference temperalgre=(29815 K), and of the
heat capacity function is:

T
AGR(T) = ArH&(To)-i-/ ArCB’m(T)dT
To

T AC (T
_T(ArS’n(To)—i-/ e "T’m( )dT>
To

and the temperature dependence of the standard equilibrium constant as a function of
the standard reaction enthalpy and heat capacity is:

3 3 AHS(To) /1 1
1 T 1 T ACS 1 (T)
—— | AC (T)dT P. aT
RTIn(10 Jy, p(DAT+ B0 T

whereR is the gas constantf( Table2.7).

In the case of aqueous species, for which enthalpies of reaction are selected or can
be calculated from the selected enthalpies of formation, but for which there are no se-
lected heat capacities, it is in most cases possible to recalculate equilibrium constants
to temperatures up to 100 to 10 with an additional uncertainty of perhaps about
1 to 2 logarithmic units, due to the disregard of the heat capacity contributions to the
temperature correction. However, it is important to observe that “new” aqueous spe-
cies,i.e., species not present in significant amounts a€2&nd therefore not detected,
may be significant at higher temperatures, see for example the work by Ciavatta, luli-
ano and Portod7CIA/IUL]. Additional high-temperature experiments may therefore
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be needed in order to ascertain that proper chemical models are used in the modelling
of hydrothermal systems. For many species, experimental thermodynamic data are not
available to allow a selection of parameters describing the temperature dependence of
equilibrium constants and Gibbs energies of formation. The user may find information
on various procedures to estimate the temperature dependence of these thermodynamic
parameters ing7PUI/RAR. The thermodynamic data in the selected set refer to in-

finite dilution for soluble species. Extrapolation of an equilibrium conskantsually
measured at high ionic strength, k& at | = 0 using activity coefficienty, is ex-
plained in AppendipB. The corresponding Gibbs energy of dilution is

AdiIGm = Arc"ro]«] — Aer (255)
—RTA[INys (2.56)

Similarly AgjiSw can be calculated from . and its variations witd, while

d
AditHm = RTza—T(Ar Inys)p (2.57)

depends only on the variation gfwith T, which are neglected in this review, when no
data on the temperature dependencg’sfare available. In this case the Gibbs energy
of dilution A Gn, is entirely assigned to entropy difference. This entropy of reaction

is calculated using the Gibbs-Helmholtz equation, the above assumpdjdty, = 0,
andAgj Gm.
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Chapter 3

Selected neptunium data

This chapter presents the chemical thermodynamic data set for neptunium species
which has been selected in this review. Taklkcontains the recommended thermody-
namic data of the neptunium compounds and complexes, Babtae recommended
thermodynamic data of chemical equilibrium reactions by which the neptunium com-
pounds and complexes are formed, and Tab&the temperature coefficients of the
heat capacity data of TabB&1where available.

The species and reactions in TabR4, 3.2 and 3.3 appear in standard order of
arrangementf. Figure2.1). Table3.2contains information only on those reactions for
which primary data selections are made in this review. These selected reaction data are
used, together with data for key neptunium species (for examptéNmd auxiliary
data listed in Tabl&.1, to derive the corresponding formation quantities in Table
The uncertainties associated with values for the key neptunium species and for some
of the auxiliary data are substantial, leading to comparatively large uncertainties in the
formation quantities derived in this manner.

However, then the fact remains that for many reactions uncertainties in quantities
such asA(Gp, are known more accurately than would be calculated directly from the
uncertainties of the\¢Gp,, values for species listed in Tablel and the auxiliary data
in Table5.1 The uncertainties in, for example, the value/gfs;, (NpO,SQO;) incor-
porates not only the uncertainty ik, Gy, for the complexation reaction from which it
is derived,

NpO; +SO;~ = NpOSO;

but also the uncertainties im:Gg,(NpOJ, ag 29815 K) and AfG;’n(SOff,aq,
298.15 K). Thus, back-calculation from the uncertainties of the separate species
overestimates the uncertainty in the Gibbs energy of reaction and the uncertainty
in the corresponding equilibrium constant. The inclusion of a table for reaction
data (Table3.2) in this report allows the use of equilibrium constants with total
uncertainties that are directly based on the experimental accuracies. This is the main
reason for including both the table for reaction data (Teh® and the table of
AtGq, AfHR, &, andCj i, values (Table3.1). In a few cases, correlation of small
uncertainties in values for ligands has been neglected in calculations of uncertainty
values for species in Tabl@.1 from uncertainty values in Tablg.2 However, for
those species the effects are less than 2% of the stated uncertainties.

Furthermore, for some reactions that involve concurrent ligand protonation or de-
protonation (e.g., in certain neptunium-carbonate, -sulphate or -phosphate systems) the
uncertainties in equilibrium constants are less than would have been calculated directly

39
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using the uncertainties in the Gibbs energy values for the specific ligahdté€ in-
troductory paragraphs in Chapt®t This occurs because the Gibbs energy change for
a particular deprotonation equilibriurof( Table5.2) may be known more accurately
than the Gibbs energy of formation of the ligand.

The selected thermal functions of the heat capacities, listed in BaBleefer to
the relation

Com(M = a+bxTH+exT?4+dx T +ex T2 (3.1)

No references are given in these tables since the selected data are generally not dir-
ectly attributable to a specific published source. A detailed discussion of the selection
procedure is presented in PHtt

A warning: The addition of any aqueous species and its data to this internally
consistent data base can result in a modified data set which is no longer rigorous and
can lead to erroneous results. The situation is similar, to a lesser degree, with the
addition of gases and solids.

It should also be noted that the data set presented in this chapter may not be “com-
plete” for all the conceivable systems and conditions. Gaps are pointed out in the
various sections of Palti .
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Table 3.1: Selected thermodynamic data for neptunium compounds and complexes. All
ionic species listed in this table are aqueous species. Unless noted otherwise, all data
refer to the reference temperature of 298.15 K and to the standard gatepressure

of 0.1 MPa and, for agueous species, infinite dilutibr=0). The uncertainties listed
below each value represent total uncertainties and correspond in principle to the stat-
istically defined 95% confidence interval. Values obtained from internal calculation,
cf. footnotes (a) and (b), are rounded at the third digit after the decimal point and may
therefore not be exactly identical to those given in RartSystematically, all the val-

ues are presented with three digits after the decimal point, regardless of the significance
of these digits. The data presented in this table are available on PC diskettes or other
computer media from the OECD Nuclear Energy Agency.

Compound AtGhy AfHS S Co.m
kJ-mol™ly  kI-mol"ly F-K1.mol) @-K1.moll
Np(cr) 0.000 Q000 50460 296200
+0.800 +0.800
B — Np@
y — Np(d)
Np(g) 4211953 4651000 197.719 20824©
+3.009 +3.000 +0.005 +0.020
Np3+ —-512866P  —527184 —193584
+5.669 +2.092 +20.253
Np*+ —491774®  _556022 —426390D
+5.586 +4.185 +12.386
NpOy(am hyd) —957.321®
+7.987
NpOy(cr) —1021731®  —1074000 80300 66200©)
+2514 42500 +0.400 +0.500
NpOJ —907.765®  _978181 —45904 —4.000
+5.628 +4.629 +10.706 425,000
NpO3 ™ —795939 —860733 -92387®
+5.615 +4.662 +10.464
Np2Os(cr) —2031574® 2162700 174000 1286009
+11.227 +9.500 420.000 45.000
NpOHZ*™ —711191®
+5.922
NpOH3+ —727.259D
+7.987
NpO,OH(am aged —1118078®  —1222900 71952@ 86.000
+6.310 45500 428,087 420.000
NpO,OH(am fresh —1114652P  —1222900 60456 86.000
+5.743 45500 +26.682 +20.000
NpO,OH(ag) —1080405P  —1199226@ 25.000
+6.902 +19.176 +60.000

(Continued on next page)
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Table 3.1: (continued)

Compound AtGRy AfHRS Sh Co.m
kd-mol™h)  (kI-mol)y @G- K1.mol) (@ -K1.mol"l)
NpO,OH " —~1003968P
+6.062
NpO(OH)(cr —1239000 —1377.000 128590(@ 120000
+6.400 45.000 +27.252 +20.000
NpO,(OH)5 —1247336P  —1431230@ 40,000
+6.311 +30.476 +100000
NpO3-H,0(cr) —1238997D)
+6.062
Np(OH)4(ag) —1384225P)
+8.482
(NpO,)2(OH)5™ —2030369D
+11.294
(NpO)3(OH)F —3475795P)
+16.893
NpF(g) —111560@ —82.000 251000 338009
+30.038 +30.000 +5.000 +3.000
NpF3+ —824441®  _gggg72 —26362110)
+5.686 +4.684 +14.361
NpF2(9) —585131@  _570000 304000 559000
+50.089 +50.000 +10.000 +5.000
NpF5 ™ ~1144436P
+6.005
NpFs(cn —1460501®  —1529000 124900 942009
+8.325 +8.300 +2.000 +3.000
NpF3(9) —~1104801@ 1112000 330500 722009
+20.222 +20.000 +10.000 45.000
NpF4(cr) —1783797® 1874000 153500 1161009
+16.046 +16.000 +4.000 +4.000
NpF4(9) —1535287@ 1561000 369800 953009
+22202 +22000 +10.000 +5.000
NpFs(cn) —1834430®  —1941000 200000 1328009
+25398 +25.000 +15.000 +8.000
NpFg(cr) —1841872®  _1970000 229090 1674400
+20.002 +20.000 +0.500 +0.400
NpFs(9) —1837525@  _1921660 376643 1290729
4+20.002 +20.000 +0.500 +1.000
NpFs(1)(@
NpOsF(ag) —~1196138P
+5.923
NpO,F+ —1103548D
+5.672
NpO,F;(ag) —14023660
+5.801

(Continued on next page)
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Compound AtGRy AfHRS Sh Co.m
kd-mol™h)  (kI-mol)y @G- K1.mol) (@ -K1.mol"l)
NpOzF2(cn @
NpCI3+ —631553P)
+5.844
NpClz(cr) —829811@ 896800 160400 1018509
+3.237 +3.000 +4.000 +4.000
NpClz(g) —582357@ 589000 362800 785000©)
+10.822 +10.400 +10.000 +5.000
NpCla(cn —895562® 984000 200000 1220009©
+2.998 +1.800 +8.000 +6.000
NpCla(g) —765050®  —787.000 423000 1050009
+5.487 +4.600 +10.000 45.000
NpCla ()@
NpOCh(cr) —960645@  —1030000 143500 950009
+8.141 +8.000 +5.000 +4.000
NpO,CI+ —929440P
+5.699
NpO,ClO4(ad) —32.0009
+25,000
NpBrs(cr, hex) —705521@ 730200 196000 1038009
+3.765 +2.900 +8.000 46.000
NpBry(cr) —737843®  _771200 243000 1280009
+3.495 +1.800 +10.000 +4.000
NpOBry(cr) —906933® 950000 160800 982009
+11.067 +11.000 +4.000 +4.000
Npl3+ —552059D)
+6.036
Npls(cr —512498@ 512400 225000 110000
+3.715 +2.200 +10.000 +8.000
NpO,103(ag) —~1036957P)
+5.934
NpO,I0F —929126P
+5.922
NpSCE* 12748870  _1435522D) —176635P
+5.809 +9.796 +32277
NpO,SOu(ag) —1558666P —1753373D 44,9200
+5.641 +4.706 +10.667
NpO,SO; —16542810 18643210 58.833D
+5.850 +8.569 +26.920
Np(SO)2(ag) —2042873P 2319322 7.964D)
+6.360 +5.871 +18.924
NpO2(SOy)5~ —2310775P 26534130 1217980
+5.705 +4.880 +11.402

(Continued on next page)
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Table 3.1: (continued)

Compound AtGRy AfHRS Sh Co.m
kd-mol™h)  (kI-mol)y @G- K1.mol) (@ -K1.mol"l)
NpN(cn) —270043® 294600 63900 487009
+5.026 +5.000 +1.500 +0.900
NpNO3* —6134130
+5.667
NpO»(NO3)2-6HoO(S) —2428069® 3008241 516306
+5.565 +5.022 +8.000
NpO,HPO4(ag) —1927314D
+7.067
NpOHPO, —2020589P)
+5.870
NpO;H,PO} —1952042P)
+6.491
NpO2(HPOy)3 ™ —3042135P)
+8.598
NpCo g1(cP —76.0243 —71.100 72200 500009
+10028 +10.000 +2.400 +1.000
Np2Cs(cr) —192427 —187.400 135000 110000
+19436 +19.200 +10.000 +8.000
NpO,CO3(ag) —1377040D
+6.617
NpO,CO5(s) —1407156P
+6.233
NpO,COy —1463988D)
+5.652
NpO2(COz)5~ —1946015D)
+7.033
NpO,(COz)3~ —2000861P)
+5.685
Np(COz)3~ —2185949D)
+15451
NpOL(CO3)3~ —2490208P 2928323 —12070
+5.759 +6.254 +17.917
NpO2(CO3)3~ —2522859P 3017120 —135050
+5.733 +6.893 +20.467
NP(CO3)5~ —2812775D
+8.240
Np(COz)g~ —3334567D)
+8.425
(NpO,)3(COz)8~ —5839709P)
+19185
NpO,(CO3),0H*~ —2170417D
+8.785
(NpO2)2CO3(OH)3 —2814914P
+14.665

(Continued on next page)
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Table 3.1: (continued)

Compound AtGRy AfHRS Sh Co.m
kd-mol™h)  (kI-mol)y @G- K1.mol) (@ -K1.mol"l)
(NH4)4NpO2(CO3)3(s) —2850284D
+6.106
Np(SCN3+ —416198D 4866220 —248165D
+7.081 +6.520 +25.449
Np(SCNZ* -329777® 412222 —89.545
+10.166 +12748 +50953
Np(SCNF —241072D 339822 54,7070
+13541 +15573 +66.304
(U02)2NpO,(COz)¢~ —6174307D)
+16.981
Sr3NpOg(cr) —3125800
45.900
BagNpOg(cp) —3085600
49.600
BapyMgNpOg(cr) —3096900
+8.200
BayCaNpQy(ch —3159300
+7.900
BapSrNpQs(ch) —3122500
+7.800
LioNpOy (cr) —1828200
+5.800
o — NapNpOy —1763800
+5.700
B — NapNpOy —1748500
+6.100
B — NayNpOs —2315400
+5.700
NayNp>O7(cr) —2894000
+11.000
NagNpFg(cr) —3521239® 3714000 369000 2722509
+21.305 +21.000 +12.000 +12.000
NaNpQCOs(s, aged —1764157P)
+6.326
NagNpO,(CO3)2(s) —2833333D
+6.839
NaNpO,CO3-3.5H,0(s, fresh  —2591287P)
+5.991
KoNpOg4(cr —1784300
+6.400
KoNp2O7(cr) —2932000
+11.000
K4NpO»(CO3)3(S) —3660395P)
+7.641

(Continued on next page)
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Table 3.1: (continued)

Compound AtGRy AfHRS Sh Co.m
kd-mol™h)  (kI-mol)y @G- K1.mol) (@ -K1.mol"l)
Rby,Np,O7(cr) —2914000
+12.000
CsNpO4(cn) —1788100
+5.700
CspNpClg(cr) —1833039® 1976200 410000
+4.871 +1.900 +15.000
CsNpO,Cly(cr) —2056100
+5.400
CssNpO,Cla(cn) —2449100
+4.800
CspNpBrg(cr) —1620121®  —1682300 469000
+3.616 42.000 +10.000
CsNaNpCk(cn) —2217.200
+3.100

@Value calculated internally with the Gibbs-Helmholtz equatiapGs, = AfHG—T Y Shi-
(dvalue calculated internally from reaction data (see TauB

(©Temperature coefficients of this function are listed in TabR

@a temperature function for the heat capacity is given in T&bg
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Table 3.2: Selected thermodynamic data for reactions involving neptunium compounds
and complexes. All ionic species listed in this table are aqueous species. Unless noted
otherwise, all data refer to the reference temperature of 298.15 K and to the standard
state,i.e.,, a pressure of 0.1 MPa and, for aqueous species, infinite dilutica Q).

The uncertainties listed below each value represent total uncertainties and correspond
in principal to the statistically defined 95% confidence interval. Values obtained from
internal calculationgf. footnote (a), are rounded at the third digit after the decimal
point and may therefore not be exactly identical to those given inlParSystemat-

ically, all the values are presented with three digits after the decimal point, regardless
of the significance of these digits. The data presented in this table are available on PC
diskettes or other computer media from the OECD Nuclear Energy Agency.

Species Reaction
logyg K® ArGh, ArHR, ArSh,
(kJ-mol 1)  (kJ-mol 1) (I-K~1.mol 1)
Np(g) Np(cr) = Np(g)
465100
+3.000
Np3+ 0.50Hy(g) + Np*t = H*+ + Np3+
36950  —21092
+0.169 +0.965
Np*+ 3HY + 0.50H(g) + NpOj = 2H,0(1) + Np*+
—305926
+6.228
NpOz(am hyd) 2H0() + Np** = 4H' + NpOz(am hyd)
—-1.530 8733
+1.000 +5.708
NpO§ 0.50Hy(g) + NpOs™ = HT + NpOJ
—18.857
+2.264
NpO5 ™ NPO2(NO3)2-6Hp0(9) = 6Hp0(1) + 2NO3 + NpO5+
104407
+6.695
NpOHZ+ HoO(l) + Np3t = HT + NpOHZ+
—6.800 38815
+0.300 +1.712
NpOH3+ HoO(l) + Np*t = HT + NpOH3+
—0.290 1655
+1.000 +5.708
NpO,OH(am aged Ho0(l) + NpOf = Ht + NpO,OH(am aged
—4.700 26828
+0.500 +2.854
NpO,OH(am, fresh H>0() + NpOJr = H* + NpO,OH(am fresh
—5.300 30253
+0.200 +1.142

(Continued on next page)
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3. Salected neptunium data

Table 3.2: (continued)

Species Reaction
logig K® ArGR, ArHR ArSH
(kJ-mol™1)  (kI-mol™1) (@ -K~1.mol"1)
NpO,OH(ag) H>O(l) + NpOJr = HT + NpO,OH(ag
—11.300 64501
+0.700 +3.996
NpO,OHT H20() + NpO3 ™ = H* + NpOOH*
—5.100 29111
+0.400 +2.283
NpO2(OH)5 2H,0(1) + NpOJ = 2HT + NpOp(OH);
—23.600 134710
+0.500 +2.854
NpO3-H»O(cr) 2HO(l) + NpO%Jr = 2H* 4 NpO3-H,0(cr)
—5.470 31223
+0.400 +2.283
Np(OH)4(ag) 2H,0(1) + NpOy(am hyd) = Np(OH)4(ag)
—8.300 47377
+0.500 +2.854
(NpO2)2(OH)3™ 2H0() + 2NpGh T = (NpO2)2(OH)3 "™ + 2H*
—6.270 35789
+0.210 +1.199
(NpO2)3(OH)E 5H,0(1) + 3NpG5 ™ = (NpOp)3(OH)E + 5HT
—-17.120 97722
+0.220 +1.256
NpF3+ F+ Np4+ = Np|:37L
8.960 —51144 1500 176569@
+0.140 +0.799 +2.000 +7.224
NpF5 ™ 2F +Np*t = NpF "
15.700 —89.616
+0.300 +1.712
NpO;F(ac) F~ +NpOj = NpOzF(ag)
1.200 —6.850
+0.300 +1.712
NpO,F+ F~ +NpO3" = NpOFt
4570 —26.086
+0.070 +0.400
NpOF2(ag) 2F~ +NpO3" = NpOFa(aq)
7.600 —43381
+0.080 +0.457
NpCR+ CI~ + Np*™ = NpCR+
1.500 —8562
+0.300 +1.712
NpO,CI+ ClI~ + NpO3t = NpoCIt
0.400 —-2.283
+0.170 +0.970

(Continued on next page)
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Species Reaction
logig K® ArGR, ArHR ArSH
(kJ-mol 1)  (kJ-mol 1) (I-K~1.mol 1)
NpI3+ I~ + Np*t = NpI3t
1.500 —8.562
+0.400 +2.283
NpO,103(ad) 103 + NpOJ = NpOI03(ag)
0.500 —2.854
+0.300 +1.712
NpO,103 103 +NpO5™ = NpO,I0F
1.200 —6.850
+0.300 +1.712
NpSCE* HSO, +Np*t = Ht + NpSG;*
4.870 —27.798 7400 118055@
+0.150 +0.856 +8.800 +29.655
NpO,SOy(ag) NpO5" + SOF~ = NpO,S04(ag)
3.280 —18722 16700 118807@
+0.060 +0.342 +0.500 +2.033
NpO,SO; NpOJ + SOF~ = NpO,SO;
0.440 —2512 23200 862379
+0.270 +1.541 +7.200 +24.696
Np(SOy)2(ag) 2HSG, + Np‘“r = 2H" 4+ Np(SOy)2(ag)
7.090 —40.470 10500 170954@
+0.250 +1.427 +3.600 +12.988
NpO2(S0s)5~ NpO3" +2SCG;~ = NpOx(SOy)3"
4700 —26.828 26000 177185@
+0.100 +0.571 +1.200 +4.457
NpNOS* NO3 + Np*+ = NpNO3*
1.900 —10.845
+0.150 +0.856
NpO,HPO,(ag) HPOZ~ +NpO3" = NpO,HPOy(a0)
6.200 —35.390
+0.700 +3.996
NpO,HPO, HPO;~ + NpOJ = NpO;HPO;
2.950 —16.839
+0.100 +0571
NpO,H,PO; HoPO; + NpO3 ™ = NpO,H,PO;
3.320 —18951
+0.500 +2.854
NpO2(HPOy)3 ™ 2HPG,~ +NpO3+ = NpOy(HPOy)3~
9.500 —54.226
+1.000 +5.708
NpO,COs(aq) COS™ +NpO5+ = NpO,CO3(aq)

9.320P 53201
+0.610 4+3.480

(Continued on next page)
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3. Salected neptunium data

Table 3.2: (continued)

Species Reaction
logig K® ArGR, ArHR ArSH
(kJ-mol 1)  (kJ-mol 1) (I-K~1.mol 1)
NpO,CO3(s) CO3~ +NpO5™ = NpO,CO3(s)
14596P 83317
+0.469 +2.678
NpO,COj3 CO2™ +NpOj = NpO,CO5
4.962 —28.323
+0.061 +0.348
NpO2(CO)5™~ 2C05™ + NpO5™ = NpO»(COz)5™
165169 94276
+0.729 +4.162
NpO(C03)3 ™ CO5™ +NpOCO = NpO(COy)5~
1572 —8.973
+0.083 +0.474
Np(CO3)3~ Np(CO)8~ + e~ = 2CCE~ + Np(COz)3™
—-16.261 92818
+2.265 +12.929
NpO,(CO3)3 ™ NpO,(C03)3~ = NpO(COz)§™ + &
—5.7209 32651
+0.095 +0.540
NpO,(COg)3~ 3CC5™ +NpO5™ = NpO(COy)3~
—41.900
+4.100
NpO2(CO)3~ CO5~ +NpOy(CO3)3~ = NpOy(CO3)3~
—1.034 5902
+0.110 +0.628
NpO(C03)3 ™ NpO(CO3)3” + €~ = NpO(COz)3~
—88.800
+2.900
NP(CO3)5~ 4c0§‘ + 2H,0(1) + NpOp(am hyd) = Np(COg);~ + 40H~
—17.790 101546
+0.220 +1.256
Np(CO3)2~ CO%™ + Np(COg);~ = Np(COz)&™
—-1.070 6108
+0.300 +1.712
(NPO2)3(CO3)g™ 3NpOx(COg)3~ = (NpO2)3(CO3)g ™ +3C05™
—8.272D) 47.215
+1.447 +8.260
NpO(COg)20H* NpO(COg)3 ™ +OH™ = CO}~ + NpO,(CO3)20H*
31950 18238
+1.164 +6.644
(NpO2)2CO3(0H)3 THT + 2Np0(COg)3~ = (NPO2)2CO3(OH)3 + 5CO,(g) + 2H20()

491660 280643
+1.586 4+9.053

(Continued on next page)
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Table 3.2: (continued)

Species Reaction
logig K® ArGR, ArHR ArSH
(kJ-mol™1)  (kI-mol™1) (@ -K~1.mol"1)
(NHz)4NpO2(CO3)3(9) 4NH; +NpO2(COz)3~ = (NH4)4NpO(CO3)3(s)
7.443D)  _42485
+0.297 +1.698
Np(SCN3+ Np*t + SCN™ = Np(SCN3+
3.000 —17.124 —7.000 33956@
+0.300 +1.712 +3.000 +11.586
NP(SCN)3 ™ Np* + 2SCN- = Np(SCN3*
4.100 —23403 —9.000 48308
+0.500 +2.854 +9.000 +31.668
Np(SCNJ Np*t 4+ 3SCN™ = Np(SCN§
4.800 —27.399 —13.000 48293@
+0.500 +2.854 +9.000 +31.668
(UO2)2NpO2(CO3)g™ NpO(CO3)3 ™ +2U0x(CO3)3~ = (UO2)2NpO2(CO)g~ +3CCh
—8.985 51288
+2.690 +15.356
NagNpFg(cr) 3NaF(cr) + NpFg(g) = 0.50F(g) + NagNpFg(cn
78760  _44954®  _62678 —59.447
+1.350 +7.705 +6.900 +11.500

NaNpO,COg3(s, aged

NagNpO2(CO3)2(s)

NaNpG,CO3-3.5H,0(s, fresh

K4NpO2(CO3)3(s)

CO%’ + Na* + NpOJ = NaNpQ,CO;(s, aged
116570 66539
+0.501 +2.860
3Na" + NpO(COg)3 ™ = CO5~ + NagNpO(CO3)2(9)
9.200P 52515

+0.648 +£3.697
CO2™ +350H,0(1) + Na* + NpO} = NaNpQ,CO3-3.5H,0(s, fresh
11.156 —63679
+0.352 +£2.009

4K* + NpO(COz)5~ = K4NpO(COg)3(9)
7.033D 40147
+0.876 45.001

@value calculated internally with the Gibbs-Helmholtz equatiapGe, = ArHG — TArSS,
®value of log;o K° calculated internally fronaGg,.
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Table 3.3: Selected temperature coefficients for heat capacities functions for the values
marked with© in Table3.1, according to the form
Com(M=a+bT +cT?4+dT1+eT 2
The functions are valid between the temperatdgs and Tmax (in K). Units for Cg .,
are JK~1.mol1,

Compound a b c/d@ e Tmin  Tmax
B-Np 3.9330010! 553 849
Np(cn —4.05430 825545102 80571410° 298 553
Np(g) 1.7782010" 3352501073  6.6807:10°%©  12880010° 298 800

1.4132010" 15567701072 —1.5954610-5© _39887010° 800 2000
y-Np 3.6401010! 849 912
NpOy(cr) 6.7511010"  2.65990102 —8.1900010° 220 800
Np,Os(cr) 9.92000101  9.86000102 298 750
NpF(g) 359880100 2.303101073 —7.3017010°7(® _25001010° 298 1400
NpF2(9) 674740100 5564801073 —5.951581076(® _11293010° 298 600
NpFs(cr) 1.05200102 812000104 —1.0000010° 298 1735
NpF3(9) 816540100 1.208401073 -2.4278010°7© _86716010° 298 3000
NpF4(cr) 1.22635107  9.6840010~3 —8.3646510° 298 1305
NpF4(9) 1.05840107 8.6140010~% 1574271076 _97564010° 298 1500
NpFs(cr) 1.2600010?  3.0000010~2 —1.9000010° 298 600
NpFg(cn 6.2333010"  3.5254710°1 208 328
NpFs(9) 143242107 2441581072 -1.131151075(® _18174010° 298 1000
NpFg() 150344107 1.1007610°1 328 350
NpOFo(cr) 1.0623810%7  2.8326010 2 —1.0208010° 298 1000
NpClz(cn 8.9600010"  2.75000102 3.6000010° 298 1075
NpClz(g) 7.1989010" 2474121072 -8.4842310°%© _11500010* 298 1000
NpCla(cr) 1.1250010%  3.6000010~2 —-1.1000010° 298 811
NpCla(g) 1.08768107 —2.8658010~3  3.1588310°6(® _28077010° 298 1800
NpCla (1) 1.0800010?  6.0000010~2 811 1000
NpOCh(cr) 9.8800010%  2.20000102 —9.2000010° 298 1000
NpO,ClO4(ag® 356770103 —4.95931 —6.3234410°@ 291 398
NpBrs(cr, hex) 1.0123010?  2.06800102 —3.2000010° 298 975
NpBr4(cr 1.1900010%  3.0000010~2 298 800
NpOBr,(cr) 1.1100010%  1.3700010 2 —1.5000010° 298 800
Npls(cr 1.0400010?  2.0000010~2 298 975
NpN(cr) 476700101  1.3174010°2 —25762010° 298 2000
NpCp.g1(ch 6.1250010" —3527471072  3.6283410°°© _34842010° 298 1000
NagNpFg(cr) 2.7000010%  5.66000102 —1.3000010° 298 800

@ One single column is used for the two coefficientandd, because they never occur together in the thermal
functions presented in this table. The coefficient concerned is indicated in parentheses after each value.
® partial molar heat capacity of solute.



Chapter 4

Selected plutonium data

This chapter presents the chemical thermodynamic data set for plutonium species
which has been selected in this review. Talld contains the recommended
thermodynamic data of the plutonium compounds and complexes, Tablthe
recommended thermodynamic data of chemical equilibrium reactions by which the
plutonium compounds and complexes are formed, and Tal3dhe temperature
coefficients of the heat capacity data of Tablg&where available.

The species and reactions in Table4, 4.2 and4.3 appear in standard order of
arrangementcf. Figure2.1). Table4.2 contains information only on those reactions
for which primary data selections are made in this review. These selected reaction data
are used, together with data for key plutonium species (for examfife) Bnd auxiliary
data listed in Tabl&.1, to derive the corresponding formation quantities in Table
The uncertainties associated with values for the key plutonium species and for some
of the auxiliary data are substantial, leading to comparatively large uncertainties in the
formation quantities derived in this manner.

However, then the fact remains that for many reactions uncertainties in quantities
such asA(Gp, are known more accurately than would be calculated directly from the
uncertainties of the\;Gp, values for species listed in Tablel and the auxiliary data
in Table5.1 The uncertainties in, for example, the valueAgG,,(PuG:SQs(ag) in-
corporates not only the uncertaintyA Gy, for the complexation reaction from which
it is derived,

PUG" +S0;” = PuGSOi(ag

but also the uncertainties MG (PuG™, ag 29815 K) and AfGL(SC;, ag
298.15 K). Thus, back-calculation from the uncertainties of the separate species
overestimates the uncertainty in the Gibbs energy of reaction and the uncertainty
in the corresponding equilibrium constant. The inclusion of a table for reaction
data (Table4.2) in this report allows the use of equilibrium constants with total
uncertainties that are directly based on the experimental accuracies. This is the main
reason for including both the table for reaction data (TdhBeand the table o\ tGy,,

ArHR, S, andCy , values (Tablet.1).

Furthermore, for some reactions that involve concurrent ligand protonation or de-
protonation (e.g., in certain plutonium-carbonate, -sulphate or -phosphate systems) the
uncertainties in equilibrium constants are less than would have been calculated directly
using the uncertainties in the Gibbs energy values for the specific ligahdbé¢ in-
troductory paragraphs in Chapt®t This occurs because the Gibbs energy change for
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a particular deprotonation equilibriurof( Table5.2) may be known more accurately
than the Gibbs energy formation of the ligand.

The selected thermal functions of the heat capacities, listed in TaBleefer to
the relation

Com(T) = a+bxT+cexT?+dxT 1+exT? (4.1)

No references are given in these tables since the selected data are generally not dir-
ectly attributable to a specific published source. A detailed discussion of the selection
procedure is presented in P&rt

A warning: The addition of any aqueous species and its data to this internally
consistent data base can result in a modified data set which is no longer rigorous and
can lead to erroneous results. The situation is similar, to a lesser degree, with the
addition of gases and solids.

It should also be noted that the data set presented in this chapter may not be “com-
plete” for all conceivable systems and conditions. Gaps are pointed out in the various
sections of ParitV .
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Table 4.1: Selected thermodynamic data for plutonium compounds and complexes. All
ionic species listed in this table are aqueous species. Unless noted otherwise, all data
refer to the reference temperature of 298.15 K and to the standard statepressure

of 0.1 MPa and, for agueous species, infinite dilutibr<0). The uncertainties listed
below each value represent total uncertainties and correspond in principal to the stat-
istically defined 95% confidence interval. Values obtained from internal calculation,
cf. footnotes (a) and (b), are rounded at the third digit after the decimal point and may
therefore not be exactly identical to those given in PartSystematically, all the val-

ues are presented with three digits after the decimal point, regardless of the significance
of these digits. The data presented in this table are available on PC diskettes or other
computer media from the OECD Nuclear Energy Agency.

Compound AtGhy AfHS S Co.m
(kJ-mol~1) KkJ-mol™ly  3-K1.mol) @-K1.mol 'l
Pucr) 0.000 Q000 54460 31490(©
+0.800 +0.400
B — PU®
y — PU®
5 —PU®
8 — PU®
e —PU®
Pug) 3124153 349000P) 177.167 20854©
+3.009 +3.000 +0.005 +0.010
Pt —578984 —591790 —184510P
+2.688 +1.964 +6.154
Putt —477.988 —539895 —414535
42705 +3.103 +10.192
PuQ g1(cr, bco —834771® 875500 83000 61200©
+10.113 +10.000 +5.000 45.000
PuQ(cr) —998113@ 1055800 66130 66250©)
+1.031 +1.000 +0.260 +0.260
PuOy(hyd, aged —963654D
+6.324
PuGk -852646"  -910127@ 1.480
+2.868 +8.920 +30.013
PuGs " —762353 —822036 —71246
+2.821 +6.577 +22120
PwO3(cn —1580375@  —1656000 163000 1170009
+10.013 +10.000 +0.600 +0.500
PUOH-* —776739D
+3.187

(Continued on next page)
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4. Selected plutonium data

Table 4.1: (continued)

Compound AtGRy AfHRS Sh Co.m
(kJ- mol—1) *kJ-mol~Yy  3-K1.mo Yy J.-K-1.mol Y
PUOHT —710676®  _789725D —238773@
+4.364 +10.470 +36.889
PuQ,OH(am) —1061246P —1159793@ 97.000 86000
+4.046 +6.036 +15.000 +20.000
PUOOH(ag) > —1034247D
PUQOHT —968099P  —10798660 —126800
+4.013 +16.378 +55.786
PUOH)3(cr) —1200218D
+8.975
PUOy(OH)»(ag)@ —1161287D
+9.015
PUuQy(OH)»-H,0(cr) 14423799 _1632808@ 190000 170000
+6.368 +13522 +40.000 420,000
(PUOy)2(OH)5T @ -1956176D
+8.026
PUrg) —140967®  —112600 251000 335000
+10.113 +10.000 +5.000 +3.000
Pupt —809970P  _866145D —228573P)
+2.850 +3.859 +12753
PUR(g) —626151@  —614300 297000 51500©
+6.704 +6.000 +10.000 45.000
PuRt -1130651"  —1199595P) -104666®
+3.246 +6.026 420.058
PuRs(cr) —1517369®  —1586700 126110 92640©
+3.709 +3.700 +0.360 +0.280
PuF3(g) —1161081® 1167800 336110 72240©
+4.758 +3.700 +10.000 45.000
PuR(cn —1756741@  _185Q0000 147250 116190
+20.002 +20.000 +0.370 +0.290
PuR(9) —1517874®  _1548000 359000 924009
+22.202 +22000 +10.000 45.000
PuRg(cr —1729856@  —1861350 221800 1681009
+20.174 +20.170 +1.100 +2.000
PURs(g) —1725064®  _1812700 368900 1293209
+20.104 +20.100 +1.000 +1.000
PUORcr) —1091571®@  -114Q000 96000 694009
+20.222 +20.000 +10.000 +10.000
PUOFT —1069905D
+3.121
PUOFo(ag) —1366783P
+4.059
Puckt —717.051®
+2.923

(Continued on next page)
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Table 4.1: (continued)

Compound AtGRy AfHRS Sh Co.m
(kJ- mol—1) *kJ-mol~Yy  3-K1.mo Yy J.-K-1.mol Y
Pucph+ —619480D
+3.204
PuCk(cn —891806@  —959600 161700 1012009
+2.024 +1.800 +3.000 +4.000
PuCk(g) —641299®  _647.400 368620 784700©
+3.598 +2.000 +10.000 +5.000
PuCly(cr) —879368@ 968700 201000 121400
+5.826 45.000 +10.000 +4.000
PuCl(g) —764683®  _792000 409000 1034009
+10.438 +10.000 4+10.000 +5.000
PuOCIcr) —882409® 931000 105600 71600©
+1.936 +1.700 +3.000 +4.000
PUOCIT —897.5660
+2.919
PUOCl(ag) —~1021363P
+3.052
PuChk-6H,0(cr) —2365347@ 2773400 420000
+2.586 +2.100 +5.000
PuBRt —590971®
+3.206
PuBr(cn —767.324® 792600 198000 1018009
+2.697 +2.000 +6.000 46.000
PuBr(Q) —529808@  —488000 423000 816009
+15.655 +15.000 +15.000 +10.000
PuOBI(cr) —838354@ 870000 127000 73000©)
+8.541 +8.000 4+10.000 +8.000
Pult —6369870
+3.529
Pulz(cn —579000%  —579200 228000 1100009
+4.551 +2.800 +12.000 +8.000
Pulz(g) —366517® 305000 435000 820000
+15.655 +15.000 +15.000 +5.000
PuOKcr) —776626@  —802000 130000 756009
+20.495 +20.000 +15.000 +10.000
PuSqQ -1345315P 1483890 -33301®
+4.599 +2.976 +15.108
PusG* ~1261329D
+3.270
PUGSO4(ag) —1525650P  —1715276D 659631
+3.072 +6.616 +22543
PUSOy)2(ag) 20296010
+4.225
PUSQOy), —2099545P 2398590 1.520D
+5.766 +16.244 +56.262

(Continued on next page)
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Table 4.1: (continued)

Compound AtGRy AfHRS Sh Co.m
(kJ- mol—1) *kJ-mol~Yy  3-K1.mo Yy J.-K-1.mol Y
PUQy(SOy)5~ —2275477® 25977160 194214D
+3.156 +11176 +37.627
PuN(en) —273719® 299200 64800 49600
+2.551 +2.500 +1.500 +1.000
PUNGS ~599913D
+2.868
PUQy(NO3),-6H,0(cr) —2393300
+3.200
PuRcH —313757@ 318000 81320 50200
+21.078 +21.000 +6.000 +4.000
PuPQ(s, hyd) —1744893D
+5.528
PuHsPC} T ~1641055»
+3.569
PWHPOy)2(am hyd) —2843768D
+5.061
PuAgch —241413® 240000 94300 51600
+20111 4+20.000 +7.000 +4.000
PuSHcr) —152063®  —150000 106900 52800
+20.126 4+20.000 +7.500 +3.500
PuBi(cr) —119624®  _117.000 120000
+20.223 +20.000 +10.000
PuBp(cr) —124527®  _126000 163000
+22.399 +22.000 +14.000
PUGy ga(cn —49.827@ —45200 74800 47100©
+8.028 +8.000 +2.100 +1.000
PuCo(cn) —123477®  _113000 210000 136800©
+30.046 4+30.000 45.000 +2.500
PwCz(ch —156514@ 149400 150000 1140009
+16.729 +16.700 +2.900 +0.400
PUO,CO3(ag) —13564660
+17.359
PUOCO3(s) —1371307®
+3.323
PUG,CO; —1409771®
+3.002
PUO,(CO3)3~ —~1900920P  —2199496D 15,7960
+15.127 +7.714 +56.134
PUGy(COg)3~ —2447085P 28863261 —11847D
+5.977 +6.915 +28986
PUO(CO3)3~ 24650310 2954927 —116406P
+6.096 +12344 +45.084
(PUG»)3(COg)2~ " —5740431®
+16.755

(Continued on next page)
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Table 4.1: (continued)

Compound AtGRy AfHRS Sh Co.m
(kJ- mol—1) *kJ-mol~Yy  3-K1.mo Yy J.-K-1.mol Y
PUSCN-+ —493704®  _515390D —15.354@
+5.333 +5.988 +25.229
(U0)2PuG(COg)g~ —61356660P
+10.496
SrsPuQs(cn —3042100
+7.900
BaPuQ(cr) —1654200
+8.300
BagPuQs(cr) —2997.000
+10.000
BayMgPuQ;(cr) —2995800
+8.800
BapCaPuQ(cr) —3067.500
+8.900
BapSrPug(cr) —3023300
+9.000
CsPuCk(cn —1838243@ 1982000 412000
+6.717 +5.000 +15.000
Cs3PuCk(cr —2208045P  _2364415D 454925 2586000
+9.491 +9.040 +10.959 +10.000
CsPyCly(cr —2235119P  _2399380@ 424,000 254900©
+5.284 +5.734 +7.281 +10.000
CsPuBr(cn —1634326@ 1697400 470000
+6.150 +4.200 +15.000
CspNaPuCk(cr) —2143496@  —2294200 440000
+5.184 +2.600 +15.000

(@value calculated internally with the Gibbs-Helmholtz equationGn, = AtHR—T 35 S5 ;-
(dvalue calculated internally from reaction data (see Tkl

(©Temperature coefficients of this function are listed in TabR

<d>Uncertainty is not symmetrical, see the discussion of plutonium data selectiod\(Part
(® A temperature function for the heat capacity is given in Tabge

(HReaction data are selected for this specidsat3 M (NaClOy) (cf. Section21.1.2.1.1.3
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Table 4.2: Selected thermodynamic data for reactions involving plutonium compounds
and complexes. All ionic species listed in this table are agueous species. Unless noted
otherwise, all data refer to the reference temperature of 298.15 K and to the standard
state,i.e.,, a pressure of 0.1 MPa and, for aqueous species, infinite dilutica Q).

The uncertainties listed below each value represent total uncertainties and correspond
in principal to the statistically defined 95% confidence interval. Values obtained from
internal calculationgf. footnote (a), are rounded at the third digit after the decimal
point and may therefore not be exactly identical to those given inlRarBystemat-

ically, all the values are presented with three digits after the decimal point, regardless
of the significance of these digits. The data presented in this table are available on PC
diskettes or other computer media from the OECD Nuclear Energy Agency.

Species Reaction
log g K® ArGH, ArHR, ArSh
(kJ-mol 1y (kJ-mol™1) (I-K~1.mol 1)
Pu(g) Pu(crn = Pu(g)
349000
+3.000
Pt PUCk-6Hy0(cr) = 3CI~ 4 6Hy0(l) + Pt
—15.010
+3.533
putt HT + Pt = 0.50H,(g) + PUM
—164685
+8.124
PuGy(hyd, aged 40H~ 4+ P = 2H,0(1) 4+ PuOy(hyd, aged
58.000 —331066
+1.000 45708
PuGy 0.50H(g) + PuGt = H* + PuG}
158199  _90293 —-88.091 7386@
+0.090 +0.515 +6.026 +20.285
PUOHT Ho0(l) + P+ = HT + PuOH
—6.900 39385
+0.300 +1.712
PUOHT Ho0(l) + PUH = HT + PuOH+
—0.780 4452 36000 105812@
+0.600 +3.425 +10.000 +35.453
PuG,OH(am) Ho0O() + Puq =Ht+ PuG,OH(am)
—5.000 28540
+0.500 +2.854
PuQ,OH(ag) Hp0() + PugQ) = H* 4+ PuQ,0H(ag)
< -9.730 > 55539
PUOQ,OH+ Ha0() + PuG™ = Ht + PuQOH*
—5.500 31394 28000 —11384@
+0.500 +2.854 +15.000 +51.213

(Continued on next page)
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Species Reaction
IOglO K° ATG?n ArHﬁ'] Ars(r)n
(kJ-mol 1y (kJ-mol™) (I-K~1.mol 1)
PUOH)3(cr) 3H,0() + Pt = 3H' 4+ PUOH)3(cn
—15.800 90187
+1.500 +8.562
PUO(OH)»(ag) 2H,0() + PuG™ = 2H* + PuGy(OH),(ag)
—~13.200 75346
+1.5000 +8.56X9
PUQy(OH)2-Ho0(cr)  3Hp0() + PuGEt = 2H* + PuGy(OH)2-Ho0(cn)
—5.500 31394
+1.000 45708
(PUOy)2(OH)5" 2H,0() + 2PuG ™ = (PUOy)2(OH)5 ™ + 2HT
—7.500 42810
+1.0009 +5.708©)
PuPt F~ +PUt = pupt
8.840 —50.459 9100 199762@
4+0.100 +0571 4+2.200 +7.623
PuRt 2F + Pt = PuBt
15.700 —89.616 11000 337469
+0.200 +1.142 +5.000 +17.202
PUGF+ F~ +Pugt = PugFt
4,560 —26.029
4+0.200 +1.142
PUOF5(ag) 2F +PuG" = PuF(ag
7.250 —41383
+0.450 4+2.569
Puck+ CI~ + Pt = Puck+
1.200 —6.850
4+0.200 +1.142
PucP+ CI~ + Pu = pucp+
1.800 —10.274
4+0.300 +1.712
PuCl(g) 0.50Ch(g) + PuCk(cr = PuCl(g)
167.600
+1.000
PUO,CI+ ClI~ + PuG* = PuQ,CI*
0.700 —3.996
+0.130 +0.742
PUO,Cly(ag) 2CI~ + PuG " = PuQ,Cly(ag)
—0.600 3425
+0.200 +1.142
PuBPt Br~ + Pu*t = puBPt
1.600 -9.133
+0.300 +1.712

(Continued on next page)
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Table 4.2: (continued)

Species Reaction
IOglO K° ATG?n ArHﬁ'] Ars(r)n
(kJ-mol 1y (kJ-mol™) (I-K~1.mol 1)
Pul+ I~ + PBt = Pult
1.100 —6.279
+0.400 +2.283
Pusq HSO, + Pt = HT + Pusq
1.930 —11.017 —5.200 19509®
+0.610 +3.482 +2.000 +13.468
PusGt HSO, +Put = H* + PusG™
4.910 —28026
+0.220 +1.256
PUO,SO4(ag) PUG" + SOF~ = PuG;SOs(ag)
3.380 ~19293 16100 118709@
+0.200 +1.142 +0.600 +4.326
PUSOy),(ag) 2HSQ, + PuM = 2H + PuSOy)2(ag)
7.180 —40984
+0.320 +1.827
PUSOy), 2HSQ, + PPt = 2H" + PuSOy),
1.740 —9.932 —33.000 —77.3709
+0.760 +4.338 +16.000 455,602
PUOy(SOy)5~ PUG" +2SCF~ = PuOy(SOp)3~
4.400 25115 43000 228460
+0.200 +1.142 49.000 +30.428
PUNGS™ NOj +PuH = PUNGS*
1.950 —~11131
+0.150 +0.856
PuPQy(s, hyd) PO}~ +PW = PuPQ(s. hyd)
24,600 —140418
+0.800 +4.566
PuHzPC H3POy(ag) + PuHt = PurgPO}"
2.400 —13699
+0.300 +1.712
PUHPQOy)2(am hyd) 2HPO§‘ +PUt = PUHPOy)2(am hyd)
30450 —173810
+0.510 +2.911
PUGCO3(ag) CO5™ +PuG’ = PuO,COz(aq)
11.600 —66.213
+3.000 +17.124
PuG,CO3(s) CO%™ +PuGt = PUOCO3(9)
14,200 —81.054
+0.300 +1.712
PUGCO; CO3™ + PuQj = PuQ,COy
5.120 29225
+0.140 +0.799

(Continued on next page)
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Species Reaction
IOglO K° ATG?n ArHﬁ'] Ars(r)n
(kJ-mol 1y (kJ-mol™) (I-K~1.mol 1)
PUQy(COg)5~ 2CO5~ +PuG™ = PuGy(CO3)5
14500 —82767 —27.000 187042
+2.600 +14.841 +4.000 1451553
PUO,(COg)3~ 3COL™ + PuGyt = PuGy(COg)3~
17.700 —101032 —38.600 209399@
+0.900 +5.137 +2.000 +18490
PUO(COg)3~ 3CQ™ + PuG) = PuGy(COg)3~
5025P 28685 —19110 321159
+0.920 +5.250 +8.500 +33509
PUCOg)8~ CO5™ +PUCOg);~ = PUCOz)E™
—1.360 7763
+0.090 +0.514
(PUG3(CO3)2" @ 6COE™ +3PuGT = (PuQy3(COp)S~
50.100 —285973
+2.500 +14.270
PUSCN+ PUt + SCN™ = PuSCN™
1.300 —7.420 Q000 24888@
+0.400 +2.283 +4.000 +15.448
(UO2)2PUOx(COz)g~  PuOy(COg)3~ +2U02(COg)3~ = (UO2)2PuGy(CO3)g™ +3CC5™
—8.200 46806
+1.300 +7.420
Cs3PuCk(cr) CsClcr) + 0.20CsPyCl7(cr) = 0.40CgPuCk(cr)
39220 _22387®@  _23580 —4.000
+0.638 +3.640 +3.426 +4.130
CsPyClz(cr) CsClcr) + 2PuCk(cr) = CsPyCly(cr)
6.605P  —37.700®  —37.870 —0.570
+0.594 +3.390 +3.160 +4.120

@ value calculated internally with the Gibbs-Helmholtz equatiapGe, = ArHG — TArSS,
®value of logo K° calculated internally fronaGg,.
(©Uncertainty is not symmetrical, see the discussion of plutonium data selection\(Part

@As discussed in Sectiof1.1.2.1.1.d the value for(Puoz)s(cog,)g* is valid only for

| =3 M (NaClOy).
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Table 4.3: Selected temperature coefficients for heat capacities functions for the values

4. Selected plutonium data

marked with© in Table4.1, according to the form
Com(M =a+bT +cT2+dT t+eT2
The functions are valid between the temperatdgs and Tmax (in K). Units for Cg .,

are JK~1.mol-1.

Compound a b c/d@ e Tmin  Tmax
Pu(cr) 1.81258100  4.48200102 298 398
B-Pu 274160101  1.30600102 398 488
y-Pu 220233101  2.29590102 488 593
§-Pu 284781101  1.0807010 2 593 736
§'-Pu 35560010t 736 756
&-Pu 33720010! 756 913
PUg) 205200100 —9.39140103  25754710°© 75120010 298 500

459200100 331521102 -—5.6446610"%5©  7.0159010° 500 1100

—9.5880010° 4.6088510°2 —8.6324810°6(©  50144610° 1100 2000
PuO; g1(cr, beo) 6.5910010!  1.38500102 —8.7570010° 298 2300
PuOy(cr) 84495010 1.0639010~2 —6.1136010~7© _1.9005610° 298 2500
PwO3(cn 1.6946610% —7.9980010 2 —25459010° 298 350

1.2295310°  2.8548010 2 —15012010° 350 2358
Purg) 366410101 9.2060010~4 —1.4443010"7(® _3.0254010° 298 3000
PuR(9) 57310010  7.27000104 —1.4721010~7©© —53896010° 298 3000
PuRs(cn 1.0407810%  7.0700010~4 —1.0355010° 298 1700
PuRz(9) 7.92670100 560920103 —2.2023910°%(© _75504010° 298 1300
PuFz(g) 1.05112107 2.84120103 —6.8873010°7© —1.1968310° 298 2400
PuRg(cr) 723480100  3.2129610°1 298 325
PuFs(9) 143988107 2.321091072 -1.076411075(© _18342710° 298 1000
PUuOFRcr) 7.20000101  1.6000010~2 —3.3000010°6(© _6.2000010° 298 1500
PuCk(cn 9.1350010!  2.40000102 2.4000010° 298 1041
PuCk(g) 771030100  1.299711072 —4.3125110°%(© _18873010° 298 1100
PuCly(g) 110428107 4.0818010~3 —-9.7616010°7© —7.2343010° 298 3000
PuOCIcr) 730300101  1.71000102 —5.8300010° 298 1100
PuBr(cr) 1.0450010°  1.50000102 —6.3800010° 298 935
PuBr(g) 83135010  3.9000010°6 —1.3832010° 298 1500
PuOBI(cr) 7.37000101  1.70000102 —5.1500010° 298 1100
Pulg(cn) 1.0400010°  2.00000102 298 930
Pul(9) 8.3150010'  1.4000010°6 —1.0000010° 298 1500
PuOI(cr) 6.7000010! 357000102 —1.2000010-°(© _9.0000010* 298 1000
PuGy ga(cn 715910100 —5.950421072  4.9434610°5(© _-99320010° 298 1875
PuCo(cn) 1.2067010%  4.6860010 2 1.9456010° 298 850
PwCs(cn 156000107 —7.9872610~2  7.04170107>© _21757010° 298 2285
Cs3PuCk(cr 256600107  3.4600010 2 —7.4000010° 298 900
CsPyCl7(cr 237800102 5.15000102 15500010° 298 900

@ One single column is used for the two coefficientandd, because they never occur together in the thermal
functions presented in this table. The coefficient concerned is indicated in parentheses after each value.



Chapter 5

Selected auxiliary data

This chapter presents the chemical thermodynamic data for auxiliary compounds and
complexes which are used within the NEAs TDB project. Most of these auxiliary
species are used in the evaluation of the recommended neptunium and plutonium data
in Tables3.1, 3.2 4.1and4.2 It is therefore essential to always use these auxiliary
data in conjunction with the selected data for neptunium and plutonium. The use of
other auxiliary data can lead to inconsistencies and erroneous results.

The values in the tables of this chapter are either CODATA Key Values, taken
from [89COX/WAQ, or were evaluated within the NEA's TDB project, as described
in Chapter VI of the uranium revievdRPGRE/FUG.

Table 5.1 contains the selected thermodynamic data of the auxiliary species and
Table 5.2 the selected thermodynamic data of chemical reactions involving auxiliary
species. The reason for listing both reaction data and entropies, enthalpies and Gibbs
energies of formation is, as described in Chap3and4, that uncertainties in reaction
data are often smaller than the derivg , AfH5, and A¢G;, , due to uncertainty
accumulation during the calculations.

All data in Tabless.1and5.2refer to a temperature of 298.15 K, the standard state
pressure of 0.1 MPa and, for aqueous species and reactions, to the infinite dilution
reference state (= 0).

The uncertainties listed below each reaction value in Tal#are total uncertain-
ites, and correspond mainly to the statistically defined 95% confidence interval. The
uncertainties listed below each value in Tabl&have the following significance:

o for CODATA values from 89COX/WAQG, the &+ terms have the meaning: “it
is probable, but not at all certain, that the true values of the thermodynamic
guantities differ from the recommended values given in this report by no more
than twice thet terms attached to the recommended values”.

o for values from P2GRE/FUG, the + terms are derived from total uncertainties
in the corresponding equilibrium constant of reactioh {able5.2), and from
the+ terms listed for the necessary CODATA key values.

CODATA [89COX/WAQ values are available for C{g), HCQ;, CO§*, H2PO,
and HPCi*. From the values given faktHp, andS;, the values ofA¢Gy, and, con-
sequently, all the relevant equilibrium constants and enthalpy changes can be calcu-
lated. The propagation of errors during this procedure, however, leads to uncertainties
in the resulting equilibrium constants that are significantly higher than those obtained
from experimental determination of the constants. Therefore, reaction data $g)cO
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HCO;, C@‘ and HPQ,, which were absent form the corresponding Tah2in
[92GRE/FUG, are included in this volume to provide the user of selected data for spe-
cies of neptunium and plutoniurf( Chapters8 and4) with the data needed to obtain
the lowest possible uncertainties on reaction properties.

Note that the values in Tabl&sland5.2may contain more digits than those listed
in either BOCOX/WAQ or in Chapter VI of P2GRE/FUG, because the data in the
present chapter are retrieved directly from the computerized data base and rounded to
three digits after the decimal point throughout.

Table 5.1: Selected thermodynamic data for auxiliary compounds and complexes,
including the CODATA Key Values [89COX/WAG] of species not containing ura-
nium, as well as other data that were evaluated in Chapter VI of the uranium review
[92GRE/FUG]. All ionic species listed in this table are aqueous species. Unless noted
otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous spe-
cies, a reference state or standard state of infinite dilutiog 0). The uncertainties

listed below each value represent total uncertainties and correspond in principle to the
statistically defined 95% confidence interval. Valuedbald typeface are CODATA

Key Values and are taken directly from Ref. [B9COX/WAG] without further evaluation.
Values obtained from internal calculaticei, footnotes (a) and (b), are rounded at the
third digit after the decimal point and may therefore not be exactly identical to those
given in Chapter VI of Ref. [92GRE/FUG]. Systematically, all the values are presented
with three digits after the decimal point, regardless of the significance of these digits.
The data presented in this table are available on PC diskettes or other computer media
from the OECD Nuclear Energy Agency.

Compound AtGhy AfHR S Com
kJ-mol=Yy  (kI-momly  J-Kl.mol) J.-K1.mol}
0(g) 231743@ 249180 161059 21912
4+0.100 4+0.100 +0.003 +0.001
02(9) 0.000 Q000 205152 29378
+0.005 +0.003
H(g) 203276@ 217.998 114717 20786
+0.006 +0.006 +0.002 +0.001
Ht 0.000 Q000 Q000 Q000
H2(9) 0.000 Q000 130680 28836
+0.003 +0.002
OH~ —157.220®  _230015 —10.900
+0.072 +0.040 +0.200
H,0(0) —228582® 241826 188835 33609
+0.040 +0.040 +0.010 +0.030
H,0(l) —237140® 285830 69950 75351
+0.041 +0.040 +0.030 +0.080
H,05(ag) —191170©
+0.100

(Continued on next page)
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Table 5.1: (continued)

Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
He(g) 0.000 Q000 126153 20786
+0.002 +0.001
Ne(g) 0.000 Q000 146328 20786
+0.003 +0.001
Ar(g) 0.000 Q000 154846 20786
+0.003 +0.001
Kr(g) 0.000 Q000 164085 20786
+0.003 4+0.001
Xe(g) 0.000 Q000 169685 20786
+0.003 +0.001
F(g) 62.280@ 79.380 158751 22746
+0.300 +0.300 +0.004 +0.002
F —281523®  _335350 —13.800
+0.692 +0.650 +0.800
F2(9) 0.000 Q000 202791 31304
+0.005 +0.002
HF(ag) —299675P  —323150D 88.000@
+0.702 +0.716 +3.362
HF(g) —275400®  —273300 173779 29137
+0.700 +0.700 +0.003 +0.002
HF, -583709 6555001 926833
+1.200 +2.221 +8.469
Cl(g) 105.305@ 121301 165190 21838
+0.008 +0.008 +0.004 +0.001
cl- —131217®  _167.080 56600
+0.117 +0.100 +0.200
Cla(g) 0.000 Q000 223081 33949
+0.010 +0.002
cile —37.6690
+0.962
clo, 10250
+4.044
Clog —7.903®  —104000 162300
+1.342 +1.000 +3.000
clo, —7.890@  —128100 184000
+0.600 +0.400 +1.500
HCI(g) —95298®  _92310 186902 29136
+0.100 +0.100 +0.005 +0.002
HClO(ag) —80.023D
+0.613
HCIO,(ag) —0.938D
+4.043
Br(g) 82.379@ 111870 175018 20786
+0.128 +0.120 +0.004 +0.001
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Table 5.1: (continued)

Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
Br- —103850®  —121410 82550
+0.167 +0.150 +0.200
Bry(ag) 4.900
+1.000
Bro(Q) 3.105@ 30910 245468 36057
+0.142 +0.110 +0.005 +0.002
Bry() 0.000 Q000 152210
+0.300
Bro— —32095D
+1.537
Brog 19070®  —66.700 161500
+0.634 +0.500 +1.300
HBr(g) —53361@  _36.290 198700 29141
+0.166 +0.160 +0.004 +0.003
HBrO(ag) —81.356
+1.527
1(9) 70.172@ 106.760 180787 20786
+0.060 +0.040 +0.004 +0.001
- —517243  _56780 106450
+0.112 +0.050 +0.300
Io(cn 0.000 Q000 116140
+0.300
12(9) 19.323@ 62.420 260687 36888
+0.120 4+0.080 +0.005 +0.002
103 —126338@  _219700 118000
+0.779 +0.500 +2.000
HI(g) 1.700@ 26.500 206590 29157
+0.110 +0.100 +0.004 +0.003
HIO3(ag) —130836D
+0.797
S(en@ 0.000 Q000 32054 22750
+0.050 +0.050
S(9) 2366899 277170 167829 23674
+0.151 +0.150 +0.006 +0.001
%= 1206959
+11610
$(9) 79.686@ 128600 228167 32505
+0.301 +0.300 +0.010 +0.010
SO(9) —300095® 296810 248223 39842
+0.201 +0.200 +0.050 +0.020
Slo’e —487472D
+4.020
$,05” —519291®
+11.345
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Table 5.1: (continued)

Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
SO~ —744004®  —909340 18500
+0.418 +0.400 +0.400
HS™ 12243®  _16.300 67000
+2.115 +1.500 +5.000
H,S(a0) —27.648® 38600 126000
+2.115 +1.500 +5.000
HoS(g) —33443®  _20.600 205810 34248
+0.500 +0.500 +0.050 +0.010
HSOy ~5286840
+4.046
HS,05 -528366"
+11.377
H,S03(a0) -539187D
+4.072
HSO, —755315® 886900 131700
+1.342 +1.000 +3.000
Secr) 0.000 Q000 42270 25030
+0.050 +0.050
SeQy(cn —225100
+2.100
SeG~ ~3615970)
+1.473
HSeQy —4095440
+1.358
HoSeQy(ag) —425527D)
+0.736
Te(cn) 0.000 Q000 49221 25550
+0.050 +0.100
N(g) 455537 472680 153301 20786
+0.400 +0.400 +0.003 +0.001
N2(9) 0.000 Q000 191609 29124
+0.004 +0.001
N3 348200 275140 107710@
+2.000 +1.000 +7.500
NOz —110794®  _206850 146700
+0.417 +0.400 +0.400
HN3(ag) 3213720 2601400 1473810
+2.051 +10.050 +34.403
NH3(ag) —266730  _g1170D 1090400
+0.305 +0.326 +0.913
NH3(g) —16.407®  _45940 192770 35630
+0.350 +0.350 +0.050 +0.005
NH, —79398@  —133260 111170
+0.278 +0.250 +0.400
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Table 5.1: (continued)

Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
P(am)(© —7.500
+2.000
P(cn(® 0.000 Q000 41090 23824
+0.250 4+0.200
P(g) 280,093®@ 316500 163199 20786
+1.003 +1.000 +0.003 +0.001
P (q) 1034693 144,000 218123 32032
+2.006 +2.000 +0.004 +0.002
P4(9) 244199 58.900 280010 67081
+0.448 +0.300 +0.500 +1.500
PO}~ -1025491" 1284400 —220970D
+1.576 +4.085 +12.846
P04~ —1935503D
+4.563
HPOZ —1095985@  —1299000 —33500
+1.567 +1.500 +1.500
HoPO, —1137152@ _1302600 92500
+1.567 +1.500 +1.500
H3PO(ag) —1149367® —1294120D 161912
+1.576 +1.616 +2.575
HP,03~ —1989158D
+4.482
HaPo02~ 20271179
+4.445
H3P,07 —2039960P
+4.362
H4P,07(ag) —2045668P —2280210D 274919D
+3.299 +3.383 +6.954
As(cr) 0.000 Q000 35100 24640
+0.600 +0.500
AsO, —350022@ 429030 40600
+4.008 +4.000 +0.600
AsO3~ —6483609 888140 —162800
+4.008 +4.000 +0.600
As,Os5(cr) —7824493 924870 105400 116520
+8.016 +8.000 +1.200 +0.800
As,Og(cubi® —1152445® 1313940 214200 191290
+16.032 +16.000 +2.400 +0.800
Ass0g(mong @ —1154008@ —1309600 234000
+16.041 +16.000 +3.000
HAsO»(ag) —402925®  _456500 125900
+4.008 +4.000 +0.600
HASOy —587.078@ 714790 110500
+4.008 +4.000 +0.600
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Table 5.1: (continued)

Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
H3AsOz(ad) —639681@  —742200 195000
+4.015 +4.000 +1.000
HASOS~ —714592® 906340 —1.700
+4.008 +4.000 +0.600
HAsO, —753203@ 909560 117000
+4.015 +4.000 +1.000
H3AsO4(ad) —7661199  —902500 184000
+4.015 +4.000 +1.000
(As05)3-5H,0(cr) —4248400
+24.000
Shcn) 0.000 Q000 45520 25260
+0.210 +0.200
Bi(cn(© 0.0 0.0 56740 25520
+0.840
C(cn) 0.000 Q000 5740 8517
+0.100 +0.080
C(g) 671254® 716680 158100 20839
+0.451 +0.450 +0.003 +0.001
COo(g) —137168®  —110530 197660 29141
+0.173 +0.170 +0.004 +0.002
COy(ag) —385970®  —413260 119360
+0.270 +0.200 +0.600
COx(9) —394373® 393510 213785 37135
+0.133 +0.130 +0.010 +0.002
cos~ —527.900@  —675230 —50.000
+0.390 +0.250 +1.000
HCOy —586845@ 689930 98400
+0.251 +0.200 +0.500
SCN- 92.700 76400 144268@
+4.000 +4.000 +18.974
Si(cn 0.000 Q000 18810 19789
+0.080 +0.030
Si(g) 405525@ 450000 167981 22251
+8.000 +8.000 +0.004 +0.001
Sioy (quap ™ —856.287@ 910700 41460 44602
+1.002 +1.000 +0.200 +0.300
SiOp(OH)3~ -1175651"  -1381960 —1.4880
+1.265 +15.330 +51.592
SIO(OH)3 —12517409 1431360 88,0240
+1.162 +3.743 +13144
Si(OH)4(ag) —~1307735P  —14569600 189973®
+1.156 +3.163 +11.296
Si,03(0H)3~ —22698789
+2.878
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Table 5.1: (continued)

Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
Sip0(OH). —2332096P
+2.878
Si306(0H)3~ —3048536D
+3.870
Si305(0H)E ™ —3291955b)
+3.869
SisOg(OH);~ —40751799
+5.437
SiyO7(0H)3~ —41368260
+4.934
SiF4(9) —1572772® 1615000 282760 73622
+0.814 +0.800 +0.500 +0.500
Ge(cn 0.000 Q000 31090 23222
+0.150 +0.100
Ge(g) 331.209@ 372000 167904 30733
_ +3.000 +3.000 +0.005 +0.001
GeOy(tetn @ —521404® 580000 39710 50166
+1.002 +1.000 +0.150 +0.300
GeRy(9) —1150018@ —1190200 301900 81602
+0.584 +0.500 +1.000 +1.000
Sn(cn 0.000 Q000 51180 27112
+0.080 +0.030
Sn(g) 266223@ 301200 168492 21259
+1.500 +1.500 +0.004 +0.001
Sret —27.6249 —8.900 —16.700
_ +1.557 +1.000 +4.000
SnOtetr —251913® 280710 57170 47783
. +0.220 +0.200 +0.300 +0.300
SnQy(cass?) —515826@ 577630 49040 53219
+0.204 +0.200 +0.100 +0.200
Ph(cr) 0.000 Q000 64800 26650
+0.300 +0.100
Ph(g) 162232@ 195200 175375 20786
+0.805 +0.800 +0.005 +0.001
P2t —24.2389 0.920 18500
+0.399 +0.250 +1.000
PbSQ(cr) —813036®  —919970 148500
+0.447 +0.400 +0.600
B(cr) 0.000 Q000 5900 11087
+0.080 +0.100
B(g) 521012@ 565000 153436 20796
+5.000 +5.000 +0.015 +0.005
B,03(cn) —1194324@ 1273500 53970 62761
+1.404 +1.400 +0.300 +0.300
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Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
B(OH)3(aq) —969268@ 1072800 162400
+0.820 +0.800 +0.600
B(OH)3(cn —969667® —1094800 89950 86060
+0.820 +0.800 +0.600 +0.400
BF3(9) —1119403® 1136000 254420 50463
+0.803 +0.800 +0.200 +0.100
Al(cr) 0.000 Q000 28300 24200
+0.100 +0.070
Al(g) 289376 330000 164554 21391
+4.000 +4.000 +0.004 4+0.001
Al3F —491507®  —538400 —325000
+3.338 +1.500 +10.000
Al,03(coryy® —1582257@ 1675700 50920 79033
+1.302 +1.300 +0.100 +0.200
AlF3(cn —1431096@ —1510400 66500 75122
+1.309 +1.300 +0.500 +0.400
Tt —32400
+0.300
Zn(cr) 0.000 Q000 41630 25390
+0.150 4+0.040
Zn(g) 94.813@ 130400 160990 20786
+0.402 +0.400 +0.004 +0.001
Zn?t —147203®  _153390 —109.800
+0.254 +0.200 +0.500
ZnO(cr) —320479®  _350460 43650
+0.299 +0.270 +0.400
Cd(cr 0.000 Q000 51800 26020
+0.150 +0.040
cd(g) 77.230@ 111800 167749 20786
+0.205 +0.200 +0.004 +0.001
Ct —77.733@  _75920 —72.800
+0.750 +0.600 +1.500
Cdo(cr) —228661@  _258350 54800
+0.602 +0.400 +1.500
CdSQy-2.667H,0(cr)  —1464959® —1729300 229650
+0.810 +0.800 +0.400
Ho(g) 31.842@ 61.380 174971 20786
+0.054 +0.040 +0.005 +0.001
Hag() 0.000 Q000 75900
+0.120
Hg?t 164667® 170210 —-36.190
+0.313 +0.200 +0.800
Hg3t 153567@ 166870 65740
+0.559 +0.500 +0.800
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5. Selected auxiliary data

Table 5.1: (continued)

Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
HgO(mony® —58523@ 90,790 70250
+0.154 +0.120 +0.300
Hg,Cla(cr) —210725®  _265370 191600
+0.471 +0.400 +0.800
HgoSOs(cr) —625780@  —743090 200700
+0.411 +0.400 +0.200
cu(cr 0.000 Q000 33150 24440
+0.080 +0.050
Cu(g) 297672 337400 166398 20786
+1.200 +1.200 +0.004 4+0.001
Cuwt 65.040® 64.900 —98.000
+1.557 +1.000 +4.000
CuSQ(cr) —662185®  _771400 109200
+1.206 +1.200 +0.400
Ag(cr 0.000 Q000 42550 25350
+0.200 4+0.100
Ag(9) 246007®@ 284.900 172997 20786
+0.802 +0.800 +0.004 +0.001
Agt 77.096@ 105790 73450
+0.156 4+0.080 +0.400
AgCl(cn) —109765®  —127.010 96250
+0.098 +0.050 +0.200
Ti(en 0.000 Q000 30720 25060
+0.100 +0.080
Ti(g) 428403@ 473000 180298 24430
+3.000 +3.000 +0.010 4+0.030
TiO5 (ruti) (™ —888767®  —944000 50620 55080
+0.806 +0.800 +0.300 +0.300
TiCl4(9) —726324® 763200 353200 95408
+3.229 +3.000 +4.000 +1.000
Th(cr) 0.000 Q000 51800 26230
+0.500 +0.050
Th(g) 560.745@ 602000 190170 20789
+6.002 +6.000 +0.050 +0.100
ThOy(cr) —1169238@ 1226400 65230
+3.504 +3.500 +0.200
Be(cr) 0.000 Q000 9500 16443
+0.080 +0.060
Be(g) 286202 324.000 136275 20786
+5.000 +5.000 +0.003 +0.001
BeO(brom)™ —580090®  —609400 13770 25565
+2.500 +2.500 +0.040 +0.100
Mg(cr) 0.000 Q000 32670 24869
+0.100 +0.020
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Compound AtGRy AfHR S Com
*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
Mg(9) 112521® 147.100 148648 20786
+0.801 +0.800 +0.003 +0.001
Mg?t+ —455375@  _467.000 —137.000
+1.335 +0.600 +4.000
MgO(cr) —569312®  _601600 26950 37237
+0.305 +0.300 +0.150 +0.200
MgFa(cr) —1071051@ —1124200 57200 61512
+1.210 +1.200 +0.500 +0.300
cacrn 0.000 Q000 41590 25929
+0.400 +0.300
cag) 144.021@ 177.800 154887 20786
+0.809 +0.800 +0.004 +0.001
ca#t —552806®  —543000 —56.200
+1.050 +1.000 +1.000
CaQ(cn —603296@  —634920 38100 42049
+0.916 +0.900 +0.400 +0.400
Sr(cr) 0.000 Q000 55700
+0.210
St —563864@  —550900 —31500
+0.781 +0.500 +2.000
Sro(cr —559939@ 590600 55440
+0.914 +0.900 +0.500
SrCh(cr) —784974®  _833850 114850
+0.714 +0.700 +0.420
SKNO3)»(cr) —783146@ 982360 194600
+1.018 +0.800 +2.100
Ba(cr) 0.000 Q000 62420
+0.840
Ba?t —557656@ 534800 8400
+2.582 +2.500 +2.000
BaO(cr —520394@  _548100 72070
+2515 +2.500 +0.380
BaCh(cr) —806953®  _855200 123680
+2514 +2.500 +0.250
Li(cr) 0.000 Q000 29120 24860
+0.200 +0.200
Li(g) 126.604@ 159300 138782 20786
+1.002 +1.000 +0.010 +0.001
Lit —292918® 278470 12240
+0.109 +0.080 +0.150
Na(cr) 0.000 Q000 51300 28230
+0.200 +0.200
Na(g) 76.964® 107500 153718 20786
+0.703 +0.700 +0.003 +0.001
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Table 5.1: (continued)

Compound AtGRy AfHR S Com

*kJ-mol=Yy  kI-moly  J-Kl.mol) J.-K-1.mol}
Na™ —261953®  _240340 58450
+0.096 +0.060 +0.150

NaRcr) ™ —546327 —576.600 51160 46820
+0.704 +0.700 +0.150

NaClcr)® —384221 —411260 72150 50500
+0.147 +0.120 +0.200

K (cr 0.000 Q000 64680 29600

+0.200 +0.100

K(g) 60.479@ 89.000 160341 20786

+0.802 +0.800 +0.003 +0.001
K+ —282510®  —252140 101200
+0.116 +0.080 +0.200

Rb(cr) 0.000 Q000 76780 31060

+0.300 +0.100

Rb(g) 53.078@ 80.900 170094 20786

+0.805 +0.800 +0.003 +0.001
Rb™ —284009®  —251120 121750
+0.153 +0.100 +0.250

cs(cr) 0.000 Q000 85230 32210

+0.400 +0.200

Cs(g) 49556@ 76.500 175601 20786

+1.007 +1.000 +0.003 +0.001
Cst —291456®  _258000 132100
+0.535 +0.500 +0.500

CsClcr) —413807@  —442310 101170 52470
+0.208 +0.160 +0.200

CsBrcn® —391171 —405.600 112940 52930
+0.305 +0.250 +0.400

@value calculated internally with the equatidg G3, = AfHG — T AT SS,.

®valye calculated internally from reaction data (see Tablp

(© From [82WAG/EVA], uncertainty estimated in the uranium review [92GRE/FUG].

@ Orthorhombic.

(®p(cr) refers to white, crystalline (cubic) phosphorus and is the reference state for the element

phosphorus. P(am) refers to red, amorphous phosphorus.

®cubic.

(@ Monoclinic.

M y-Quartz.

®Tetragonal.

() cassiterite, tetragonal.

® corundum.

®Montroydite, red.
(MRutile.

(W Bromellite.

(9 Data from B2WAG/EVA, 73HUL/DES, with the uncertainty irs° from the latter.
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(P Data from B2GLU/GUR), compatible with B9COX/WAG].
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78 5. Sdected auxiliary data

Table 5.2: Selected thermodynamic data for reactions involving auxiliary compounds
and complexes used in the evaluation of thermodynamic data for the NEA TDB Project
data. All ionic species listed in this table are aqueous species. The selection of these
data is described in Chapter VI of the uranium review [92GRE/FUG]. Unless noted
otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous spe-
cies, a reference state or standard state of infinite dilutiog 0). The uncertainties

listed below each value represent total uncertainties and correspond in principle to the
statistically defined 95% confidence interval. Systematically, all the values are presen-
ted with three digits after the decimal point, regardless of the significance of these
digits. The data presented in this table are available on PC diskettes or other computer
media from the OECD Nuclear Energy Agency.

Species Reaction
log g K*® ArGE, ArHG, ArSh
(kJ-mol 1)  (kI-mol 1) (3-K~1.mol"1)
HF(ag) F~ +HT = HF(ag
3.180 —18152 12200 101800@
+0.020 +0.114 +0.300 +1.077
HF, F~ + HF(ag = HF,
0.440 —2512 3000 18486
+0.120 +0.685 +2.000 +7.091
Clo~ HClO(ag = CIO~ +H*
—7.420 42354 19000 —78.329®
+0.130 +0.742 +9.000 +30.289
clo; HCIO;(ag = ClO; +H*
—1.960 11188
+0.020 +0.114
HCIO(ag) Cly(g) + H0(l) = CI~ + H* + HCIO(ag)
—4.537 25900
+0.105 +0.600
HCIO5(aqg) H,0(l) + HClO(ag) = 2H* + HCIO,(ag) + 2~
554000 316226
+0.700 +3.996
BrO~ HBrO(ag) = BrO~ +H*
—8.630 49260 30000 —64.600@
+0.030 +0.171 +3.000 +10.078
HBrO(aqg) Bro(ag) + Hx0(l) = Br~ + H* + HBrO(ag)
—8.240 47034
+0.200 +1.142
HIO3(ag) HT +103 = HIO3(ag
0.788 —4.498
+0.029 +0.166
2= HS = Ht + 82
—19.000 108453
+2.000 +11.416
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Table 5.2: (continued)

Species Reaction
IOglO K° ArG%] ArH'?n ATS?H
(kJ-mol 1)  (kI-mol 1) (3-K~1.mol"1)
S5 H20() +SO;~ + 26~ = 20H™ + S0~
—31400P 179233
+0.700 +3.996
S05” 3HpO(1) + 2SC~ +4e~ = 60H™ + S,05~
—39200D 223755
+1.400 +7.991
HzS(a0) HoS(ag = Ht +HS™
—6.990 39899
+0.170 +0.970
HSOp H* + S0~ = HSOp
7.220 —41.212 66000 359591@
+0.080 +0.457 +30.000 +100632
HS,05 H* + 5,05 = HS05
1.590 —9.076
+0.150 +0.856
H,S03(ag) HT + HSO; = HS03(ag)
1.840 —10503 16000 88891@
+0.080 +0.457 +5.000 +16.840
HSO, H* + SO~ = HSO]
1.980 —11.302
+0.050 +0.285
SeG;™ HSeQ; = H* + SeC;™
—8.400 47948 —5.020 —177.654@
+0.100 +0.571 +0.500 +2.545
H,Seaq) Ht + HSe™ = H,Seag)
3.800 —21.691
+0.300 +1.712
HSeQy HoSeQ(ag = HT + HSeQy
—2.800 15983 —7.070 —77.3199@
+0.200 +1.142 +0.500 +4.180
HoSeQ(ag) 3H,0(l) + 2lx(cr) + Se(cr) = 4HT + HySeGy(ag) + 41~
—13.840 78999
+0.100 +0.571
HSeq; H* +SeG~ = HSeQ;
1.800 —10.274 23800 114286@
+0.140 +0.799 +5.000 +16.983
HN3(ag) HT + N3 = HN3(ag)
4700 —26.828 —15.000 39671@
+0.080 +0.457 +10.000 +33575
NHsz(ag) NH; = HT + NHg(ag)
—9.237 52725 52090 —2.130@
+0.022 +0.126 +0.210 +0.821

(Continued on next page)

79



80

5. Selected auxiliary data

Table 5.2: (continued)

Species Reaction
IOglO K° ArG%] ArH'?n ATS?H
(kJ-mol 1)  (kI-mol 1) (3-K~1.mol"1)
HNO»(aqg) H* + NO; = HNOy(aqg)
3.210 —18.323 —11.400 23219@
+0.160 +0.913 +3.000 +10518
PO}~ HPO}™ = H* + PO}~
—12.350 70494 14600 —187.4709
4+0.030 40171 +3.800 +12758
P05~ HP,03~ = H + P05~
—9.400 53656
+0.150 +0.856
HoPO, H* + HPO,~ = HoPO,
7.212 —41.166 —3.600 125998@
+0.013 +0.074 +1.000 +3.363
H3POy(ag) HY + HoPO; = H3POy(ag)
2.140 —12215 8480 69412®
+0.030 +0.171 +0.600 +2.093
HP,03~ HaP202~ = HT 4 HP,03~
—6.650 37958
+0.100 +0.571
HoP,03~ HaP20; = HT 4 HpP,03~
—2.250 12843
+0.150 +0.856
H3P,07 H4P207(ag) = Ht + H3P,07
—1.000 5708
+0.500 +2.854
H4P207(ag) 2H3POy(ag = H20(l) + HaP207(ag)
—2.790 15925 22200 210453
+0.170 +0.970 +1.000 +4.674
COy(ag) HT + HCO; = COy(ag + H20()
6.354 —36.269
+0.020 +0.114
COx(9) COx(ag = COx(9)
1.472 —8.402
+0.020 +0.114
HCO; CO3™ + HT = HCOj
10.329 —58.958
+0.020 +0.114
SiOz(OH)g_ Si(OH)4(ag) = 2H* + SiOx(OH)3™
—23.140 132084 75000 —191461@
+0.090 +0.514 +15.000 +50.340
SIO(OH)3 Si(OH)4(ag) = H* + SIO(OH)3
—9.810 55996 25600 —101948@
+0.020 +0.114 +2.000 +6.719

(Continued on next page)



Table 5.2: (continued)

Species Reaction
IOglO K° ArG%] ArH'?n
(kJ-mol 1) (kJ-mol~1)

Ar%
(@-K1.mol~1)

Si(OH)4(a0) 2H,0O(l) + SiOx(quan = Si(OH)4(ag

—4.000 22832 25400
+0.100 +0571 +3.000
SiO3(OH)3~  2Si(OH)4(ag) = 2H* + Hp0(1) + SiO3(OH)3~
—19.000 108453
+0.300 +1.712
SibOp(OH);  2SiOH)a(ad) = HT + Hp0(l) + SipO2(OH)
—8.100 46235
+0.300 +1.712
Sig06(OH)3~  3Si(OH)s(ag) = 3H + 3H0(1) + Si306(OH)3 ™
—28600 163250
40.300 +1.712
Sig05(OH)3~  3SiOH)a(aq) = 3H + 2H,0(1) + Sig05(OH)Z ™
—27.500 156971
+0.300 +1.712
SisOg(OH)F~  4Si(OH)s(ag) = 4H + 4H,0(1) + SisOg(OH);~
—36.300 207202
+0.500 +2.854
SisO7(OH)F~  4Si(OH)4(ag) = 3H + 4H0(1) + SigO7(OH)Z™
—25.500 145555
+0.300 +1.712

86133
410243

@ value calculated internally with the equatiatG3, = ArHG — TAr S

®value calculated from a selected standard potential.
©value of logyo K° calculated internally from Gg, .
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Chapter 6

Elemental neptunium

6.1 Neptunium crystal and liquid

The isotope of neptunium most commonly encounterédidp, and all the available
thermodynamic data were measured on material all containing essentially this isotope.

6.1.1 Crystal structure and phase transitions

Neptunium has three allotropic modifications stable at atmospheric pressure, and the
results of two separate data measurements suggest there may be a fourth (see below).
The low-symmetry f-bonded and g phases are more dense than the pgohase,
which is not stable above th&+ y + liquid triple point at (998K, 3.2 GPappSTH.
The crystal structures, given in Talilel, are based on studies by Zachariagty]AC]
and Stephen$pSTH; the lattice parameters are those selected by FalB&fF{H] p.
454), from which the densities have been recalculated with the latest value for the
Avogadro constant.

There is reasonable consistency in the measurements of the transition temperatures,
cf. Table6.2

The values selected are those from®VIT/VAU], in which a relatively massive
sample was used, and whose results are near the middle of the experimental ranges.
This choice also maintains good consistency with enthalpies of transition (see below).
The dilatometric measurements by C&7COR seem to give values which are appre-
ciably too low, especially for higher temperature transitions, probably due to preferred
orientation in the sample, as discussed by the author.

Both Leeet al. [5S9LEE/MAR] and Foltyn POFOL] observed small peaks or dis-
continuities in the heating and cooling curves just belowghe y transition, though
not consistently. It is tempting to attribute this to the possible existence of another al-
lotrope of Np, as suggested by Leteal. [59LEE/MAR] (cf. thes’ phase of Pu, formed
with a very small enthalpy change from the &£phase, and stable only from 736 to
756 K). Further investigation of this phenomenon is required.

6.1.2 Heat capacity and entropy

There is little difference in the results of the low-temperature measurements of
Sandenaw@5SAN], using an impure sample, and those of letal. [7TOLEE/MEN,
using purer metal. Gordoat al. [76 GOR/HAL made further measurements, but only

85



86 6. Elemental neptunium

Table 6.1: Allotropy of neptunium

Phase Stability Structure type Lattice Z  Density
range/K and space group  parameters cmg 3
1010m
o below 553  orthorhombic a = 6.663 8 20.48
Pnma b=4.723
c = 4.887
at 293 K
B 55310849 tetragonal a=4897 4 19.38
pP42,2 c=3.388
at 586 K
y 84910912  bc cubic a=3.518 2 18.08
Im3m at873 K

Table 6.2: Transition temperatures for neptunium allotropes

Reference Tla—B) TB—y) T — liquid)
K K K
[5IWES/EYR (913+ 1)
[52ZAC] 551 843
[59LEE/MAR]  (553+3) (850+3) (910+ 3)
[70WIT/VAU] 553 849 913
[90FOU 555 856 917
Selected (553+3) (849+3) 912+ 3)

at very low temperatures (2.5 to 9.4 K). The selected valuesfidp are those from
[7OLEE/MEN:

Com(Np. @, 29815K) = (29.62+0.80) JK *mol*
and the derived entropy:
S\ (Np,@,29815K) = (50.46=+0.80) JK 1.mol™!

There have been only two rather limited investigations of the heat capacities
of neptunium above room temperature. Eldred and CuBigE[D/CUR, in a
preliminary study of neptunium metal, measured the heat capacity from 302 to 371 K
and reported a constant value ©f ,,(Np, @) = 3163 JK~tmol~!. Evans and
Mardon pPO9EVA/MAR] made measurements from 333 to 480 K, reporting a value for
the heat capacity of 31.1-K-1.mol~1 at 333 K, increasing to 39.9-K~1.mol1 at
480 K. These data are approximately fitted by the equation:
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Table 6.3: Enthalpies of transformation for neptunium allotropes

Reference AysH(a — B) AysH(B — y) AwsH(B — 1)
kJmol—1 kJmol—1 kJmol—1

[59EVA/MAR] 8.37

[70WIT/VAU] 5.607 5272 5188

[90FOU 4.73 299 319

Calculated from (5.04+0.51) (5.4+0.8) —

high pressure measurements

Selected (5.607+ 1.000) (5.272£1.000 (5.188+1.000
Cg’m(Np, a,T) = (—4.0543+ 8.2555% 10727

+805714 %) JKL-mol! (29815 K to 553 K)

which joins smoothly with the low-temperature data of letel. [7OLEE/MEN at
298.15 K. Lacking any experimental data for theandy allotropes, we have estim-
ated the heat capacity of tetragor@Np to be 3933 JK~1.mol~1, the average of
the values for the tetragonal phagk$) ands’-Pu and the heat capacity of bgeNp
to be 36.40 dnol~1K~1, the average bcg-U ande-Pu. The heat capacity of the
liquid is also estimated from U(l) and Pu(l). The totality of the estimated heat ca-
pacities and enthalpies of transition were also selected to makgS(1840 K) close
to 99.5 K ~1.mol~1, as measured by’ PACK/RAU] (see below). If the appreciably
lower enthalpies of transition given b(QFOL] are used, the required heat capacit-
ies for 8, y and liquid Np all have to be near (but not beyond) their reasonable upper
bounds.

The experimental data on the enthalpies of transition are summarised in6Table

Wittenberget al. [7OWIT/VAU] used differential thermal analysis of a 7.3 g sample
of a metal containing less than 0.35 wt% impurities. They reported enthalpies of 5607
Jmol~1 for the « to B transition and 5272-thol~! for the 8 to y transition, and
5188 Jmol~1 for the enthalpy of fusion. More recently Folty®&JFOL] reported rather
different values of 4700, 3000 and 320thdl~1, again using differential analysis, but
of a much smaller (0.1 g), but purer (99.97 wt%) sample of Np. In view of the large
differences in these enthalpies of transition, approximate values were calculated from
the molar volumes of the phases, calculated from Zachariasen’s Si2fA€] and
the variation of the transition temperatures with pressure, given by SteG&SSH.
There is an appreciable uncertainty in the calculated value fof the y transition,
since the thermal expansion of the phases is not well-defined at these temperatures. The
molar volumes (cr mol~1) used at the given transition temperatures we(853 K)
11.838;8(553 K) 12.165;3(849 K) 12.75+ 0.03;y(849 K) 13.09+ 0.04. However,
the calculated data indicate that the measuremen?®uf[T/VAU] are to be preferred.
The higher enthalpies of transition also lead to better consistency with the entropy of
vaporisation, as discussed below.
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Table 6.4: Neptunium allotropes: Heat capacity coefficients and transformation data

Phase Cp m/ JK -mol™t = Tus/K  AgsH®/Imol~1
(@a+b (T/K)+c(T/K)?)
a b c
o —4.0543 8.2555¢10°2 805714 553 5607
B 3933 0 0 849 5272
% 36.40 0 0 912 5188
liquid 45396 0 0 — —

The selected heat capacity and transition data are summarised in6T4kieese
are in fact the same as those selected®CET/RAN.

6.2 Neptunium ideal monatomic gas

Only 13 energy levels up to 9000 cth were known when Feber and Herrick
[65FEB/HER made the first statistical-mechanical calculations of the thermal
functions of Nfgg). In subsequent calculations, Oettiegal. [760ET/RAN used
400 levels up to 40000 cnt provided by Fred J5FRH. It is not clear how many
levels Wardet al. [B6WAR/KLE] used in their calculations, but presumably the 176
levels up to 19800 cmt given by Brewer $4BRH, based on a listing of 440 levels
provided by Fred and Blais88FRE/BLA]. The levels listed by Brewer8dBRH,
which contain some estimates, include all the levels up to 16000 crBlaise and
Wyart [92BLA/WYA] have recently published a comprehensive listing of the known
energy levels of all the actinide gases, which contains 641 levels for Np(g). However
these do not include the 30 relatively low-energy levels estimated by Brewer, so
these have been added in the current calculation. The revised values of the thermal
functions calculated from these 671 levels are therefore superior to the two earlier sets
[760ET/RAN 86WAR/KLE]. The Gibbs energy functions begin to differ from these
by more than 0.05-B~1.mol~1at about 1600 K.

The values at 298.15 K fof*’Np, molar mass 237.048mol~1, are of course
essentially the same as the earlier vall&JET/RAN 86WAR/KLE] after allowing
for the different standard-state pressure:

Com(Np.g.29815K) = (20.824+0.020 JK *mol™*
S\(Np,g,29815K) = (197.719+ 0.005 JK 1.mol!

The heat capacity equations used are

Com(NP.g.T) = (17.782+3.3525x 10 T + 6.68071x 10 °T?
+1.288x 10°T~?) JKL.mol~! (29815 to 800 K
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Com(NpP.g.T) = (141324 1.55677x 10 T — 1.59546x 10 °T?
—3.9887x 10°°T2) JK L.mol~1 (800 to 2000 K

6.2.1 Enthalpy of formation

There have been two investigations of the vapour pressure of neptunium metal, by
Eick and Mulford p4EIC/MUL] from 1700 to 1950 K, and Ackermann and Rauh
[75ACK/RAU], from 1540 to 2140 K. As discussed by Oettidgal. [7T60ET/RAN
and Wardet al. [B6BWAR/KLE], the appreciably higher pressures measured by
[64EIC/MUL] were undoubtedly due to the presence of Ngilfrom their (oxygen-
contaminated) sample. With the thermal functions forddgd) and Npg) derived
from the thermodynamic data discussed above, the calculated third-law enthalpy of
vaporisation at 298.15 K is 465.1-kdol~1. It will be recalled that the heat capacities
of B,y and liquid Np were chosen to give good agreement with the entropy of
vaporisation at 1840 K, derived from the measurements76ACK/RAU]. This
automatically gives good agreement between the second- and third-law enthalpies of
sublimation.

The selected value for the enthalpy of formation of Np(g) is thus:

AfHS (NP, g,29815K) = (4651 3.0) kJmol?






Chapter 7

Neptunium aqua ions

Neptunium exists in aqueous solution in the oxidation states +3, +4, +5, +6, and
+7. During the past three decades, the thermodynamic properties of the neptunium
aqua ions were compiled and reviewed by Newt@BNEW], Fuger and Oetting
[76FUG/OET, Martinot and Fuger §5MAR/FUGE, Fahey B6FAH|, and Morss
[86MOR. The three latter reviews are based on the very thorough review by Fuger
and Oetting. Therefore, the data of their review will serve as a basis for this NEA
review.

The selected thermodynamic quantities forPNpNp*t, NpOJ and NpG™ are
strongly connected, and there is a minimum amount of redundant information to
provide confirmation for these values. The selection process used in the present
review relies strongly on an enthalpy of formation value for*Nmlerived from
measurements of the enthalpy of dissolution of neptunium metal and subsequent
oxidation of the neptunium to the IV oxidation state. Values for the entropies are all
linked to values for the solubility and enthalpy of formation of Nyg®O3)2-6H20O(S).
Potential measurements of the formal potenti&@§’), measurements oBE*/3T)
and calorimetric measurements are used to link and derive the other thermodynamic
quantities. It is assumed (except for reactions involving the highly-chargéd Np
(aq) ion), that the value of the enthalpy of a reactioh at O is equal to thatin 1 M
HCIO4 within the uncertainties of the measurements. This approximation leads to
the differences between values of the formal potentials in 1 M HE) and the
standard potentials being assigned primarily to entropy differences. The assumption is
undoubtedly incorrect (and would actually be consistent with temperature-independent
activity coefficients) but, used consistently, in the absence of experimental information,
is probably subject to smaller errors than would be introduced by some of the other
options.

7.1 NpOj, NpO4(OH);~ and redox potentials in
alkaline solution

Heptavalent neptunium is unstable in acidic solution, but can be formed by acid-
ification of basic solutions of Np(VIl). Reduction by water occurs rapidly in acid
solutions — generally in a few seconds to minutes at room temperature. Formal
potentials were determined by Musikessal. [74MUS/COU and by Sullivan and
Zielen [69SUL/ZIH as E®'(7.1, 1 M HCIO4, 298.15 K) =(2.04 £+ 0.03) V and
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E° (7.1, 1 M HNQOs, 298.15 K)> 2.00 V, respectively, for reaction
NpOj +2H" + e~ = NpO5" + Ho0() (7.1)

It has recently been propose@ll[SHI/TAN] that the structure of the cationic Np(VII)
species might be better written as Np((“ﬁh—r)ather than Npg). Heptavalent neptu-

nium can be generated in alkaline solutions, but is reduced by water to Np(VI) over
a period of hours to weeks at room temperature. Several measurements exist of the
formal Np(VII)/Np(VI) potential in basic solution. The alkaline chemistry of the
transuranium elements was recently reviewed by PeretrakhIn[95PER/SH]. They
deriveE®’(7.2 1 M NaOH, 298.15 K) 50.59+ 0.01) V for the reaction

NPO4(OH)S™ + 2H0() +e =
NpO4(H20)2~ (or NpO(OH)2™) + 20H™ (7.2)

From the reversibility of the electrochemical reduction reaction, the authors suggest
that the structure of the hepta- and hexavalent ions must be similar and six coordinate.
This would exclude the existence of N@Owhich was postulated by several other
authors that are referred to in the review of Peretruldtial. Table 7.1 gives the
reported formal redox potentials for neptunium in 1 M NaGHPER/SH].

Table 7.1: Formal potentials for neptunium in 1 M NaOH at 298.15 K reported by
[95PER/SH]

Formal potential (Ms. SHE)
VIIIVE VIV VIV IV

059 014 -095 -18

7.2 NpOs*

The thermodynamic quantities for Néb are derived from the value of the entropy
based on the solubility and the enthalpy of dissolution of the saltdddO3)2-6H20(s)

in water, the enthalpy of formation of Mp and the enthalpy of oxidation of N@O

to Npoﬁ+ as determined calorimetrically and from values of the standard potential
based on electrochemical measurements. The temperature coefficients for the VI/V and
V/IV potentials are used to calculate, sequentié];MNpO{) ands;,(Np**), and from

the IatterAfG;’n(Np“Jf). The values of the V/IV potential are then used to determine
AtGq(NpOZ) and hencertHG,(NpO3). Finally, the values of the VI/V potential and

the calorimetric enthalpy of oxidation of NgOto NpOﬁJr are examined together to
determineAGg,(NpO5 ™) and henceriHS, (NpO5 ™).
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This is straight forward (although propagation of the uncertainties through the cycle
becomes a problem), but most of the potentials were determined in a medium of ap-
proximately 1 M acid (usually HCIg{aq)) as were the calorimetric results leading to
several of the key enthalpy values. It is then necessary to adjust these values to infinite
dilution. In the present review, in the absence of evidence to the contrary, the potentials
(Gibbs energies) have been adjusted using the SIT equatibn&gpendixB). The
enthalpies of transfer from 1 M HClto zero ionic strength are assumed small, and
the main changes in Gy, with the medium are taken into the valuesfS;,.

To calculate the standard entropy of the @ﬁi(]on, this review follows the
approach of Fuger and Oetting’s review that is based on the solubility and the
enthalpy of dissolution of the salt NpNO3)2-6H20O(s) in water. Brand and Cobble
[70BRA/COH calculated for the dissolution reaction of

NpO2(NO3)2-6H0(s) = NpOZ* + 2NOj + 6H,0(l) (7.3)

ArGH (7.3 ag 29815 K) = —(1230 £+ 1.09 kJmol~1, using a mean activ-
ity coefficient from the corresponding uranium system to correct to infinite
dilution. A SIT correction by this review using single ion activity coefficients
did not lead to a more accurate Gibbs energy of reacticin discussion of
[70BRA/COH in Appendix A). The value given above is therefore accepted.
Fuger and Oetting corrected Brand and Cobble’s valueAghH for a hy-
drolysis contribution for dioxoneptunium(VI) using hydrolysis data from the
analogous dioxouranium(VI) systentf.( Appendix A) and obtained the value
that we recommend,A/HS (7.3 29815 K) = —(1883 £+ 1.67) kJmol~1.
This review accepts Brand and Cobble’s estimate for the standard entropy
of the salt (converted directly from the original units of -&afl-mol1),

S, (NpO2(NO3)2-6H,0()) = (516306 + 8.000 JK~1.molt, With
ArSH(7.3,29815 K) = (1044 + 6.7) JK~L.mol™!, and CODATA auxiliary
values,

S,(NpO5™, ag 29815K) = —(924+105) JK tmol?

is determined.

There are four independent determinations of the ﬁpﬁ&pogL potential in per-
chloric acid solutions and one additional measurement of the temperature coefficient of
this potential (Tabl€.2). The formal potential&®’ in 1 M HCIO4 of Cohen and Hind-
man 2COH/HIN], Sullivan, Hindman and Zieler6fLSUL/HIN], and Riglet, Robouch
and Vitorge B9RIG/ROB agree within their uncertainties, and the unweighted average
value from these three measuremeiits]1 37+ 0.001) V vs. SHE, is accepted in the
present review, resulting in;Gp, = —(109.70+ 0.10) kJ}mol~tin 1 M HCIO4. The
standard potentidt°, was derived by Brand and CobblEJBRA/COHR and by Riglet,
Robouch and VitorgeBORIG/ROB. Riglet, Robouch and Vitorge applied the Specific
lon Interaction Theory (SIT) to data from voltametric measurements at 1, 2, and 3 M
ionic strengths. The measurements, however, were carried out at the non-standard tem-
perature of 293.15 K. The authors used a correcticn®@0003 V/K to adjust the value
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to the standard temperature. This correction was derived from the isothermal temper-
ature coefficient{ E’/dT) = —(0.00027+ 0.00005 V-K 1 determined from Cohen

and Hindman’s$2COH/HIN emf measurements at only three different temperatures.
The value is not in particularly good agreement wisE° /9 T) = 0.00023VK 1 as
determined by Blanc and Madi84BLA/MAD] (thoughdE® /3T should be approx-
imately 0.0002 VK 1 less positive thad E°/3T). Their measurement of the thermal
temperature coefficient of the NéO’NpOﬁ couple was corrected to isothermal con-
ditions in the present review.

Although the value of Cohen and Hindman was derived using only three data
points, the value of Blanc and Madic was derived using several approximations of
deBethuneet al. [59DEB/LIC]. The later value (for | = 0) is only roughly of the
same order of magnitude as the (isothermal) value from the temperature dependence
of the potential measurements (and has the opposite sign), and the theoretical rela-
tionship between the isothermal and thermal valuesist /T for a 1 M HCIO4(aq)
medium is not obvious. Therefore, only the Cohen and Hindman value is used here,
(0E° /T )isotherm = —(0.00027+ 0.00005 V-K~1. The standard potential derived
by Brand and Cobble7DBRA/COH, E° = (1.236+ 0.010) V, was corrected t&°
= (1.161+ 0.008) V by Riglet, Vitorge and Grenth&TRIG/VIT] using the SIT and
a value ofAg = &(NpOZ+.Clo;) ~ €(NpOJ,CIOp) derived from analogous U@/UOEr
studies.

This review also recalculated these data using a slightly different value for the
Debye-Hickel term and obtainde? = (1.1584 0.008) V. Applying the selected iso-
thermal temperature coefficie(®E®'/d T )isotherm= —(0.00027+ 0.00005 V - K1
to Riglet, Robouch and Vitorge’s8PRIG/ROB potential at 293.15 K give€® =
(1.161£0.011) V at 298.15 K. SIT extrapolations of Sullivan, Hindman and Zielen’s
[61SUL/HIN] and Cohen and Hindman'’§2COH/HIN formal potentials, corrected in
the present review usinye = —(0.21+0.03) kg-mol~1 (cf. [89RIG/ROH) and adjus-
ted to 1 barboth givé&® = (1.160+0.002) V. This is also the source 8,01 cio;) S
listed in the uranium volumeRGRE/FUG. Taking the average of these two values,
as well as the one obtained by Riglet, Robouch and Vitorge and the value of Brand and
Cobble that was recalculated by this review, the standard potential is obtained for the
reaction

1
NpOs™ + EHz(g) = NpO +H" (7.4)

Because of the accuracy and precision of the measurements of Cohen and Hindman
[52COH/HIN], and Sullivan, Hindman and Ziele®1SUL/HIN], this review assigns
an uncertainty of 0.004 V to the standard potential and corrects to the standard pressure
of 1 bar to obtain the following values accepted here

E°(7.429815K) = (1.159+0.004 V
log,oK®(7.4,29815K) = (19.59-+ 0.07)
ArG(7.4,29815K) = —(1118+0.4) kImol™?

Using the accepted Gibbs energy of reaction (for 1 M Hgl@nd A;Sn(7.4,
1 M HCIOs) = —(2605 + 482 JK 1moll that is obtained from
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Table 7.2: Experimental formal potentials in 1 M HGlQ@lerived standard potentials
and temperature coefficients for NE)b/ NpO} couple at 298.15 K. (reference state is
1 atm. for E/, 1 bar forE®)

Method Formal potential Standard potential ~ EY/dT Reference
(V, vs. SHE) (V,vs. SHE) vkl
Redox couple: Npth‘L/NpOJr, according to:
NpO5™ + 1/2Hp(g) = NpOj + H*
pot (11373+ 0.0010@ —(0.00027  p2COH/HIN|
+0.00005)
(1.1361+ 0.0010®
(1.1366+ 0.0010© (11601 0.0039 (@
pot (1136384 0.00016) (11598 0.00379)(@ [61SUL/HIN]
pot (12364 0.010) [FTOBRA/COH
(1.161+ 0.008)©
(1.158+ 0.008) (@D
emf 000023")  [84BLA/MAD]
pol (1.1404+ 0.009 (1.162+ 0.01)® [89RIG/ROH
(1.138+ 0.009 (@ (1.160=+ 0.011)@
rev (12364 0.010 [76FUG/OET
(1.1374+ 0.001) (1159 0.004 MO —(0.00027 this review
+0.00005

(@
(b

= 2

Measured in 1.027 m (0.9725 M) HC}O
Corrected by$1SUL/HIN] from 1 m to 1 M HCIQy; this, however, is incorrect, because the

solution was 1.027 m and not 1 m.

(c
«d
(e
f

- £ 2 2

Corrected by this review from 1.027 mto 1 M HGJO
Calculated by this review using SIT extrapolation.
Recalculated byg7RIG/VIT] using SIT extrapolation.
Value determined at 293.15 K.

(@ Corrected by this review to 298.15 K using the selecte/dd) value.

™ At1 bar
O gE°/oT
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(AE”/dT) = —(0.00027 + 0.00005 V-K~1 AHn(7.41 M HCIOgy) =
—(117.47 + 1.44) kImol 1 is calculated. The enthalpy of transfer to infinite
dilution is assumed to be zero, and the valueAgH}, is the same as the value of
ArHm(7.4, 1 M HCIOy4). This value, derived from electrochemical data, agrees with
ArHG = —(1174 £ 0.6) kJmol~1 obtained by Brand and Cobbl@BRA/COH
from calorimetric measurements of the l\ﬁiOreduction to Npq by hydrogen
peroxide. These values were adjusted to infinite dilution. The weighted average of
these two independent valuesAsHy, (7.4, 29815 K) = —(117.4 £ 0.6) kJmol~1.
Taking this, and using\(G;,(7.4 29815 K) = —(1118 4+ 0.4) kJmol~1 as accepted
above,ArS, = —(189+ 2.3) JK~1.mol~L. This value is required in the following
section, and corresponds t6E°/dT) = —(0.00019+ 0.00002 V-K~1 for the
Np(VI)/Np(V) couple. FromAHS (7.4 and from AfHS,(NpOJ, ag 29815 K) =
—(9782 + 4.6) kJmol~1 (cf. Section7.3), we determine the selected value for the
enthalpy of Reactiofi.5

Np(cr, @) + 02(g) + 2H"  —  NpO3' + Ha(g) (7.5)
to be
AfHZ(NpOS', aq 29815K) = —(860.7+ 4.7) kdmol™?
Similarly, using the selected valueA:Gg,(NpO/, ag 29815 K) = —(907.8 +
5.6) kJmol~1 (cf. Section7.3), we determine the selected value
AfGH(NpO3',aq 29815K) = —(7959+5.6) kImol™?
7.3 NpOJ

The thermodynamic quantities for NgQare derived from the value cS?n(NpO?),
and from the values of the standard potential based on electrochemical potential
measurements. The temperature coefficients for the VI/V and V/IV potentials are used
to calculate sequentiall§g,(NpOJ) andS;,(Np*), and from the latten;Gg,(Np™).
The value of the V/IV potential is then used to determiAeG;’n(NpogL) and
AfHZ(NpO;).

Cohen and HindmarbPCOH/HINZ determined the formal potential in 1 molal
HCIOq4 for the reaction

1
NpOJ + 3HT + SHa@ = Np*t 4+ 2H,0()) (7.6)

with junction-free emf measurements. They derid&d = (0.7391+0.0010 V, and
(0E*/8T) = —(0.00269+ 0.00006 V-K~1. This review corrects the formal potential
from 1 mto 1 M and 1 bar pressure and derives the NEA recommended (s,
298.15 K) = (0.7431£0.0010 V, A;Gm(7.6,1 M HCIO4, 29815 K) = —(71.7 &+
0.1) kIJmol=t, A;Sn(7.6,1 M HCIO4, 29815 K) = —(2595+ 5.8) JK~1.mol%,
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andAHm(7.6,1 M HCIO4, 29815 K) = —(1491+1.7) k3 mol~1. In order to correct

the formal potential for Reaction.6to standard conditions, this review applies a SIT
. . —1

correction using e+ cio;) = (0.84+ 0.06) kg-mol~+, €npoj.clo;) = (0.25+

0.05) kg:mol~* ande ;. ¢jo;) = (0.14:£ 0.02) kg:mol~* and obtain$

E°(7.6,29815K) = (0.604+0.007)V
logyoK°(7.6 29815K) = (10.21+0.12)
AG:,(7.6,29815K) = —(58340.7) kImol!

The differenceE®°—E* = —(0.1394:0.007) V between the standard and formal po-
tentials is substantially different from an earlier estima@@HUG/OET of —(0.069+
0.060 V for the corresponding plutonium equilibrium. Capdevila, Vitorge and Giffaut
[92CAP/VIT] reported two values for the corresponding plutonium potential at 1 M
for Reaction 7.6). Depending on the experimental approach, they derkz&d=
(1.1344-0.050) V and E* = (1.1544 0.050) V. From the first set of data, they
calculatedE® = (0.991+ 0.060 V, applying the SIT. The differencé&g® — E* =
—(0.143+ 0.078 V, is obtained. A correction of the formal potential to standard
state using the SIT treatment is preferred by this review over applying the differ-
ence between the two corresponding plutonium potentials (with its large uncertainty)
to the neptunium formal potential of Reaction.§). To evaluate other thermody-
namic data in 1 M HCIQ@ for Np*t, Fuger and Oetting76FUG/OET applied a
correction of 042 kJmol~ to AfHS, (Np*t, ag, 298.15 K) to obtain a value for
AfHm(Np*t, 1 M HCIO4, 29815 K). This was done to account for the extent of the
first hydrolysis reaction of Np in 1 M HCIO4. This reasoning is accepted here.
Because it applies to Np and the correction to Nppis negligible, the correction
can be applied directly to our accepted valueAgH, (7.6, 1 M HCIO4) to determine
AH(7.6).

Using this approximationHp,(7.6) = —(1495+1.7) kJmol~1, andAGy, (7.9
= —(583+ 0.7) kJmol~! as accepted above\,S,(7.6,29815 K) = —(3059 +
6.2) JK~L.mol~L. This value is used in the following section.

S, (NpOJ, ag, 298.15 K) is calculated from, S}, = —(18.9+ 2.3) JK~t-mol*
for Reaction {.4), usingS;,(NpO2™, aq 29815 K) = —(924 + 10.5) JK~1.mol 2,
and CODATA auxiliary data to give

S, (NpOJ, aq 29815K) = —(459+107) JK 1mol™t

which is significantly different from Fuger and Oetting’s val@®, (NpOJ, aqg,
298.15K) =—(20.9+ 8.4) JK1.mol~1 [76FUG/OET. Such widely discrepant and

1As this book was in the final stages of being prepared for printing, a minor error (much smaller than the
assigned uncertainties) was discovered in our calculation @fl8§(7.6, 29815 K). Correction of the
error decreases the value of yed<°(7.6, 29815 K) by 0.002. This error is propagated through the un-
rounded calculated values 8§ Gg,(7.6) and ArS;,(7.6), so that the values a&fGﬁq(Np“*, 29815 K)
and A;Gg,(Np3t, 29815 K) should be @10 kJmol~1 more positive than the values in Takel
that have been used in calculations for this volume. Similarly, the valu&g,ip*t, 29815 K) and
S5, (Np3t, 29815 K) should be 034 JK—1.mol~1 more negative than the values in TaBlé that have
been used in calculations for this volume.
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non-systematic values f&, (MOQL (ag), M = U, Np, Pu, Am) (respectively, -25, -46,
2 and -21 X~1.mol, cf. Section16.3and Reference®PGRE/FUG 95SIL/BID])
were not indicated in previous reviewggFUG/OET 86MOR that relied more
heavily on estimates. The differences in the entropy values for these key ions appear
to be beyond those easily attributable to specific experimental uncertainties, and need
to be confirmed or refuted by further experimental work.

Using AfHZ(Np*t, 29815 K) = —(5560 + 4.2) kJmol™1, A{GS (Np*t,
29815 K) = —(4918+ 5.6) kJmol~1 (cf. Section7.4) and CODATA auxiliary data,
the following selected values are calculated:

AfHS,(NpOJ, aq 29815 K) = —(9782+ 4.6) kJmol™*
AfG(NpOS, aq 29815K) = —(907.8+ 5.6) kJmol!

Values of ionic apparent molar heat capacities vary strongly with temperature, and to a
somewhat lesser degree with ionic strength. The influence of heat capacity on the Gibbs
energy of reaction is usually too small to determix&, mor ArCp m(T) from second

and higher order derivatives of functions describing the temperature dependence of
solubilities or potentials. Lemire and Campb&BLEM/CAM, 96LEM/CAM] have
reported apparent molar heat capacities of MplQ4(aq) as a function of temperature

(18 to 100C) for a limited range of ionic strengths (0.05 to 0.22 m). The extrapolated
values for the partial molar heat capacities can be expressed as:

Ch ma(NpOCIOs, 86 T) = (356770 10° — 4.95931T
—6.32344x 10°T 1) 3K Lmol?

The value ofCy . ,(NPO:CIOs, ag) at 298.15 K is—(32 £ 25) JK~ Lmol1,
where the uncertalnty is assigned in the present review, and comparable uncertalntles
apply to values throughout the temperature range of the measurements. This value
and the equation above are accepted in the present review. For the usual standard state
(Cpma(H',aq 29815K) =0 JK L mol b, usingCs , ,(HCIO4, ag 29815K) =
—27.8 JK L.mol~! [96LEM/CAMZ] the value of the partial molar heat capacity,
Com. ,(NpOJ, aq 29815 K) = —(4 £ 25) JK~1.mol~1, is calculated.

Lemlre and CampbelB6LEM/CAM] have used their values fﬁl" 2(NpOZCIO4,
ag T) with values of the partial molar heat capacities of other electrolytes
[B9HOV/NGU, 96LEM/CAM2] to estimate the variation of the potential of the
Np(VI)/Np(V) couple as a function of temperature. The apparent molar heat
capacity as a function of temperature of I\EdOwas assumed equal to that of

UO%+ [B9HOV/NGU, 96LEM/CAM]. The uncertainties in values @f;Cpm(7.4, T)
estimated in that way are estimated herec@9 JK—1.mol1.

7.4 Np+

The thermodynamic quantities for Ripare derived from the value of the entropy based
on the solubility and the enthalpy of dissolution of Nigf@03)2-6H,0O(s) in water, the
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enthalpy of formation of Np* and values of the standard potential based on elec-
trochemical measurements. The valueAgH,(Np**) is obtained from calorimetric
measurements of the heat of solution of neptunium metal. The temperature coefficients
for the VI/V and V/IV potentials are used to calculate, sequentiSm/NpO}) and

S, (Np*h), and from the latterA;Gg,(Np**).

This review accepts the enthalpy of formation derived by Fuger and Oetting
[76FUG/OET from three independent calorimetric measurements of the dissolution
of neptunium metal in 1 M HCI/0.005 M N&iFg in the presence of dissolved oxygen
according to the reaction

Np(cr, ) + 4HT+  0.250;(dissolved =
Np*™* + 1.5H2(g) + 0.5H,0(1) (7.7)

The authors corrected for the complexing effect due to the presence8ffyan
HCI and obtainedA\tH(Np*t, 1 M HCl) = — (55187 + 1.7) kJmol~1 by subtract-
ing 0.5 x AfHJ,(H20, ag 29815 K) and adding @5 x AsonH(O2, g) in 1 M HCI =
—(2.3£0.1) kIJmol~1 from the obtained\soisH (Np, o) = —(6925+1.7) kJmol~1.
Fuger and Oetting introduced a correction-e4.18 kJmol~! to extrapolate to zero
acidity to obtain the selected value

AfHS (Np*, ag 29815K) = —(5560+4.2) kdmol!

To evaluate other thermodynamic data in 1 M H@l@r Np*t, AfHm(Np*t,
1 M HCIOQq4, 29815 K) is derived according to the procedure selected by Fuger and
Oetting. They applied a correction o2 kImol~! to AtHS,(Np*t, ag 29815 K) in
order to account for the first hydrolysis reaction ofNipn 1 M HCIO4, and obtained

AfHm(Np**, 1 M HCIO4,29815K) = —(5556+ 4.2) kJmol™*

which is the recommended value.

S, (Np*, aq 29815 K) is calculated from\(Sp, = —(3059+ 6.2) JK~1.mol*
for Reaction 7.6), usingS:,(NpOJ, ag, 29815 K) = —(45.9 + 10.7) JK~1.mol™1,
and CODATA auxiliary data to give

S (Np*', aq 29815K) = —(4264+124) JK 1mol™?

Based on this, CODATA values, ai8},(Np(cr)) = (50.46+ 0.80) JK~1.mol~1,
AfS,(Np*H) = —(2155412.4) JK~1.mol~L. Then, using the Gibbs-Helmholtz rela-
tion and the selected value faHp,, the selected standard Gibbs energy of formation
of Np** is calculated

AfGL(Np*, ag 29815K) = —(4918+5.6) kImol™!

7.5 Np+

The enthalpy of formation for NJ” is derived from calorimetric measurements of the
solution enthalpy for the dissolution of neptunium metal in hydrochloric acid according
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to the reaction
Np(cr, @) +3HT  —  Np** +3/2H,(g) (7.8)
This review accepts
AfHS (NPt ag 29815K) = —(5272+2.1) kdmol™?!

derived by Fuger and Oetting§FUG/OET as the selected value.
The values for the standard Gibbs energy of formation and the standard entropy of
Np3* can be derived from potential measurements for the reaction

Np*™ + 1/2Ho(@) = Np*© +H* (7.9)

Four independent experimental determinations on th&"Rjp3+ potential and
one additional measurement of the temperature coefficient of this potential are avail-
able. Two of these were done in hydrochloric acid and three in perchloric acid solu-
tions. Hindmanet al. [49HIN/MAGZ2] and Hindman and KritschevskpHIN/KRI]
determined the formal potential in 1 M HCI to & = (0.137 &+ 0.005 V and
E° = (0.1424 0.005) V. The formal potentials in 1 M HCIQwere measured by Co-
hen and Hindmang2COH/HIN] and by Riglet, Robouch and Vitorg89RIG/ROB.
Table7.3summarises the data in HCJOAIso included in the table are results of Blanc
and Madic B4BLA/MAD] on the temperature coefficient of the potential and the ex-
trapolated standard potential of Fuger and Oetti@HUG/OET. From the average

Table 7.3: Experimental formal potentials in 1 M HGlQ@lerived standard potentials
and temperature coefficients for the neptunium(IV)/neptunium(lil) couple at 298.15 K.

Method Formal potential Standard potential AE /0T Reference
(V, vs. SHE) (V,vs. SHE) v.k—1
Redox couple: Npt/Np3t, according to:
Np*t + 1/2Hy(g) = Np3t + HT

pot (01551+ 0.0010)  (0.219+ 0.010) (0.00136t 0.00005)  F2COH/HIN|
pot (Q154+ 0.005) (0.218+ 0.010) (0.0016+ 0.0014§®  [89RIG/ROH
emf (0.0019+ 0.0004Y9  [84BLA/MAD]
rev (0.179+ 0.005f® [76FUG/OET
rev (0.155+0.001) (0.219+ 0.010) (0.00136t 0.00005) this review

@ The calculation of the uncertainty was corrected in the present review.

® value of [B2COH/HIN] extrapolated to standard conditions, B86FUG/OET], using analogy
with the plutonium system.

© jE°/0T

of the standard potentials of Cohen and Hindnz2GOH/HIN and Riglet, Robouch
and Vitorge B9RIG/ROH, 0.2186, this review selects

E° = (0.21940.010 V
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for reaction 7.9). Hence,
AG3(7.9,29815K) = —(211+ 1.0)kImol™?
The weighted average valueJCOH/HIN, 89RIG/ROB for E* is
E” = (0.1554 0.001) V
and hence,
ArGm(7.9. 1 M HCIO4,29815K) = —(150+0.1)kJmol~!

is also accepted.

The isothermal temperature coefficient determined from Cohen and Hindman
[52COH/HIN, (AE* /8T )isotherm is (0.00136=+ 0.00005 V-K—1. Due to its large
uncertainty, the value of Riglet, Robouch and Vitorge was not considered, but it is in
agreement with the selected value. Using this value, we derive

ArSn(7.9 1 M HCIO4,29815K) = (1312+4.8) JK L.mol™?!

Thus, AfHm(7.9,1 M HCIO4, 29815 K) = (24.2 + 1.5) kJmol1. Us-
ing the enthalpy of formation for Mg in 1 M HCIO4 (cf. Section 7.4),
AfHm(7.9,1 M HCIO4, 29815 K) = —(5556 + 4.2) kJmol1, this review deter-
mines from electrochemicaldatain1 M HOi(Ame(Np3+, 1 MHCIOy4, 29815K) =
—(5315 + 12.3) kImolL. If AfHS(Np3H) &~ AfHm(Np3T), then AfHS (Npt,
29815 K) = —(5315 4+ 12.3) kJmol~l. This value is somewhat more neg-
ative than the value based on calorimetric daMHr‘;](Np3+,aq 29815 K) =
—(527.2 + 2.1) kJmol1, which is selected in the present review because of
its smaller uncertainty. From the selected values A@H%(Np‘”,aq 29815 K)
and AfHG,(Np3t, ag 29815 K), AHS(7.9 = (288 + 4.7) kImol™! is cal-
culated. From this value andG;, = —(2L1 £+ 1.0) for Reaction {.9),
ArS, = (1675 + 16.0) JK~L.mol~! is obtained. Hence, with CODATA auxiliary
data and the previously selected valueﬁ(Np‘”),

S (Np>*,aq 29815K) = —(1936+20.3) JK " 1mol™?!

is calculated and selected.

The difference between the standard entropies fot'Nnd Npt is — (2333 +
16.1) JK~1.mol~1 which agrees well with the value (2300 + 9.6) JK1.mol~1
for the corresponding plutonium species.

The standard Gibbs energy of formation

AfGL (NP, ag 29815K) = —(5129+5.7) kdmol™!

was obtained using\(Gy, for Reaction {.9), calculated from the standard potential,
and the Gibbs energy of formation of Kip(cf. Section7.4).

7.6 Summary

Table7.4 summarizes the NEA selected thermodynamic constants for the neptunium
aquaions.
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Table 7.4: NEA selected chemical thermodynamic values for neptunium aqua ions

AsHp, AsGp, Sy
(kI mol1 (kJmol~1) (IJKLmol 1)
NpOS" —(8607+47) —(7959+56) —(924+105)
NpOf  —(9782+4.6) —(907.8+5.6) —(459+107)
Np*t  —(5560+4.2) —(4918+56) —(4264+124)
Np3t  —(52724+21) —(5129+5.7) —(1936+20.3)

Figure 7.1: Standard potentials £ 0, 25 C) for neptunium, in units of Ws. SHE.

-(0.556 + 0.010)

-(0.899 £ 0.012)

(0.661 % 0.004)

(0.411 + 0.006)

(0.882 % 0.004) <1274 £0.014)

(1.159 + 0.004) (0.604 + 0.007) (0.219 + 0.010) -(1.772 £ 0.020)

Np022+ Np02+ Np4+ Np3+ Np
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Figure 7.2: Formal potentials (1 M HCKO25°C) for neptunium, in units of Ws.
SHE.

-(0.558 + 0.010)

-(0.897 + 0.012)

(0.678 + 0.001)

(0.449 + 0.001)

(0.940 + 0.001) -(1.307 + 0.014)

(1.137 +0.001) (0.743 + 0.001) (0.155 + 0.001) -(1.795 + 0.020)

Np022+ Np02+ Np 4+ Np3+ Np







Chapter 8

Neptunium oxygen and
hydrogen compounds and
complexes

8.1 Aqueous neptunium hydroxide complexes

8.1.1 Neptunium(VIl) hydroxide complexes

Only limited information on these species appears to be available. There is
evidence for a cationic species of Np(VIl) in acidic solution89$UL/ZIE
72CHAJ/LEI, 91SHI/TAN], and an anionic species in strongly alkaline solutions
[69COH/FR] 70ZIE/COH 75CHA/MAT], but no thermodynamic parameters have
been estimated in this review (see also Sedidh

8.1.2 Neptunium(VI) hydroxide complexes

The hydrolysis data of Npﬁf reported in the literature are summarised in Tahle
Cassokt al. [72CAS/MAGZ obtained hydrolysis constants for NéJOin 1 M aqueous
NaClOy at 25°C. The value for logis; based on this work<{(5.1 & 0.4)) is in fair
agreement with the value-6.5) reported by Schmidit al. [B3SCH/GOR. The self-
consistent set of values of Casslal. [72CAS/MAGY is accepted in the present
review for reasons discussed in AppendixHence, using the estimated values for the
interaction coefficients,

€(NpO0H*,CIO;) = —(0.06+ 0.40) kg-mol~*
—(0.57+ 0.10) kg-mol~1
= —(0.45+ 0.20) kg:mol~?

€((NpOp)2(0H)2*,CIO})
€((NpO3(OH)Z ., CIOZ)

the following formation constants are selected

logio"8; = —(5.1+0.4)
logy™8s, = —(6.27+0.21)
logy'6e; = —(17.12£0.22)

From these,

105
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—(10040+ 6.1) kJmol—1t
—(20304 + 11.3) kJmol?1
—(34758+ 16.9) kJmol?!

AtGp, (NpOOHT, ag 29815 K)
AfGg, ((NpO2)2(OH)3T, ag 29815 K)
AtG;, ((NpO2)3(OH)Z . ag 29815 K)

Several groups have reported values for the potential of the Np(VI)/Np(V) couple
in highly concentrated hydroxide solution&3[SIM/MAT, 74PER/ALE 77ERM/PER.
From these data and the value &fGp,(NpOz(OH);) (see Sectior8.1.3, it should
be feasible to estimate the value &G, for the Np(VI) solution species, provided
reasonable assumptions are made about its stoichiometry. Gradual precipitation has
been reported74PER/ALH in the concentrated NaOH(aq) solutions, and therefore
only the value of the Np(VI)/Np(V) potential as obtained in LiOH(aq) solutions is
accepted in the present review.

Table 8.1: Experimental equilibrium data for the neptunium(VI) hydroxide system,
according to the equilibrieanO%+ + nH20(l) = (NpO2)m(OH)Z™ " 4 nH T,

nm Method Temp. Medium loghn,m log,; 588.m Reference
)

1:1  sol 207 self, var. -34 [7AMOS3

2:1 —8.8

31 —185

3:2 —8.6

5:2 227

1:1  pot 25 1.0MNaClQ -517 —(5.16+0.28) [72CAS/MAGZ

2:2 —6.68 —(6.27£0.21)

5:3 —-1825 —(17.06£0.22

111 tc 23 self 0.0006 M —5.45 [B3SCH/GOR

If the major Np(VI) species in the alkaline solutions are not polymeric, and if
the Np(V) species in 2.5 M LIiOH solution is assumed to be (M), (as op-
posed to some more extensively hydrolysed and/or polymeric species), the potential
of the Np(V)/Np(VI) couple can be rationalised if the Np(V1) species is M&IH);
or NpOz(OH)f[ (see AppendiA discussion for T7TERM/PER). Given the mono-
meric assumption, the possible hydrolysis constant$ggre= 10~ (20717 or ige —
10-G48+L7  There does not appear to be a substantive reason for choosing one spe-
cies over the other. If anionic polymers exist (as they have been found in the uranium
system), both values may be regarded as limiting.

log, 385 < —19
log,38; < —33

AtGp, (NpO2(OH)3, ag, 298.15 K)
AtGg, (NpO2(OH); ™, ag, 298.15 K)

—1399 kJmol~?
—1556 kdmol~?1

=
=

The uncertainties are estimated in this review, and are based primarily on an
estimated uncertainty of 0.1V in the values Bf and the uncertainty imGy,
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(NpO2(OH);, aq, 298.15 K) (see Sectidh1.3. The selected limiting value of
log,385 is compatible with the value Igg8s = —(19.61 + 0.11) reported by
Moriyama, Pratopo and HigashD3MOR/PRA. Their value, based on solubil-
ity measurements, is not accepted in the present work for reasons discussed in
AppendixA.

There do not appear to be any reliable data to supply thermodynamic parameters
for NpO2(OH)2(aq) or for polymeric neutral or anionic Np(VI) hydrolysis species,
although such species may well exist.

8.1.3 Neptunium(V) hydroxide complexes

Several groups have reported values for the formation constants for neptunium(V)
hydroxo species (Tablg.2). There is no consensus as to the value for the formation
constant of Np@OH(aq) B7ROS/MIL, although the recent hydrolysis studies
[85LIE/TRE, 87ROS/MIL, 92ITA/NAK, 92NEC/KIM] lead to smaller values
than found in earlier studies. The data of Kraus and Nelg@KRA/NEL],
Moskvin [71IMOS3 and the potentiometric study of Sevost'yanova and Khalturin
[76SEV/KHA] are difficult to analyse because the experimental conditions were not
well controlled, and because precipitation of Ny (am) interfered with attempts to
study the hydrolysis of the Nppion by titration of acidic solutions with base (see
AppendixA). The studies of Bidogli@t al. [B5BID/TAN] and Maya B3MAY] were
primarily designed to evaluate carbonate complexation constants witlj]\tp@l the
values for the hydrolysis constais, are not well defined by these studies.

The experiments of Schmiet al. [BOSCH/GORsuggest an upper limit 0£8.75
forlog, 381 (see Appendid). Based on their spectrophotometric study, Sevost’'yanova
and Khalturin F6SEV/KHA] reported logj81 = —8.9 at low ionic strength. The value
is also probably an upper limit, because no account was taken of carbonate complex-
ation. Indeed, the spectral band at 990 nm assigned by these workers 1ON(#)
should actually be attributed to NpOO; [81BIL, 90NIT/STA, 90RIG.

The data from the electromigration study of Résthl. [87ROS/MIL and the sol-
ubility studies of Lierse, Treiber and Kin85LIE/TRE], Itagakiet al. [92ITA/NAK]
and Neck, Kim and Kanellakopulo®2ZNEC/KIM] suggest that both Npf®OH(aq)
and NpQ(OH); be considered as hydrolysis species — the anionic hydrolysis species
being predominant for pH- 11. This is in agreement with earlier qualitative stud-
ies [B9COH/FR] 76SEV/KHA] and with the work discussed by Tanana®dTAN,
94TAN]. None of these studies is as clear-cut as might be wished. The solubility
studies suffer from lack of characterisation of the solids. Such studies indicate only
the relative stabilities of the solids and solution species. The solids are discussed
in detail in Sectior8.2.3.2 however, to help with the interpretation and comparison
of the results of different studies, some discussion concerning the nature of the ox-
ide and hydroxide solid phases is included in the present section. Solids of the type
MNpQO3 [76COH 76SEV/KHA] or MyNpO2(OH)1+x [90TAN] have been proposed
as the stable solids in basic solutions containing high concentrations of alkali metal
cations, M. Values of*8; (8.1) from the solubility studies are generally much smaller
than values suggested by other types of measurements. The data ofdRékdre
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Table 8.2: Experimental equilibrium data for the neptunium(V) hydroxide system,
according to the equilibriamNpO} + nH0(1) = (NpO2)m(OH)T" + nH*

n:m Method T(°C) Medium log 58n.m log, 58.m Reference
1:1 pot RT 0.1MCt -8.85 [48KRA/NEL]
11 sol RT self —10.08 [7AIMOS]
11 sp 20 0.001 M —-8.89 > —8.9 [7T6SEV/KHA]
1:1 pot 23 0.02 M NaNg@ -891
11 pot 23 0.02 M NaCl@ —8.88
1:1 tc 25 0.01 M GHgOH/
0.0005 M NaClQ —-8.75 [BOSCH/GOR
1:1 sol 25 1.0 M NaClQ -912 [83MAY]
11 sol 25 1.0 M NaCIQ —-1147 [B85LIE/TRE
2:1 —2271
11 sol 25 1.0 M NaCI@ —-11.69 —(1181 [B5LIE/TRE
+0.62) [92NEC/KIM]
2:1 —2315 —(2354
+0.18)
11 dis 25 0.2 M NaClQ -9.60 [85BID/TAN]
1:1 mig 25 0.1 M NaCIQ —-1045 —(10.46 [B7ROS/MIL
+0.25)
2:1 —21.95 —(2217
+0.35)
-1:1@ 4
11 eph RT 0.005 M var. med. -8.2 [BBNAG/TAN]
2:1 -187
1:1 0.1 M var. med. —7.8
2:1 -17.7
11 sol 25 0 M NaCIQ —-10.70 —(10.7 [92ITA/NAK]
+0.7)
2:1 extrap. —22.42 —(224
(I =0.012t00.8) +0.7)
11 sol 25 0.1 M NaClQ —11.36 —(1137 [92NEC/KIM]
+0.16)
2:1 —2350 —(23.72
+0.12)
11 sol 25 1.0 M NaCIQ —-1113 —(1125 [92NEC/KIM]
+0.20)
2:1 —2319 —(2358
+0.14)
11 sol 25 3.0 M NaClQ@ —-11.02 —(1141 [92NEC/KIM]
+0.33)
2:1 —23.25 —(23.68
+0.26)
11 sol 25 0.1/0.02 M NaClg® -85 [95PAN/CAM]
1:1 sol 23 5.0 M NaCl B6O [96RUN/NEU,
2:1 5980

@ Refers to: Npg + HzO" = NpOJ (H30™), this species is rejected, [87ROS/MIL] in AppendixA.
® logyg n,m, not log, Bn.m



8.1 Aqueous neptunium hydroxide complexes 109

quite scattered, and the decrease in mobility at low pH values raises questions about
the sensitivity of the method (see Appendi}. Although the paper-electrophoresis
study of Nagasalet al. [BBNAG/TAN] is in qualitative agreement with those of R6sch

et al. and Lierse, Treiber and Kim, the reported value for the first hydroxide com-
plexation constant, log Ky =~ 6, is greater than even the limiting values from other
studies iBKRA/NEL, 80SCH/GOR. The values from the study of Nagasakial.
[8BNAG/TAN] are rejected in the present review.

Recently Pan and Campbef§PAN/CAM] carried out solubility measurements
for Np2Os(cr). The total concentrations of neptunium species as a function of pH do
not parallel those from solubility measuremer&2I[TA/NAK, 92NEC/KIM] over hy-
drated NpQOH(am) except for pH values below 8. The solid was carefully character-
ised before and after the experiments. The equilibration time for th©¥pr) study
[95PAN/CAM] was considerably longer than for the other studies. This raises the ques-
tion as to whether equilibrium was established in those earlier studies (especially near
pH 11), or whether the long equilibration times resulted in radiolytic oxidation. There
is also a possibility that some carbonate was present in the solutions of Pan and Camp-
bell (see Appendid). Although the data are not reported in a form suitable for de-
termining hydrolysis constants, the even longer-term study of Sitteér [94SIL/NIT]
shows trends similar to those reported by Pan and Cam@a{N/CAM] (the nature
of the solid controlling the solubility in the experiments of Silleeal. [94SIL/NIT] is
not clear).

The differences between the results of the long-term studies and the fairly extens-
ive data from other studies of the solubility of NpOH(am) cannot be resolved at this
time. In the absence of other studies corroborating the hydrolysis behaviour sugges-
ted by Pan and Campbell, in the present review we have selected hydrolysis constants
for NpO}r based only on the studies of the solubility of Ng@H(am). Because it is
an amorphous solid, Np@H(am) is a very difficult solid to characterise. Also, the
value estimated in this review fak{Gy, (NpO2(OH)z(cr)) is such, that under oxid-
ising conditions, Np@OH(am) may not be the stable neptunium solid in contact with
aqueous solutions (even though it may be in equilibrium with Np(V) solution spe-
cies). This suggests that values for the hydrolysis constants of Np(V), as derived from
solubility measurements over uncharacterised ppam), must be accepted only
with considerable caution. Solubility measurements over mixed solid phases such as
NpO2OH(am) (or NaNpQ(OH)2(s)) and NaNp@COs(s) (or NaNpO(COs)2(s)) or
such as Ca(OHjcr) and CaC@(cr) might prove useful. Carbonate complexation may
well account for the high solubilities reported by Nakayasehal. [B8NAK/ARI] for
pH values above 1Xf. Figure8.3 Section8.2.4.3. However, the study of Ewaet al.
[86EWA/HOW showed no indication of hydrolysis of Np(V) even in very basic solu-
tions. This study was carried out in a water that had been equilibrated with aged con-
crete and had a carbonate concentration of 0.03 mM. Hence, it is somewhat puzzling
that carbonate complexation did not cause a levelling out or increase in the concentra-
tion of neptunium for pH values above 11. One possible cause of the low values is that
the bulk of neptunium may have been coprecipitated with calcium-containing solids in
the more basic solutions. Also, when Lierse, Treiber and KIBL]E/TRE measured
solubilities in experiments using filters with markedly different pore sizes, they found
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lower neptunium concentrations, in the pH range above 10, if the solutions were passed
through a filter with a small pore size-(1 nm). It was suggeste@$LIE/TRH that
sorption of neutral species on the filter might lead to incorrect (low) solubility values.
This may have happened in the work of Ewelrél.. It is also possible the water used
by Ewartet al. contained reducing agents after equilibration with the concrete.

This said, the values summarised by Neck, Kim and KanellakopQ®&$EC/KIM]
were refitted using our selected valuesqj,or cio;) = 0.25 kgmol~1. The result-
ing value fore a+ Npoy(oh);) = —(0.01+0.07) kg-mol~1 is accepted. Because the
values forg1 and 82 from each set of solubility experiments are undoubtedly correl-
ated, no attempt was made to weight the results from the different st@&iekds/ TRE,
92ITA/NAK, 92NEC/KIM]. Instead the refitted values based on those tabulated by
Neck, Kim and Kanellakopulo®pPNEC/KIM] were used ¢f. Table8.5). The uncer-
tainties were based on the original experimental uncertainties angh,forcreased to
be consistent with the values from the work of Itagetkdl. [92ITA/NAK].

Thus, the formation constants & 0) have been estimated as

log, 387 (8.) = —(11.3+0.7)
log,$85(8.2 = —(236+ 0.5)

NpOJ + H20() = NpOOH(ag + H* (8.1)
NpOJ + 2H,0(I) = NpO(OH), + 2H' (8.2)
Thus,
AfGS (NpOOH, ag, 29815K) = —(10804+6.9) kJmol™!
AfG;(NpO2(OH); , ag 29815K) = —(1247.3+6.3) kdmol™*

Although there is evidence for formation of additional anionic hydrolysis species
in strongly basic solutionSODTAN, 94TAN], the available data are not adequate to
be used to derive reliable values of the formation constants. Sets of Pitzer-equation
ion-interaction parameters have recently been reported forgNmm Np(V) hydro-
lysis species95FAN/NEC 95NEC/FAN 95NOV/ROB 96RUN/NEU, and may be
particularly useful for modelling the behaviour of neptunium(V) in solutions contain-
ing NaCl at high molalities. However, no evaluation of the Pitzer-equation parameters
has been carried out in the present review.

The Npq-Hgo+ species proposed by Rosehal. [87ROS/MIL] is not accepted
in the present review. If this species actually forms, it is not clear why it would not
have been detected in previous potentiometric studies.

A value for the enthalpy of hydrolysis of NgOwas reported by Sullivan, Choppin
and Rao91SUL/CHQ but, as discussed in Appendlx the measured heat is probably
not the heat of this hydrolysis reaction. Recently, the entropy values obQB(aq)
and NpQ(OH), have been estimated by Lemir@4LEM] and Lemire and Garisto
[8OLEM/GAR]. The valueS;, (NpO,OH, aqg, 298.15 K) = (2% 60) JK~1.mol~!



8.1 Aqueous neptunium hydroxide complexes 111

was based on use of Equation (18-13) WBAE/ME] to determine the entropy. As-
suming identical parameters for l@b and Npq, except for the charge difference,
leads toA;S(8.1) = —22 JK1.mol~1 and

S, (NpOOH, aq 29815K) = (25+60) JK L.mol~!

This value is considerably smaller th&h for many other neutral aqueous species
[52LAT]. The uncertainty is an estimate. The entropy of NOH), was estimated
by assuming the entropy of the reaction

NpOj + OH™ + H0(l) = NpO(OH), +H* (8.3)
to be (0+ 100) JK~1.mol~1, and hence,
S (NpO2(OH); , ag 29815 K) = (404 100 JK~tmol~*

In the absence of experimental data, these values are accepted in the present review.

8.1.4 Neptunium(lV) hydroxide complexes

The hydrolysis data of NfJ” reported in the literature are summarised in Tehl@
Three quantitative studies of the first hydrolysis step fof Npave been reported.

Np™ + Ho,0() = NpOH* 4+ H* (8.4)

Sullivan and Hindmang9SUL/HIN] reported*81(8.4= (5.0 + 0.3) x 10 3in 2 M
aqueous perchlorate solutions from spectrophotometric measurements7 (FRAI[
also used spectrophotometry, and reported a valugigfsy” = (1.24+ 0.02) x 102
(1=1.0 M). This “Bryar” incorporates the hydrogen ion activity (as pH), whereas Sul-
livan and Hindman’s constant is purely a concentration quotient. These results appear
to contrast with those of Duplessis and GuillaumattpUP/GU] who reported; =
0.3(1 M LiClO4) from extraction experiments involving tracer quantitie$¥Np. As
noted by Duplessis and Guillaumo@#ZIDUP/GU]I, similar differences are found when
the results of potentiometric and tracer studies of Pu(lV) hydrolysis are compared.
The results of the extraction study of Duplessis and GuillaumenbUP/GU]
are in qualitative agreement with an earlier extraction study by Sullivan and Hind-
man B4SUL/HIN]. Both groups found evidence for hydrolysis at acid concentra-
tions below 0.5 M. The constants reported from the two spectrophotometric studies
[59SUL/HIN, 70PAU] appear to be based on the assumption that hydrolysis is not sig-
nificant at substantially lower (0.1 to 0.2 M) acid concentrations. Recalculation of the
results of Paul TOPAU], as discussed in Appendi, leads to*8; = 0.060 for an
aqueous 1 M NaCl@medium, considerably larger than Paul’s reported value, but still
significantly smaller than the value of Duplessis and Guillaumont. The recalculation
also suggests that effects of the hydrolysis on the molar absorptivity at 960.4 nm should
be noticeable even for solutions with acid concentrations greater than 0.2 M.
There are insufficient details in the paper reporting the spectrophotometric study
of Sullivan and Hindmanq9SUL/HIN] to allow a reanalysis of their raw data, but
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Table 8.3: Experimental equilibrium data for the neptunium(lV) hydroxide system,
according to the equilibriamNp** 4 nH20(1) = Npm(OH)ZM=" 4 nH+.

nm Method Temp. Medium loggnm @ log;gBam @ Reference
(°C)
1:1 sp 25 2.0 M Na/HCIQ —-2.30 —(1.25+0.40) [59SUL/HIN]
1:1 sp 25 1.0 M Na/HCIQ -1.90 [70PAY]
111 sp 25 1.0M Na/HCI@Q —-1.24 —(0.184+0.50) recalc. from
[70PAU)
(AppendixA)
1:1 ext 25 1.0M Li/HCIQ —0.50 (0.56+0.50) [77DUP/GUI
2:1 -15
21t 25  0.01M GHsOH/
0.0005 NaClQ —45 [BOSCH/GOR
1 sp 25  2.0MNa/ 249 [59SUL/HIN|
DCIO4/D,0

@ The constants in column 5 are molar constants; those in column 6 are molal constants.

more measurements appear to have been made than in Paul's study. The reported
[59SUL/HIN] ratio of the molar absorbance of NpGHto that of Ng is 0.14, much
smaller than the 0.48 found on reanalysis of Paul’'s d&@&@AU (AppendixA). How-
ever, the fitted values of the molar absorbance of NpOHNd the first hydrolysis
constant are strongly correlated — the lower the fitted value for the molar absorbance
of NpOH3t, the lower the value fotg;. Therefore, it appears that absorbance data
from the two spectrophotometric studies are consistent even though they lead to quite
different values foi8;.

In the present review the selected value

log,485(8.429815K) = —(0.29+ 1.00)

is the unweighted average of the results from the three stusi®H JL/HIN], [70PAU]
and [77DUP/GU], after conversion to molal constants, correctiorl te- 0 using the
specific-ion interaction theory and, in the case B®PAU], recalculation of the raw
data. Hence,

AfGS(NpOH*T, aq 29815K) = —(727.3+8.0) kImol™*

On the basis of hydrolysis data for other metals with-a ¢harge Y6BAE/MES
83BRO/ELL], polymeric neptunium hydrolysis species would be expected to predom-
inate for solutions having pH values above 1 to 2 &@5f neptunium is present in
greater than tracer quantities. Furthermore, Sullivan and HindB@8UL/HIN] re-
ported evidence for polymerization of Np(IV) at a concentration of 203 M near

pH = 2. For this reason, the value IgiiK (8.5 = —4.5 for the reaction

NpOH*™ + H20(l) = Np(OH)5™ + H* (8.5)
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Figure 8.1: Comparison of experimental valuB8$UL/HIN, 70PAU, 77DUP/GU]
of the first hydrolysis constant for Np and the SIT plot (—-) with uncertainties )
using the selected value Ig°(8.4) = —(0.29+ 1.00) and the estimated valugs =

—0.20 kgmol~1. The value shown based ofi(PAU| has been recalculated in the
present review.
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determined by Schmidt al. [8B0SCH/GORwith solutions 103 to 10~4 M in neptu-

nium, must be considered suspect. Based on results of their extraction study, Duplessis
and Guillaumont T7DUP/GU] also reported a value (lagK (8.5 = —1.5) for the
equilibrium constant for this reaction. For reasons discussed in Appéndieither

this value nor that of Schmidt al. [BOSCH/GOR s accepted in the present review.

In acidic solutions, there is certainly evidence of species more extensively hydrolysed
than NpOH, but the structure and charge of these species have not been established

There is no experimental evidence that Np(QH}; formed in the Np(IV)/
water system, and this species is not credited in the present review. Rai and Ryan
[85RAI/RYA] reported a limiting, pH-independent solubility of 10823 M for
“neptunium(IV) hydrous oxide” in neutral to very basic solutions at room temperature
in the presence of reducing agents. Eweirél. [BSEWA/GOR reported a limiting
neptunium concentration of 181 M over “Np(OH),” under similar conditions, but
over a more limited pH range. The use?8®Np in carrier?’Np by this group allowed
considerably lower concentrations of neptunium to be detected than was possible in
the work of Rai and Ryan. Also, Pratopo, Moriyama and Higa8BPRA/MOR
reported pH-independent equilibrium neptunium concentrations o3 Np(1V)
in agueous NS5Oy solutions for pH values between 8.5 and 12.5. The two studies that
claimed not to be limited by their analytical methods suggest values that differ by only
a factor of 2.5. In the present review we accept a value ofé%%3 M, where the
uncertainties have been increased slightly to allow for possible difficulties with sample
handling and analytical methods. The selected value is also in good agreement with
a value of—(8.28 & 0.23) reported by Eriksemt al. [93ERI/NDA] from solubilities
measured in 0.5 M NaClgaq) over NpQ-xH2O prepared by electroreduction of
Np(V) on a platinum electrode.

After most of this review was complete, Nakayama, Yamaguchi and Sekine
[96NAK/YAM] published a paper that reported a gradual decrease in the solubility
of Np(OH), in 0.1 M and 1 M NaCIQ (from 10-7-5403 to < 1072 M in some
cases) for equilibration periods between 28 and 119 days, and some variation in the
measured solubilities depending on the holding reductant. These results suggest the
value selected in the present review might require revision at a future date.

The pH independence of the solubility suggests that the main solution
species is uncharged,e., Np(OH)}(aq) (or a polymer thereof). Thus, if the
Gibbs energy of formation of the solid is known, a value can be calculated for
AtGS(Np(OH)4, ag 29815 K).

In a paper by Raiet al. [87RAI/SWA] a value of loggKso = 1.5 for
NpOz-xH2O(am) was reported, based on the concentration of*fNpver
NpO2-xH20(am) in the presence of Cu(l)/Cu(ll) as a redox buffer. In the
same paper a value of IpfKso = 2.7 was reported, based on the equilibrium
concentration of Npg) over NpQ-xH>0O(am) in the same solutions (higher equi-
librium Np(V) concentrations were reported by Moriyama, Pratopo and Higashi
[B9MOR/PRA from a similar, but less-well defined experiment at higher ionic
strength with NaSOy as holding reductant).

NpOz:xH20 = NpOj + €& + xH20 (8.6)
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As discussed in AppendixA and Section 8.2.5.2 after recalculation
log;gKs0(8.13 = (1.53 £ 1.0) is selected.

NpOo(hyd, am) + 2H2O() = Np(OH)4(ag (8.7

Np™ + 4H,0(1) = Np(OH)4(ag) + 4HT (8.8)

Using AtGS,(NpO, hyd, am, 298.15K) =(957.3+8.0) kJmol~! and log oK (8.7) =
—(8.3£0.3), the value logpK (8.8 = —(9.8 + 1.1) is calculated, and the value

AfGS,(NP(OH)4, aq 29815K) = —(1384248.2) kImol ™t

is selected. The reported uncertainties do not include those arising from the fact that the
hydrated amorphous oxide is not thermodynamically stable, and may not be a unique
compound reproducibly precipitated under different conditions. Colloids may form
during the solubility experiments, and the work of Silleeal. [94SIL/NIT] suggests
radiolytic effects may also be important in long term experiments involving the use of
Np(IV) solids.

It is clear from the work of Rai and Ryan83RAI/RYA], Ewart et al.
[B5EWA/GOR and Pratopo, Moriyama and HigassJPRA/MOR that Np(OH}
is not an important hydrolysis species for neptunium(lV). The thermodynamic
parameters previously suggested for Np(QHf) [82ALL] and [B4LEM] are rejected
in the present review, and no new values are proposed for this species.

8.1.5 Neptunium(lll) hydroxide complexes

Np(lll) is stable in 1 M HCIQ, but it is rapidly oxidised by air to the Np(IV) state. Hy-
drolysis will shift the [Np(IV)]/[Np(lII)] ratio towards the (V) state, and so will solvent
extraction with an extractant like HTTA; under these conditions, Np(lIl) will be stable
only in the presence of strong reductants like hydroxylamine. However, studies of the
formation of hydrophilic Np(lll) complexes have been carried out in an oxygen-free
atmosphere without interference from hydrolysig, [49HIN/MAG, 49MAG/LAC].

The literature appears to contain only one experimental study of the equilibrium

Np** + Ho0 = NpOHt 4+ HY (8.9)

Mefodevaet al. [74MEF/KRQ determined logj81(8.9 = —(7.43+ 0.11) for
25°C and 03 M NaClO, from potentiometric measurements in the pH-range 6-8 in
0.1 M NaCIlQ; at 20°C and comparison with the hydrolysis behaviour o#*Pand
Nd3t under the same conditions (as discussed in AppehyliTable8.4compares the
result with various estimates for the first hydrolysis constant of Np(lIl).

The results seem reliable, except that the uncertainty ipy}69(8.9, 29815 K,

0.3 M NaCl(y) is probably overly optimistic, as can be inferred from the uncertainty
in the reference Nd/Pr systefaFRO/KUM.

This value was extrapolated to= 0, usingAe = (0.04 + 0.09) kg-mol~1 from
the corresponding Am syster@g4SIL/BID] (with uncertainties expanded by 0.05), res-
ulting in log, 387 = —(6.8 = 0.3). The uncertainty is an estimate.
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Table 8.4: Equilibrium data for the neptunium(lIl) hydroxide system (Rea&ign

t Method  lonic strength  logiB1 log, 387 Reference
(°C) (medium)
ca.25 est. -9.20 [54HIN]
25  pot 0.3MNaClQ —-743 —(68+03) [74MEF/KRQ
25 est. —7.40 [BOALL/KIP]
25  est. -7.77 [87BRO/WAN]|

Other predictions based on systematics arggég| = 0) = —7.40 [BOALL/KIP]
and= —7.77 [B7BRO/WAN]. We recommend

log, 285 (8.9, 29815K) = —(6.8+ 0.3)

8.2 Crystalline and amorphous neptunium oxides and
hydroxides

8.2.1 The neptunium-oxygen system phase diagram

There are two known oxides, Np(@r) and a higher oxide variously described as
Np2Os(cr) and NpOg(cr); the hexagonal sesquioxide Mps(cr) may just be stable
under some conditions. The phase diagram is still not completely established, although
it is known that the dioxide, like Ugfcr) and PuQ@(cr), has an appreciable hypostoi-
chiometry down to about Np£y(cr) [87RIC/SAR, but unlike UQ(cr) does not show

any appreciable hyperstoichiometry.

8.2.2 Neptunium(VII) hydrated oxides and hydroxides

Several groups have prepared neptunium(VIl) hydroxide or hydrated ox-
ide solids by acidification of basic solutions containing neptunium(VIl)
[68KRO/MEF, 72CHA/LEI] or by passing ozone/oxygen mixtures through
suspensions of Npf®DH(am), or over dried Np&DH(am) [f4CHA/MAT] or
NpOs-H2,O(am) P4ANIK/BEY. In most cases the solids, which also contained
neptunium(VI) hydroxides, were not purified, and the neptunium(VIl) solids were
not characterised. Nikonogt al. [94NIK/BES report one such compound to be
NpO,OHNpOy-4H2,0(am). These compounds gradually decompose to form less
oxidised neptunium solids. No thermodynamic data for neptunium(VIl) oxides and
hydroxides are available.

8.2.3 Neptunium(VI) oxides and hydroxides

8.2.3.1 Anhydrous neptunium(VI) oxide

No successful attempts to prepare this compound have been reported. By analogy with
the corresponding uranium compounds, Belyaev, Smirnov and Tard@8EL/SM|
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Figure 8.2: Phase relations for the neptunium-oxygen system (f8dfRI{C/SAR,

with permission).
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have usedAtHp,(NpO2(OH)2(cr)) to estimate the enthalpy of formation of the an-
hydrous oxide to be-1058 kJmol~1, and they further estimated an oxygen pres-
sure of 184 Pa would be required to stabilise the solid. Similarly, using values from
Grentheet al. [92GRE/FUG and AtHp,(NpO2(OH)2(cr)) from the present review,
AfH(NpOs(cr) = —(1068+ 7) kJmol~1, and if the difference in the entropies
of NpOgs(cr) and NpQ(OH)z(cr) is approximately the same as for the corresponding
uranium compoundsi+Gp,(NpQOs(cr)) = —(990+ 10) kJmol-1. By comparison
with the Gibbs energies of formation for Bps(cr) and NpQ(cr), it appears that syn-
thesis of this anhydrous oxide from the lower oxides and oxygen gas is not feasible
at practical pressures (see al3@MAL]) and no thermodynamic data are selected for
NpOs(cr) in the present review.

8.2.3.2 Dioxoneptunium(VI) hydrated oxides and hydroxides

The uranium(VI)-water system has been found to be quite comp&RE/FUG,
and even with the sparse experimental data available it is evident that several different
solids can be found in the corresponding neptunium(VI)-water system.

A hydrated neptunium(VI) oxide or hydroxide can be synthesised by
passing ozone/oxygen mixtures through suspensions of ,QpiQam) at 90C
[64BAG/LAI, 75BEL/IL']. The solid produced by this method may also contain some
Np(VIl) [74ACHA/MAT]. The resulting precipitate (which has an X-ray diffraction
pattern similar to that of uranium trioxide dihydra®BAG/LAI]), when dried in
air at 100 to 10%C, is converted to a solid that was report&dHBAG/LAI] to be
isostructural withg-UO2(OH)z(cr) (on the basis of the X-ray diffraction pattern).
Infrared and proton magnetic resonance spectroscopic reSHHBEL/IL'] added
evidence in favour of considering this compound to be a true hydroxide with no water
of hydration. However, Katet al. [96KAT/KIM] have recently reported preparation
of a neptunium trioxide monohydrate by neutralisation of an acidic solution of
Np(VI). Their solid has an X-ray diffraction pattern and an infrared spectrum that
differ markedly from those of the solid of Bagnall and Laidl&4BAG/LAI] of
the same stoichiometry and from those of other hydrated solids reported previously
[64BAG/LAI, 75BEL/IL’, 75CHA/MAT]. For the purposes of the present review,
these two different solids with the same apparent stoichiometry are distinguished
by referring to the dried solid of Bagnall and Laidler as “NygOH)x(cr)”, and to
the solid of Katoet al. as “NpGs-H20(cr)”. Chaikhorskii, Matuzenko and Leikina
[75CHA/MAT] also reported formation of an amorphous solid, Np@H,O(am),
on storage of the dihydrate over water in a sealed vessel for 12-15 days at “room
temperature”. It appears the Np(VI) hydrated oxides and hydroxides may be a fairly
complicated system, amd more work remains to be done to clarify which compounds
are stable.

Moskvin [71MOS3 reported the solubility of “Np@(OH)2(s)” (at 20°C) as a func-
tion of pH (I « 0.1M, self medium with small amounts of an unidentified acid). This
solid was apparently not well characterised, nor does it appear that the material was re-
examined after equilibration with the aqueous solutions. However, it appears likely that
under the stated experimental conditions the solid was primarily the hydrated hydrox-



8.2 Crystalline and amorphous neptunium oxides and hydroxides 119

ide NpGs-H20(cr) [96KAT/KIM], the trioxide dihydrate Np@ 2H,O (perhaps better
written as NpQ(OH),-H20) [64BAG/LAI, 75BEL/IL] or, possibly NpQ-4H,O(am)
[75CHA/MAT]. Moskvin reported log, Ks o = —22.1 for the solubility product of his
solid. As discussed in AppendiX, these solubility results are consistent with a value
of 10°5+15) for the solubility product?Ks, at 25 C (a somewhat lower value than is
directly calculated from Moskvin’s data). Also, based on the precipitation line shown
in Figure 4 of Cassadt al. [72CAS/MAQ (for a freshly precipitated form of the solid

in a 1 M perchorate medium), a compatible limiting valtiés < 10%7 is calculated.

Kato et al. [96KAT/KIM] have determined the solubility of their trioxide mono-
hydrate at 25C in acidic 0.1 M NaClQ solutions. The measured solubilities are lower
than those measured by MoskviilMOSJ for what may (or may not) have been the
same solid under apparently comparable conditions. Recalculations based on their data
(AppendixA) result in a value of

logy§ so = (547+0.40
for the reaction
NpOz-H20(cn) +2H" = NpO5™ + 2H0()

This value is accepted in the present review. It is likely that one or more of the
other solids reported in the Np oxide-hydroxide systédHAG/LAI, 75BEL/IL'] are
similar in stability to the compound of Kat al. The value

AfGS,(NpO3-H20, cr, 29815K) = —(1239046.1) kImol~!

is accepted in the present review. Though no calorimetric measurements have been
carried out for Np@-H20O(cr), two groups have reported calorimetric results leading

to estimates ofAfHp,(NpO2(OH)2(cr)). The more straightforward experiments,

by Fugeret al. [69FUG/BRQ, obtainedAHS, = —(53.1 + 1.2) kJmol~! for

the dissolution of Np@OH)2(cr) in 1 M aqueous hydrochloric acid antl/Hp,

= —(538+ 1.2) kJmol1 for the dissolution of Np@OH)»(cr) in 1 M aqueous
perchloric acid. AIthoughAfH,‘},(Npong, 1 M HCI) has not been measured,

the value can be estimated from uranium data ath,f;,(NpO§+, aq) (see Ap-

pendix A), and a value ofAtHy(NpO2(OH)2(cr)) = —(1377 £ 5) kJmol~1
can be calculated. From the enthalpy of solution in perchloric acid and a value
of AfH,‘;](Np02+,l MHCIOs) = —(8607 £ 4.7) (Appendix A) a value of

AfHL(NpO2(OH)2(cr)) = —(1379+ 5) kJmol~1 is calculated. Belyaev, Smirnov
and Taranov {9BEL/SMI have determined the heat of reaction of NyOH)(cr)
in 6 M HCI containing 0.04 M FeGland 0.004 M NaSiFs. The experimental
enthalpy data are reanalyzed in the present revigw (Appendix A) using the
value A¢HS,(Np*t,6 M HCl(ag) = (5329 + 2.1)kdmol~! [2000RAN/FUG
and literature enthalpy of dilution data for HC6§PAR 2000RAN/FUG. The
experimental enthalpy of reaction of the NgfOH)(cr) is assumed to include an
exothermic contribution of-(1.7 & 0.8) kJmol~1 from the effect of the 0.004 M
NapSiFs [7T6FUG/OET. Thus, AtHp,(NpO2(OH)2(cr)) = —(1363=£ 13) kJmol—1
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is calculated. Combining the results of Belyaev, Smirnov and Taranov with those of
Fugeret al. gives

AfHS,(NpO2(OH)2, cr, 29815K) = —(1377+5) kJmol™?

where the uncertainty has been increased to allow for the fact that the two most pre-
cise measurements were done using the same calorimeter and samples from a single
synthesis. As discussed above, heating the Np»O(s) (NpO2(OH)2-H20 (s)) in

air at 100 to 105C results in conversion to the anhydrous hydroxide, as does heating

in contact with liquid water (saturated with an ozone/oxygen mixture) &€ 9Bor the
corresponding uranium compounds the differences im{@&, for

UO2(OH)2-H20(cr) = B-UO2(0OH)2(cr) + HoO(l)
and
UO3-0.9H,0(cr) + 0.1HO() = B-UO2(OH)»(cr)

at 298.15 K are estimated to be70kJmol~1 and—0.4 k3mol~1, respectively. Thus,
regardless of the actual structures of the solids, the valugsGf,(NpO2(OH)2, cr,
298.15 K) can be estimated as identical to that selected forsNp@(cr) within an
uncertainty o&:2.0 k3mol~1. Thus,

AfG?, (NpO2(OH)2, cr, 29815 K) = —(12390+ 6.4) kJmol~*

is selected. Combining this with the value derived aboveAgry;, (NpO2(OH)o,
cr, 298.15 K) givesAtS;,(NpO2(OH)2, cr, 29815 K) = —(463+ 27) JK~1.mol~L.
Using §,(Np, «, 29815 K) = (50.46+ 0.80) JK~1.mol~1, selected in this review,
and CODATA B9COX/WAQ values forS;,(H2(9)) andS;,(02(g)) leads to

S, (NpO2(OH)2, cr, 29815 K) = 129+ 27 JK 1.mol™!

By analogy with the valu&,(UO2(OH)a, B, 29815 K) = 1384+ 4 JK~t.mol!
selected by Grenthet al. [92GRE/FUG, a value forS;, (NpO2(OH)2, cr, 298.15 K)
closer to 140 K ~1.mol~1 might have been expected. This suggests a somewhat lower
equilibrium solubility for the solid, or a less negative enthalpy of formation. More
experimental work on this solid would be useful.

The heat capacity of NpfOH)»(cr) was estimated as 1123 -mol~1 by Lemire
[84LEM] based on a Kopp’s law calculation as outlined by Sturteva@sry. As
noted in B4LEM], this value is markedly smaller than a value previously estimated
for B-UO2(OH)2(cr), (141+ 15) kdmol~! [72NIK/SER 80LEM/TRE. However,
in general, experimental heat capacity values for actinide solids tend to be somewhat
greater than the Kopp's law estimates, and in the present review

Cpm(NpO2(OH)2, cr, 29815 K) = (1204 20) JK~t:mol™!

is accepted, based on the heat capacity of the hypothetical compoung(dipO
being similar to that fory-UOs(cr, gamma) $2GRE/FUG and an estimate of
40 JK~1.mol~1 for the extra bound kO [93TAY/LEM].
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8.2.4 Neptunium(V) oxides and hydroxides
8.2.4.1 Dineptunium pentoxide

A neptunium oxide with the composition Np@(cr) (i.e. Np2Os(cr)) can be synthes-
ized by calcination of Np@H»>O(cr) [64BAG/LAI] or NpO,OH(am) [73SUD/SOL,
79BEL/DOH or by molten salt technique$3COH 64COH/WAL]. The X-ray dif-
fraction pattern of the powder indicates a monoclinic structure for the salig-(
4188 pmb = 6592 pmc = 4090 pm 8 = 90.16° [76FAH/TUR). The com-
position range has been shown to be quite limi&@HAH/TUR], and earlier reports of
compositions nearer Npg(cr), such as NgOg(cr) [63ROB/WAL], were apparently
in error [/6FAH/TUR 87RIC/SAR. Richter and Sari§7RIC/SAR found NpOs(cr)
decomposes to Npand Q(g) in oxygen atmospheres at temperatures between 700
and 970 K, and were unable to preparefg(cr) from NpG and (g, 0.3 MPa) from
570to 1670 K.

Recently a solid with a powder X-ray diffraction pattern similar to®p(cr) was
reported to precipitate from near-neutral aqueous solutions of neptunium(Vj@t 90
[91NIT]. Merli and Fuger pAMER/FUQ reported that if NpOs(cr) is maintained in
water at 573 K (8.59 MPa) for seven days, the crystallinity of the phase is greatly im-
proved. Furthermore, Pan and Campb@8IPAN/CAM], who measured the solubility
of Np20s(cr) in neutral and basic aqueous solutions ét@5eported gradual ripen-
ing of crystalline NpOs(cr) in contact with their aqueous solutions over a period of
months. This observation suggestso®g(cr), in contact with BO(l), has a stability
equal to or greater than NpOH(am) even at 25C, and not only at higher temperat-
ures.

There have been two experimental studies of the enthalpy of form-
ation of NpOs(cr). Merli and Fuger 94MER/FUQ measured the en-
thalpy of solution of the solid in 6 M HCl(aq) (see Appendk). Bely-
aev, Smirnov and Taranov79BEL/SMI determined the heat of reaction of
“Np20s5(s)” in aqueous HCIl (6 M) containing 0.04 M FeCland 0.004 M
N&SiFs.  Using AfHS(Np*,6 M HCl@ag) = —(5329 + 2.1)kJmol~!
[73FUG/BRQ 2000RAN/FUQG with the experimental enthalpy data in the paper of
Belyaev, Smirnov and TaranoV9BEL/SMI], the recently assessed values for the en-
thalpies of formation for the iron chloride solid3gPAR/KH(, the literature enthalpy
of dilution data for HCI B5PAR 2000RAN/FUQ, and by assuming the experimental
enthalpy of reaction of the N@s(cr) includes an exothermic contribution of
—(1.7 4+ 0.8) kJ-(mol Np)~1 from the effect of the 0.004 M N&iFs [76FUG/OET),
AfHG, (Np2Os(cr)) = —(2142+ 13) kJmol~1 is calculated. This value is only in
marginal agreement with the valugHp, (Np2Os(cr)) = — (21627 + 9.5) kJmol1
determined by the direct dissolution of ps(cr) in HCI [94MER/FUQ.

However, the sample of “Ni©s” used by Belyaev, Smirnov and Taranov
[79BEL/SMI was reported to be 85.11 wt% neptunium. This actually corresponds
to NpOpse. If their analysis was in error, the enthalpy of reaction value of Belyaev,
Smirnov and Taranov cannot explain the apparent stability ofy(cr) with respect
to NpO;OH(am). If the stoichiometry is assumed to be Ng@ AfHy, (NpO2.59(cr))
= —(1086+ 13) kJmol~1is calculated. Then, using reasonable entropy values for
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the solids, it is further calculated that accepting this enthalpy value meansgy@0

would exclude Np@OH(am) (or NpOs(cr) based on the value from Fuger and Merli
[94MER/FUQ) from the neptunium-oxygen-water phase diagram — at least near room
temperature. Considering the large uncertainties in the enthalpy values, the difficulty
in carrying out the analyses7f¢FAH/TUR and the lack of agreement between
AtHg, (NpO2(OH)o(cr)) as similarly determined by Belyaev, Smirnov and Taranov
[79BEL/SMI and the value determined from the simpler experiment by Fuger and
Brown [69FUG/BRQ, only the value from Merli and Fuge®gEMER/FUQ (for a
compound assumed to be stoichiometrigo®g(cr)) is used in the present review, and

is selected.

AfHS,(Np2Os, cr, 29815K) = — (21627 & 9.5) kI mol ™!

This is done with the recognition that the stable compound may have a stoichiometry
that differs slightly from Np@so. The selected value aftHg,(Np20Os, cr, 29815 K)

is compatible, within the uncertainty limits, with marginal stability with respect to
decomposition to Np& Also, this value is reasonable compared to the estimated val-
ues for AfHg,(NpGOs, cr, 29815 K), —1068 (this review) or— (1070 6) kJmol—1
([82MOR/FUQ based on U@ and experimental data on the homologous U - Np spe-
cies), if one takes uncertainty limits into account and assumes that the entropy change
for

NpOs(cr) —  0.5NpOs(cr) + 0.250:(g)

is only due to the formation of £g). Pan and Campbe®bPAN/CAM have measured
the solubility of N@Os(cr) in aqueous solutions as a function of pH. Their measure-
ments for pH values below 8 can be used to obtain a value qf g0 = (3.90+
0.02) for the reaction

0.5NpOs(crn + HT = NpOJ + 0.5HO(l) (8.10)

and A¢Gy,(Np20s, cr, 29815 K) = —(2008+ 11) kJmol~1. From this and the se-
lected value forAHg,, S,(Np2Os, cr, 29815 K) = (95 + 46) JK~1.mol~! is cal-
culated. This value is not in agreement with valuesSatNp2Os, cr, 298.15 K)
previously estimated by Merli and Fuge¥4MER/FUQ ((186+ 15 JK~1.mol~1)
and Lemire B4LEM] ((163+ 23) JK~L.mol~1) and the value is almost certainly
too small for well-crystallised bulk Nf®s(cr). Indeed, it is much less than twice the
experimentally determined value for crystalline Nig€&) (Section8.2.5.), and less
than twiceSg,(UOz25(cn) = (83534 0.17) JK~1-mol~* and §,(UOz6e67(Cr) =
(94.18+ 0.17) JK~L.mol~1 [92GRE/FUG. The difference may simply indicate that
the surface of the Njs(cr) samples used in the solubility experiments had large num-
bers of active sites. It may also indicate the selected entropy for;Xgu) in the
present review is too negative. In the present review the value

S (Np20s, cr, 29815K) = (174+20) JK L.mol™?
is accepted as a value for “ideal”, crystalline Np$cr), and hence,

AfG3(Np2Os, cr, 29815K) = —(20316+ 11.2) kJmol™!
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Belyaevet al. [79BEL/DOB] have measured the heat capacity obRp(cr) from
350 to 750 K by drop calorimetry. This work appears to be more precise than the work
on NpQ(cr) from the same research grof@#ARK/GUT]. On conversion to a molar
basis, the equation iWPBEL/DOB becomes

Co.m(Np20s(cn) = (99.2+ 986 x 10°°T) JK t.mol™*

and this equation has been accepted in the present review for the temperature range
298.15 K to 750 K, and from this the accepted value

Cp.m(Np20s, cr, 29815K) = (12864 5.0) JK~--mol™*

is calculated. The uncertainty is estimated in the present review.

8.2.4.2 Dioxoneptunium(V) hydroxide

Experimental values for the solubility of NpOH(am) as a function of pH, as re-
ported in various publications, are shown in Fig8r8. Most reported solubility de-
terminations for Np@OH(am) B8KRA/NEL, 71MOS3 76SEV/KHA, 85LIE/TRE,
86EWA/HOW, 92NEC/KIM, 96ROB/SIL are in reasonable agreement for pH values
less than or equal to 10. Above that pH even trace quantities of dissolve)C@ll

react to form carbonato complexes and increase the solubility of the solid, and, in the
absence of Cg& hydrolysis reactions may be importaif.( Section8.1.3. Hence,

at high pH the solubility results would be expected to show more scatter, and this is
indeed what has been fourBGEWA/HOW, 85LIE/TRE, 91 YAM/PRA].

Neck, Kim and Kanellakopulo®PNEC/KIM] have shown that ageing a dioxonep-
tunium(V) hydroxide precipitate in contact with sodium perchlorate solutions having
an ionic strength greater than 0.1 m leads to a solid that is sevemalokd more
stable than freshly precipitated NpOH(am). Thus, the low solubility values obtained
by Musikas f8MUS may have been caused by the effect on the solid of the very high
ionic strength [ ~ 9) medium used for his experiments. The solubilities reported by
Yamaguchkt al. [91YAM/PRA] are badly scattered even for experiments in which the
pH value was< 11, and are generally low (see Appendixcompared to most of the
reported values. The results obtained by Itagaikdl. [92ITA/NAK] for solubilities
in solutions of low ionic strength with pH values less than 9 show no dependence on
pH. As discussed in Appendi, this may be the result of formation of a colloidal or
metastable solid.

For many of the measurements, exact temperatures were not repeged (
[48KRA/NEL, 91YAM/PRA]), nor were details provided concerning the calibration
of the glass electrodes (including junction potentials). In most cases, the experimental
solubilities were reported only in graphical form. Thus, additional uncertainties are
introduced in recovering the values from the original reports and journal articles.
Furthermore, in most cases, the nature of the solid in equilibrium with the aqueous
phase was not established. Most of the equilibration times ranged from a few hours
to two weeks, although the experiments of Robettal. [96ROB/SIY lasted for 37
days, and some of those of Nakayaehal. [BBNAK/ARI] for two months.
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In view of the scatter in the solubilities, ill-defined ageing effects on the solid
and the discrepancies in the reported hydrolysis constants for neptunium(V) that pre-
clude selection of solubility products and hydrolysis constants from independent ex-
perimental data, it is difficult to select an accurate value for the solubility product for
NpO,OH(am)

NpOOH@m) + Ht = NpOj + HO() (8.11)

An upper bound of approximately I9§<50(8 1) = 5.4 seems to be set by the
values obtained from recalculation of the data of Lierse, Treiber and &&hl[E/TRE,
92NEC/KIM] (Iogl*K;’0 = 5.35+0.1), Kraus and NelsofiBKRA/NEL] (Iogl*K;’0 =
4.8+ 0.2), Moskvin [/1IMOS3 (logqgKg s0=49+01 based on the four low pH val-
ues only), Neck, Kim and Kanellakopuld@INEC/KIM] (Iogl*K"0 =53+0.1)and
Itagakiet al. [92ITA/NAK] (Iogng‘i0 = 5.0+ 0.2) for the amorphous solid equilib-
rated in low ionic strength solutions (except for values from Kim’'s gr@§i.|E/TRE,
92NEC/KIM], only solubilities obtained for solutions with pH values9 were con-
sidered). In the present review, it is accepted that the nature of the precipitated solid
changes with time and with the medium with which it is brought to equilibrium. For
“freshly precipitated” (green) material in a low ionic strength medium,

log,gKo(8.1D) = (5.3+0.2)

is selected based on refitting the molal solubility products reported by Neck, Kim and
Kanellakopulos92NEC/KIM] using the values of the interaction coefficientsfrom
AppendixB of this review and hence,

AtG(NpOOH(am, “fresh”)) = —(11147+5.7) kJmol~*

The “aged” (white) solid may be a slightly more ripened form of the hydroxide, or
it may be a material with a surface layer of M@, or even incorporating alkali metal
ions. Neck, Kim and KanellakopuloS2NEC/KIM] reported logjKs o = 4.6 for this
solid — somewhat greater than suggested by several other studies, but also slightly
greater than the value proposed above (Se@i@m.) for Np2Os(cr). The results of
Robertst al [96ROB/SIL and Runde, Neu and ClarR§RUN/NEY suggest a similar
difference in apparent solubility products for the two Ny@H solids in 5.6n (5.0 M)

NaCl. Apparently both solids are more soluble in NaCl solutions than in NaCIlO
solutions of comparable ionic streng@BNEC/FAN 96ROB/SIL. The solids in these
studies using Npa@DH(am) have not been (nor could have been easily) characterised,
but the solid in the study of Pan and Campb8&BIPAN/CAM] was characterised as
crystalline NpOs, and did not appear to be transformed to an amorphous solid even
after several months. Therefore, the value

log, K o(8.1D) = (4.7 + 0.5)

is accepted for the “aged” solid, and the uncertainty has been assigned in this review to
reflect the uncertainty in the nature of the compound. Hence,

AfGS(NpO0OH(am, “aged”)) = —(11181+ 6.3) kJmol™!
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The enthalpy of solution of amorphous Ng@H(am) has been recently measured
by two different groups34MER/FUG 94CAM/LEM]. As discussed above, it is not
clear how the nature of this compound changes with time in contact with aqueous solu-
tion, and isolating and/or drying the material could result in a compound that might
not be readily identified with either the “fresh” or “aged” precipitates discussed above.
Both groups prepared material that, in contact with its mother liquor during the syn-
thesis, was the green “freshly precipitated” solid. The solid isolated by Merli and
Fuger PAMER/FUQ had 2.2-2.5 moles of associated water per mole of neptunium.
The solids of Campbell and Lemir®4CAM/LEM], stored over a desiccant, had a
H2O:Np ratio of 1.28-1.52.

The molar enthalpies of solution, calculated here based on the reported analyses
(see Appendi®) are—(38.5+2.0) kJmol~1[94MER/FUQin 1 M HCl and—(43.7+
4.4) kJmol~1in 1 m HCIO4 [94CAM/LEM). If the enthalpy effect corresponding to
the transfer of the Nppion from 1 moldm—3 HCI or 1.0 motkg—1 HCIO4 to infinite
dilution is assumed to be negligible, these values are in marginal agreement within the
uncertainties of the measurements. The unweighted average of the results from the two
sets of measurementsHp,(8.11) = —(41.1+ 3.0) kJmol~1, is used to calculate

AfHS (NpOOH(@am) = —(12229+5.5) kJmol™!

assuming the compound is not a true hydrate, and that the enthalpy of the associated
water in the solid does not differ significantly from that of liquid water.

Within the uncertainty this selected valuesfHp, is assumed to apply to both the
“freshly precipitated” and “aged” forms of the solid, and by using the values selected
above forA+G;, of the “aged” and “freshly precipitated” forms of NpOH(am), the
accepted values

S(NpO,OH, am (“fresh”), 298.15K) = (60« 27) JK~1.mol™?

S (NpOOH, am (“aged”), 298.15K) = (72+28) JK 1.mol™?

are calculated. These entropy values are low compared to Latimer'sS2ie\T,
92GRE/FUG estimates of 101 to 111-K~1.mol~1, and may indicate the selected
entropy for NpQ(aq) in the present review is too negative. The heat capacity of
NpO,OH(am) was estimated as 86KJ1.mol~1 by Lemire BALEM] based on a
Kopp’'s-law calculation as outlined by SturtevaB®BTU. In the absence of any ex-
perimental value, this is accepted in the present review with an estimated uncertainty
of 20 JK~1.mol~1.

Com(NPO2OH, am 29815K) = (86 20) JK™*mol™*
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Table 8.5: Summary of selected formation constants for the neptunium(V)-water sys-
tem at 25C andl = 0.

Species loggK Ae

NpO,OH(am,“fresh”)  logiKso (8.11) (6.3+£0.2 (0.29+0.08)
NpO,OH(am,“aged”) logiKso(8.1) (4.7+0.5) (0.29+0.08
NpO2.50(cr) log;5Ks,0(8.10 (1.8+0.8) (0.29+ 0.08
NpO.OH(aq) logo*87 (8.1 —(113+0.7) —(0.29+0.08)
NpOz(OH), log;¢"B85(8.2) —(236+0.5) —(0.34+£0.13

Figure 8.3: Experimental determinations of the solubility of N@®I(am). The data
are taken from48KRA/NEL] (O), [7IMOS3 (4), [7T6SEV/KHA] (X), [78MUS
(x), [B6EWA/HOW] (+),[88NAK/ARI](¢), [91YAM/PRA] (V), [85LIE/TRHE (aA),
[92NEC/KIM] 0.1 M NaCIQy (W), 1.0 M NaCIQ, (fresh solid) ¢), 3.0 M NaCIQ
(aged solid)¢)
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8.2.5 Neptunium(lV) oxides and hydroxides
8.2.5.1 Neptunium dioxide
8.2.5.1.1 Crystal structure

NpOx(cr) has the fluorite fcc structure (space group Fm3m) with®434x 107 19m:
the X-ray density is 114 gcm—3. An orthorhombic phase is formed in a gradual
transition at 33 to 37 GPa at room temperat@@gEN/DAB].

8.2.5.1.2 Thermodynamic values

The enthalpy of formation of Npéfcr)
AfHS (NpOp, cr, 29815K) = —(10740+ 2.5) kJmol™!

was taken from the work of Huber and HolleggHUB/HOL], who determined the
heat of combustion af-Np(cr). Combining this value with the entropy

S,(NpOp, cr, 29815K) = (80.3+0.4) JK 1.mol!
from the work of Westrunet al. [53WES/HAT] leads to
AfG3(NpOy, cr, 29815K) = —(1021731+ 2.514) kImol~!

Two sets of experimental heat capacity data are available foro{¢pO Westrum

et al. [S3WES/HAT] have reportedCy m measurements for temperatures from 10
to 312.68 K. There is an anti-ferromagnetic transition at 25 K. Archipbwal.
[74ARK/GUT] made drop-calorimetry measurements from 350 to 1100 K. Extrapol-
ations of the two sets of measurements appear to differ by 10 to-K5%.dnol~1

in the range 300 to 400 K. The uncertainties are considerably larger in the results
from the drop-calorimetry study (see Appendd. Therefore, in this review, the
low-temperature heat capacity results from 228.55 to 312.69 K from Wesgdram
[53WES/HAT] have been fitted to

Com(NPOz.cr. T) = (67.511+ 26599 10 °T —8.190x 10°T~%) JK tmol™*
From this, the selected value at 298.15 K
Com(NpOz, cr, 29815K) = (66.240.5 JK tmol™*

is obtained. A fit of the drop-calorimetry resultmRK/GUﬂ with the constraint
that the value f0C° m(NpQO,, cr) at 298.15 K is 6& JK~1.mol~1 does not result in
Cp.m values above 300 K that differ markedly from those calculated usinG3heT)
equation abovei . the equation based only on the low-temperature measurements).
Furthermore, the values f&@;g ,(T) from the equation differ by less than 6% from
the corresponding values selected for 406) [92GRE/FUG and PuQ(cr) (Section
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17.2.1.3 for temperatures from 298.15 to 1200 K. Thus, the equatioilCfqr(T) is
selected for the temperature range 220 K to 800 K.

The same difficulties that were described in the uranium vollBRSRE/FUG
with respect to the relative stabilities of “hydrous bJCcrystalline UG and the neutral
aqueous U(IV) solution species, and to possible changes in the surface properties of
solids with changes in pH, apply equally well to the corresponding neptunium species.
It is therefore not surprising that few attempts have been made to measure even the
dissolution rate of Npglcr), and true solubility measurements in acidic media do not
appear to have been report&BHIR/LIE].

8.2.5.2 “Hydrous” or “amorphous” neptunium(IV) oxide

In a paper by Ragt al. [87RAI/SWA] a value of logjKs o = 1.5 for NpO;-xH20(am)
was reported, based on the concentration of!Ngver NpQ-xH,O(am) in the pres-
ence of Cu(l)/Cu(ll) as a redox buffer. In the same paper a value gfagp = 2.7
was reported based on the equilibrium concentration of}\lp@er NpQ-xH20(am)
in the same solutions (Reacti8ml?).

NpOz(hyd,am) = NpOj +e~ (8.12)

As discussed in Appendik, recalculation of these results, also considering values
for the Np(V/IV) reduction potential, first hydrolysis constant and chloride complex-
ation constants as selected in the present review, leads to the value

log;iKs0(8.13 = (1.53+1.0)
NpOz(hyd, am) + 4Ht = Np** + 2H,0O(l) (8.13)
Thus,
AfGS(NpOz(hyd, am 29815K)) = —(957.3+ 8.0) kImol™!

(or equivalentlyA¢Gp,(Np(OH)4, am 29815K) = —(1432+ 8) kJmol1). The re-
ported uncertainties do notinclude those arising from the fact that the hydrated amorph-
ous oxide is not thermodynamically stable, and may not be a uniqgue compound repro-
ducibly precipitated under different conditions. The selected value is also consistent
with log;jKso = 0.8 reported by Moskvin71MOS3, based on solubility measure-
ments on an uncharacterised sample of the solid hydroxide in perchloric acid solutions
containing 0.1 to 0.2 M hydrazine at 2D. The “best” value found fotK , is greater

(by about an order of magnitude) than the value suggested for the corresponding ura-
nium compound$2GRE/FUG, and the value suggested for the corresponding pluto-
nium solid ¢f. Section17.2.2.3 is even smaller (IogKSO = —(24£1)). These differ-
ences are probably more a reflection of uncertainties related to the ill-defined nature of
the solids than an indication of large difference in behaviour between the three actinide
systems.
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8.2.6 Neptunium(lll) oxide

According to Ackermanret al. [66ACK/FAI], traces of a possible rare-earth type-
A hexagonal phase formed on cooling hypostoichiometric NlgOLattice paramet-
ers a= 4.234x 10719 m,c = 6.10 x 1071 m were reported by Ackermann and
ChandrasekharaialfPACK/CHA]. However, Ritcher and SarBfRIC/SAR could
not confirm this phase. The intermediate formation ob®pwas reported to have
been observed by photoelectron spectrosc8gyTU], in situ, during the slow oxida-
tion of clean metal surfaces. Mors89MOR] estimated that, at 298 K under standard
conditions A Gn,for the disproportionation of NjD3 into metal and dioxide is approx-
imately —85 kJ(mol of Np,O3) L. In the present review no chemical thermodynamic
guantities are selected for hNP3(s).

8.2.7 Neptunium(lIl) hydroxide

No systematic study oKs o for the actinide(lll) hydroxides as a function of temper-
ature or ionic strength has been made. No usable experimental values for N(gOH)
appear to have been reported. In the NEA/TDB americium vol@B8IL/BID], the

values orogSK;OforAm(OH)g (s) = (17.04+0.6) (amorphous) an@l5.2+0.6) (cry-
stalline) have been chosen. It seems reasonable to assume that the solubility product
decreases slightly in the order U(tHNp(lI1) >Pu(ll)> Am(lIl) >Cm(lll), probably

by less than a factor of two for each element. No further evaluation is made here.






Chapter 9

Neptunium group 17 (halogen)
compounds and complexes

9.1 Neptunium halide compounds

9.1.1 Introduction

The experimental thermodynamic data for the neptunium halides are far from com-
plete, consisting essentially of some measurements of enthalpies of solution and some
vapour pressure determinations. The only experimental data for low temperature heat
capacities, and thus standard entropies, are those fog(BIpFThis means that many,
indeed most, of the data given in this section are interpolated (or extrapolated) from
those of the corresponding thorium, uranium and plutonium compounds. In practice,
this means that the trivalent compounds are related more to the U and Pu systems,
the quadrivalent compounds to Th and U systems (where the data are often fairly well
defined). The comparisons for the few compounds of higher valency rely heavily on the
data for the corresponding uranium compounds, since there are often no Pu analogues.

9.1.2 Neptunium fluoride compounds
9.1.2.1 NpF(g) and Npk(9)

These species were observed in the mass-spectrometric study pbj}geinschmidt

et al. [92KLE/LAU] but no thermodynamic data (other than appearance potentials)
were reported. However their stabilities can be estimated fairly reliably from the data
for the corresponding Th, U and Pu compounds.

9.1.2.1.a Enthalpies of formation

The enthalpy of formation of ThF(g), UF(g) and PuF(g) are close to a linear function
of atomic number, suggesting that the enthalpy of formation of NpF(g) is close to the
mean of those for UF(g)(52+30) kJ-mol~1[92GRE/FUQG) and PuF(g) {(1126+

10.0) kJmol~1, see Section8.1.2.). The selected value is

AfHS(NpF, g, 29815K) = —(82+ 30) kdmol™?

The situation for NpE{(g) is less clear-cut, since the enthalpies of formation of
ThRx(g) [85HIL/GUR] and Puk(g) (see Sectiorl8.1.2.) are very similar, while

131
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that of URx(g) is about 80 kdnol~! more positive. Nevertheless we estimate the
enthalpy of formation of Npi{g) to be close to the mean of those for 40d)
(—(530 + 30) kJmol~! [92GRE/FUQ) and Puk(g) (—(6143 + 6.0) kJmol™?,
Section18.1.2.), the selected value being

AfHS(NPR2, 9, 29815K) = —(570450) kJmol?

9.1.2.1.b Standard entropy and heat capacity

The thermal functions of NpF(g) and Ngg) were calculated assuming the molecu-
lar parameters discussed in Rand and FUgebPRAN/FUQG. These are essentially
those estimated by Glushlab al. [82GLU/GUR for the gaseous species Urand
UF;, which are isoelectronic with the corresponding neutral neptunium fluoride spe-
cies. These assumptions give

S(NpF,g,29815K) = (251+5) JK 1mol™!
Com(NpF, 9.29815K) = (338+3.0) JK t:mol™*

S, (NpF2, g, 29815 K) (3044 10) JK Lt.mol?
Com(NPF2, 9. 29815K) = (559+5.0) JK tmol™*

Full tables of the estimated thermal functions of these species up to 2000 K are
given by Rand and Fuge2QOORAN/FUQG.

9.1.2.2 NpFK(cr)
9.1.2.2.a Enthalpy of formation

The enthalpy of formation of Npffcr) is estimated from the correlation between the
difference of the enthalpies of formation of the actinide trihalides and the aqueous
M3+ ions and the radius of the ¥ ions, as discussed in detail by Fuggral.
[83FUG/PAR.

The data in the first two lines of Tab1 when combined with the ionic radius
of Np3* give the tabulated value fokiHS,(NpFs, cr, 298.15 K) -AfHS,(Np**, aq,
298.15 K). The ionic radii in Tabl®.1 have been taken fron¥ 6SHA] which with
the selected\iHS,(Np3t, ag 29815 K) = —(527.2+ 2.1) kJmol~* selected by this
review (identical to T6FUG/OET) gives finally

AfHS (NpFs, cr, 29815K) = —(15290+ 8.3) kdmol~?

9.1.2.2.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity g{cypRnd
the standard entropy is derived from two related estimates from the entropies of
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Table 9.1: Extrapolation aktH2,(MF3, cr) — AfHS, (M3, ag) vs. ionic radii of M3+
for a coordination number of VI.

Element lonic radius AfHp,(MFg, cr) — AfH?n(M3+, ag Reference
(x1010m)

U 1.025 —(10123+6.0) kJ}mol~1 [92GRE/FUG

Pu 100 —(9949+ 2.1) kJmol~1 This review

Np 101 —(10018 + 8.0) kJmol~1 Interpolated

UF3(cr) and Puk(cr): the spin-only method and the simple average of the entropies
[2000RAN/FUG. From the two estimates of 125.0 and 124}K—1.mol~%, the
selected value is

S (NpFs, cr,29815K) = (12494 2.0) JK 1.mol™!

9.1.2.2.c High temperature heat capacity

There are no measurements of the heat capacity and values have been estimated to be
close to the mean of Wfcr) [92GRE/FUG and Pulz(cr) (Sectionl8.1.2.2;

Com(NpPFs,cr.T) = (1052+0.812x 10°3T —10.0 x 10°T~%) JK 1:mol™!
from 298.15 K to 1735 K.

Com(NpF3,cr,29815K) = (942+3.0) JK t:mol™*

9.1.2.2.d Fusion data

The fusion data and heat capacity of the liquid are all taken to be close to the mean of
the values for Ug{cr) and Puk(cr), giving:

Tus = (173530 K
AusHp(NpFs, cr, 1735K) = (36.1+5.0) kdmol™*
Com(NPFs.l) = (132+20) JK tmol™*

9.1.2.3 Npk(9)
9.1.2.3.a Enthalpy of formation

There are no vapour pressure measurements fog(dpFand the enthalpy of forma-

tion has been estimated by assuming that the vapour pressure is intermediate between
those of Uk(cr) [92GRE/FUG and Pulks(cr) [2000RAN/FUQG which in the region

where they have been measured differ by a factor of between 2 and 3. However, it
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should be noted that although the vapour pressures gf NpFs and Puk in the li-
quid state follow this expected behaviour, the vapour pressure of(sipks slightly
higher than those of UWftcr) and Puk(cr) (which are almost identical’PWEI/WEA],
so the uncertainty in the enthalpy of formation has been increased.

The selected value is

AfHS (NpF3, 9, 29815K) = —(1112420) kJmol!

When combined with the entropy values estimated below, the calculated sublima-
tion pressure for the reaction

NpFs(cn = NpFRs(9)

is closely represented by the expression:

logig(p/ban = —20574r~148977
from 1000 to 1600 K.

9.1.2.3.b Standard entropy and heat capacity

The thermal functions of Npffg) were calculated assuming the molecular parameters
given by Rand and Fuge2QOORAN/FUQG, using the rigid-rotator, harmonic oscillator
approximation. The molecule is assumed to be pyramidal, wjtrs@mmetry.

These assumptions give

S5, (NpFs, g, 29815 K) (3305+ 10.0) JK " L.mol?
Com(NpF3,0,29815K) = (722+50) JK t:mol™!

9.1.2.4 Nphk(cr)
9.1.2.4.a Enthalpy of formation

The enthalpy of formation of Npffcr) is estimated from the correlation between
the difference of the enthalpies of formation of the actinide tetrahalides and the
aqueous M* ions and the radius of the ¥ ions [76SHA], as discussed in detail

by Fugeret al. [83FUG/PAR 2000RAN/FUQ. This analysis when combined with
AfH%(Np“*, aq 29815 K) = —(556.0+4.2) kJmol~1, selected in this review, gives

AtHL(NpFg, cr, 29815 K) = —(1874+16) kJmol~1
which is the selected value.

9.1.2.4.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity gfcp&nd the
standard entropy is derived from two independent estimates: the spin-only method
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and Latimer estimate2DOORAN/FUG. From these two estimates of 153.8 and
1532 JK~1.mol™1, the selected value is

S (NpFg, cr,29815K) = (15354 4.0)JK 1.mol™!

9.1.2.4.c High temperature heat capacity

This is assumed to be close to the mean ofi(df [92GRE/FUG and the estimated
value for Pulz(cr), (see Sectiot8.1.2.4.

Com(NPFa.cr.T) = (122635+ 9.684x 10T — 8.36465x 10°T %) JK t.mol™*
from 298.15 K to 1305 K.

9.1.2.4.d Fusion data

The fusion data and heat capacity of the liquid are all taken to be close to the values for
UF4(cr), giving:

Tus = (1305+ 30 K
AfusHS (NpPFg, cr, 1305K) = (47+5) kdmol ™!
Com(NpPFa.l) = (165+15) JK tmol™*

9.1.2.5 Nphk(g)
9.1.2.5.a Enthalpy of formation

The vapour pressure of Npger) has been measured by Chudinov and Choporov
[70CHU/CHQ from 902 to 1092 K, and by Kleinschmidt al. [92KLE/LAU] from
818 to 979 K, both using the Knudsen effusion method. Chudinov and Choporov
determined the amount of effused material directly by radiometric analysis, but
Kleinschmidtet al. had to calculate the vapour pressures indirectly from the measured
ion currents, assuming the cross-sections of Ngadl NpR were the same as those of
the uranium analogues. The pressures from the first study are lower by about a factor
of four.

We have analysed these data by second- and third-law analyses, using the thermal
functions for Nplz discussed below, to give the results shown in Té&bke

Table 9.2: Enthalpies of sublimation of Ng(Er). Values are in kidnol~1

Reference AgytH (NpF4, 29815 K)
Second-law Third-law

[70CHU/CHG  (3153+3.6) (3133+0.7)

[92KLE/LAU] (286.8+15.6) (3036 +4.4)
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The excellent agreement between the second- and third-law analyses for the data
by Chudinov and Choporov gives confidence to this study, which in addition measured
the absolute values of the pressures, as distinct from the relative measurements by
Kleinschmidtet al. It may be noted that were the Ng§) molecule taken to have
lower symmetry than tetrahedral (see below), the entropies and Gibbs energy functions,
—[Gp,—H3(29815K)]/ T, would be increased, thus worsening the second- and third-
law disagreement from the study by Kleinschmitlial. However, in view of their
appreciably lower second-law enthalpy of sublimation (which should be independent
of cross-sections), and the uncertainties in the electronic contributions to the calculated
thermal properties of the vapour, the uncertainty in the selected value for the enthalpy
of sublimation

AsugH(NpFs, 29815K) = (3130 15.0) kJmol!

has been increased substantially.

This is identical to the assessed values for the enthalpy of sublimation g4EXJF
(313 kdmol~1, [92GRE/FUQ), although this value should probably be reduced by
2-3 kJmol~1 to correct for revised thermal functions for the gaseous actinide tetraflu-
orides €f. the discussion in the next section). The derived enthalpy of formation of
NpF4(g) is thus

AfHS(NPFs, 0, 29815K) = —(15614 22) kImol~t

This value (and the enthalpy of sublimation) are slightly different from those suggested
by [2000RAN/FUQG, since a small previously undetected error in a regression equation
in [70CHU/CHQ has been corrected.

9.1.2.5.b Standard entropy and heat capacity

Koningset al. [96KON/BOQ have recently studied the infrared spectrum of(¢fy
between 1300 and 1370 K. Based on this, and a re-analysis of the previously determ-
ined gas electron diffraction data, they have demonstrated that th@)JXRolecule
almost certainly has tetrahedral symmetry and that the entropy of sublimation calcu-
lated from the vapour pressure measurements @28RE/FUQ) is in substantial
agreement with this model when the newly determined smaller stretching vibration
frequency is used to calculate the thermal functions of(gF These molecular para-
meters for UR(g) have thus been adopted for the M) molecule, except for a small
decrease in the M-F distance fron®89 x 1010 m for UF4(g) to 205 x 10~19m for
NpFs(g). The ground-state energy level was assumed to have a statistical weight of 6,
and the higher electronic levels were taken to be the same as those suggested for the
gaseous species Ry Glushkoet al. [82GLU/GUR. The calculated values for the
entropy and heat capacity of Ng(g) at 298.15 K are

S (NpFs,0,29815K) = (3698 10.0) JK 1.mol™?
Cpm(NpPFs,0,29815K) = (953+50) JK t:mol™!
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and these are the selected values. The input data used and a complete table of thermal
functions up to 2000 K are given by Rand and FU§SCQORAN/FUQ. The input data

are very similar to those suggested by Konings and Hildenbi@8idN/HIL], which
appeared after the current assessment was completed.

9.1.2.6 Intermediate fluorides and Npls(cr)

No solid fluorides between Npfer) and Npks(cr), analogous to the well-
established uranium compoundssRd7(cr), UsFg(cr) have been found, cf.
plutonium fluorides). However Npfcr) has been prepared by both reduction
of NpFs [70COH/FR|] 80BAL/YEH, 82BRO/WHI| 93MAL/WIL] and oxid-
ation of NpFR [75DRO/SER 78DRO/SER  Cohen et al. [7TOCOH/FR] and
Brown et al. [82BRO/WH] used iodine dissolved in B~to reduce NpFk, while
Baluka et al. [BOBAL/YEH] used PE as a reductant; Drobyshevské al.
[75DRO/SER78DRO/SERreacted Npk and Krk. Malmet al. [93MAL/WIL] have
studied the reduction of NgHn some detail; their preferred method of preparation
was to react an anhydrous HF(aq) solution containingNipis with BF; and LiF. A
range of colours is reported for Npf€r), from creamy-white through bluish-white to
yellow-brown. The latter material was shown to contain at least 98% Np(V) from its
Mdssbauer spectrum. Npfer) is isomorphous with the high temperature tetragonal
form of UFs(cr) (stable abovesa. 398 K), space group 14/m with cell parameters
a = 6.5358x 1071® m andc = 4.4562x 1019 m [93MAL/WIL]. This structure
was retained at 133 KBRBRO/WHI|, suggesting that Npfcr) may not undergo the
transformation to the different low-temperature tetragonal structure, space group 142d,
that occurs in UK{(cr).

No thermodynamic data have been reported for gy, but approximate values
have been derived from the observation by Maal. [93MAL/WIL] that dispro-
portionation to Npk(g) and Npk is not appreciable below 591 K, a much higher
temperature than for Ufcr) which begins to lose Ufg) at 423 K.

The standard entropy and heat capacity have been assumed to be close to those for
the isostructural Us{cr, «) [92GRE/FUG:

S, (NpFs, cr, 29815K) = (200+ 15) JK 1.mol™?

Com(NpPFs.cr.T) = (12643 x 107°T — 1.9 x 10° x T~?) JK~1mol™*
(29815 to 600 K

If the pressure of Npé{g) in the reaction
2NpFs(cr) = NpFa(cr) + NpFs(9)

is assumed to be 0.1 bar at 591 K, the derived valuawiy, (NpFs, cr, 298.15 K)

is —(1941+ 5) kJmol~1, where the given uncertainty excludes those of INpH

and Npk(g). The latter are independent, and the selected value for the enthalpy of
formation of Npks(cr) is:

AfH(NpFs, cr, 29815K) = —(1941+25) kJmol~*
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With these values the pressures of N(fj in the above decomposition reaction eae
3 x 107 bar at 400 K and 5< 102 bar at 500 K, in accord with the observation of
Malm et al. [93MAL/WIL].

9.1.2.7 Npk(cr)

Osborneet al. [700SB/WE] have given an almost complete, consistent description of
the relative properties of Ngfcr, |, g) based on their measurements of the low temper-
ature heat capacity (7 to 350 K) and the vapour pressure measurements by Weinstock
al. [59WEI/WEA| from 273.15 to 350 K. Since there has been no other thermodynamic
work on this compound, we have accepted the values of Oslebahe]700SB/WE]

with only essentially trivial updating, but have also ventured to estimate the enthalpies
of formation of the crystal and gas.

9.1.2.7.a Enthalpy of formation

The enthalpy of sublimation of Npgfcr) is well defined below, but the in-
dividual enthalpies of formation of the solid and gas are not known accur-
ately. Approximate values have been estimated by interpolating the difference
AfHS(MFg, cr) — AfHﬁ](MO?,aq) for M = U, Np, Pu, using the ionic radii of

the M(VI) ions (for co-ordination number VI)7BSHA as the interpolator. Since
these values are. T8 x 10719 m, 0.72 x 10719 m and 071 x 1019 m for U, Np

and Pu, the value of the enthalpy differeneeHg,(NpFs, cr) — Aer‘;(Npog“L, ao),

for Np becomes the mean of the corresponding values for U and Pu, namely
—(11090 + 15.0) kJmol~1, where the uncertainty is estimated here.  With
Aer‘;,(Np02+, aq 29815 K) = —(8607 + 4.7) kJmol~! selected by this review,

this gives finally AtHf,(NpFe, cr, 29815 K) = —(19697 + 15.7) kJmol~1. The
selected value is the rounded value, with a somewhat increased uncertainty

AfHS (NpFs, cr, 29815K) = —(1970+ 20) kJmol™*

9.1.2.7.b Standard entropy and heat capacity

The low temperature heat capacity of N&r) has been measured by Osboenal.
[700SB/WE] from 7 to 350 K. No anomalies were observed in the heat capacity curve
over this temperature range. Because §{pH has one non-bonding electron, there

will be a twofold degeneracy in the ground-state, and it is anticipated that at some
temperature below the current range of measurements, there will be a co-operative
phenomenon to remove this degeneracy. Thus a terRlioR has been added to the
entropy obtained by extrapolation of the observed heat capacity curve from 7 to 0 K.
The validity of this addition is confirmed by the excellent agreement for the entropy of
the gas as calculated from the calorimetric data and from statistical mechanics, as de-
scribed in the following section (discussion on Nfdj). The derived standard entropy
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and heat capacity of the solid at 298.15 K are:

S (NpFe, cr,29815K) = (229094 0.50) JK~1.mol~!
Com(NpFs, cr,29815K) = (16744 0.40) JK~--mol*

The variation of the heat capacities of Nyj€r and I) have been taken from the
same study{0OSB/WE] :

Com(NpFs.cr. T) = (62333+ 352547 x 10°°T) JK~1.mol™*
from 298.15 to 327.91K, and

Com(NPFs, 1. T) = (150344+ 110076 10°T) JK~1.mol™*
from 327.91 to 350 K.

9.1.2.7.c Fusion data

The measured melting point327.91 4+ 0.02) K and the enthalpy of fusion from the
calorimetric study JOOSB/WE] agree excellently with those calculated from the va-
pour pressure curves for the solid and liqus@YWEI/WEA]. The selected values are

Ths = (3279140.02) K
AnusHS (NpFs, €1, 327.91K) = (175244 0.017) kImol™*

9.1.2.8 NpFk(Q)
9.1.2.8.a Enthalpy of formation

This has been calculated from the estimate AgHy,(NpFe, cr, 29815 K) selected

by this review, and the enthalpy of sublimation calculated from the vapour pressure
measurements of Weinstoekal. [SOWEI/WEA for the crystal and liquid from 273.15

to 350.0 K. Their data have been treated by a third-law analysis to give the enthalpy of
sublimation

AsutHS (NPFs, 29815K) = (48344 0.07) kJmol~!

As indicated by the excellent agreement in the calculated and experimental entrop-
ies of sublimation implied by the discussion in the next section, there is only a very
small drift in the calculated third-law enthalpies form these vapour pressure data.

The derived enthalpy of formation of the vapour is

AfHS (NpFs, 9,29815K) = —(192166+ 20.00) kJmol~!

where the additional significant figures are retained to reproduce the correct vapour
pressure from thermodynamic calculations.
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9.1.2.8.b Standard entropy and heat capacity

The thermal functions of Npjtg) were calculated using the rigid-rotator, harmonic os-
cillator approximation. The molecule is taken to be octahedral witeythmetry, with
a Np-F interatomic distance of481 x 1019 m, taken from the electron diffraction
measurements o6BKIM/SCH)]. The frequencies were taken from the assessment by
Osbornest al. [700SB/WE], whose values are based mainly on the review by Wein-
stock and Goodmar6pWEI/GOQ, plus the later experimental value of Frlec and
Claasen §7FRL/CLA]. The molecular parameters are given in full in the report by
Rand and Fuge2D00RAN/FUQG.

Thus,

S, (NpFs, g, 29815 K) (376.643+ 0.500 JK~1-mol~*
Com(NPFs,9,29815K) = (1290724 1.000 JK t.mol™!

Osborneet al. [7TOOSB/WE] have made a rigorous calculation of the entropy of
the ideal Npk(g) at 340 K by adding the entropy of vaporisation from the vapour
pressure measurements of Weinstetkl. [SOWEI/WEA| to that of the liquid from
purely calorimetric measurements. Their valug3g378+1.59) JK~1.mol~1, which
includes a correction of0.75 + 0.25) JK~1.mol~! for non-ideality of the vapour,
agrees excellently with that for the ideal gas calculated from the molecular parameters
given in the report by Rand and Fug8dPORAN/FUG, (39394+0.50) J-K1.mol~1,
where the uncertainty is that suggested by Osbetrak [700SB/WE].

The heat capacities of the vapour have been fitted to the expression

Com(NPFs. 0. T) = (143242+ 2.44158x 1072 T
—1.13115x 10°°T? — 1.8174x 10°T?) JK L mol?!

from 298.15K to 1000 K.

9.1.2.9 NpF(g)

Fried and Schreiner6PFRI/SCH were unable to detect any higher fluoride than
NpFs(g) when the latter was reacted with(§) under pressure and with Kifg), so
NpF7(g) is probably not a stable molecule.

9.1.2.10 NpQF2(cr)

Kleinschmidtet al. [92KLE/LAU2] have measured the pressures of h\(gff arising
from the decomposition of NpfP>(cr) by mass-spectrometric Knudsen effusion. The
results of two runs differed by about a factor of 3, probably due to a change in in-
strument sensitivity. The only Np-containing ions observed wereNpF= 1 to 4,
suggesting the decomposition of Ngi(cr) gives predominantly Npftg) and is thus
simpler than that of UgF»(cr), which gives Uk(g), UFs(g) and UOR(g) in the gas
phase. The product after loss of most of the NglF showed the X-ray diffraction
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pattern corresponding to Npr), although the weight loss was less than half of that
corresponding to the reaction

2NpQyF2(cr) = NpOz(cr) + O2(9) + NpFa(9) (9.1)

This was attributed to the presence of considerabled@®in the original sample,
which was prepared by the controlled hydrolysis of i@F) by small amounts of water
in anhydrous HF. The results of this study have been interpreted in terms of the reac-
tion (9.1), which was probably the principal process occurring in the decomposition.
The pressure of &lg) could not be measured under the conditions of the experiment,
and was assumed to be the same as that of,(¢ppFin accord with reactior®(1). This
would not, of course, be true if other modes of decompositéx,(to NpOs) were
also occurring.

Since these experiments by Kleinschrmedal. [92KLE/LAUZ2] were carried out in
the same apparatus, and in the same period as the study of the sublimatiory@frNpF
[92KLE/LAU], we have preferred to combine the two studies to calculate the properties
of NpOxF> (cr). When the mean Npkg) pressures over NpB2(cr) in the two runs
is combined with the similar pressures over pure INpf, the Gibbs energy of the
similar reaction involving Npk{cr)

2NpOF2(cr) = NpO2(cr) + O2(g) + NpFa(cr) (9.2)
is calculated to be
AGm(9.2 = (272642— 146109T) Jmol~t

from 829 to 996 K.

When the derived values of the enthalpy and entropy of this reaction at the
mean temperature of 912 K are reduced to 298.15 K using the thermal functions of
NpOz(cr), NpO:F2(cr) and NpR(cr) assessed in this review, the corresponding values
are AfH (9.2 29815 K) = (2734 + 15.0) kIJmol~! and A;S(9.2, 29815 K) =
(1464 + 15.0) JK-L.mol~1, where the uncertainties have been increased to allow
for uncertainties in the oxygen pressure. These values in turn give for the enthalpy of
formation AtHp,(NpO2F2, cr, 29815 K) = —(16107 £ 21.2) kJmol~1, where the
uncertainty includes those of Npger) and NpQ(cr).

However, this value would make the differenagHy,(UO2F,, cr, 29815 K) —
AfHS,(NpOoF», cr, 29815 K) only -42.8 kdmol~1, whereas the corresponding dif-
ference for the aqueous I\@O ions is -158.3 kdnol~1. Thus with the above enthalpy
of formation of NpQF>(cr), its solubility in water would be extremely small (less than
10~° M at pH=5). Since by comparison with U6,(cr), which is very soluble, this
is thought to be very improbable, it seems that some substantial experimental error,
possibly premature decomposition of their Nf#%, occurred in the experiments of
Kleinschmidtet al. [92KLE/LAUZ2]. This topic is discussed more fully in the review
by Rand and FugeDOORAN/FUQ, but at the moment no value can be recommended
for the enthalpy of formation of Npgba(cr).
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9.1.2.10.a Standard entropy and heat capacity

A value of the standard entropy can be derived from the second-law analysis of
the data of Kleinschmidet al. [92KLE/LAUZ2] discussed above. The value of
(1464 + 15.0) JK 1. mol~! for A,S(29815 K) for reaction 0.1) gives the value
S, (NpOzF2, cr, 29815 K) = (1464 + 155) JK~L.mol~1, which is consistent with
the corresponding value for UBs(cr) [92GRE/FUG namely(135+3) JK~1.mol~1.
However, in view of the discrepancy noted above for the enthalpy of formation, no
value for the entropy has been selected.

The heat capacities which have been used in the above analysis were estimated to
be the same as those of Yi)(cr) given by Glushkat al. [82GLU/GUR.

Com(NPO2F2,cr. T) = (106238+ 2.8326x 102 T
—1.0208x 10°T~2) JK L. mol™?!
(T =29815— 1000 K)

The heat capacity equation for Uex(cr) given by Grenthet al. [92GRE/FUG is
valid only up to 400 K; therefore it cannot be used to estimate that forJINg(r).

9.1.2.11 NaNpFsg(cr)

Trevorrowet al. [68TRE/GER have shown that neptunium hexafluoride reacts revers-
ibly with NaF(cr) at 523 to 673 K to form the ternary fluoride containing Np(V),

3NaKcr) + NpFs(g) = NagNpFg(cr) + 0.5F:(0) (9.3)
and have measured the equilibrium constant to be
log,o(Kp/bar®®) = (3147m1 - 2.787)
from 523 to 673 K, giving
AfGm(9.3 = (—602494 53.354T) Jmol™*

With the data for NaF(cr) from 2GLU/GUR and the heat capacities es-
timated below, the derived values for reactiod.3 are A;H(29815 K) =
—(62.7+6.9) kImol~t andA,;S(29815 K) = —(59.4+ 11.5) JK~1.mol~1, giving
finally

AfH,(NagNpFs, cr, 29815 K) —(3714+ 21) kImol™?
S (NagNpFg, cr, 29815 K) = (369+ 12) J-K~1mol™!

These correspond to an enthalpy change-dB.2 kJmol~! and to an entropy
change of+15.5 JK~1.mol~! for the formation reaction from NaF(cr) and NyEr).
Reaction 9.3 is, of course, different from the corresponding reaction fog(d}; in
which NgUFg(cr), containing U(V1), is formed.
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The heat capacities of NEpFg(cr) which have been used in the above analysis
were estimated to be close to the sun€gf.,(3NaF(cr) + Npk(cr)):

Cpm(NasNpFg, cr, T) = (2704 5.66 x 10 2T — 1.3 x 10°T~%) JK t:mol™!
(29815 to 800 K

9.1.3 Neptunium chloride compounds
9.1.3.1 NpCk(cr)
9.1.3.1.a Enthalpy of formation

The enthalpy of formation of Np@{cr) has not been measured, and is estimated by two
methods PO00RAN/FUQG. The first is from the correlation between the difference of
the enthalpies of formation of the actinide trihalides and the aqueddsidhs and
the ionic radius of Mt, as discussed in detail by Fugetral. [83FUG/PAR. The
second estimate is by interpolation of the differences of the enthalpies of formation
AtHS(MCl3, cr, 29815 K) — AfHS,(MBr3, cr, 29815 K), for M = U [92GRE/FUG
and Pu, (this review).

The selected value is the mean:

AfHS (NpCls, cr, 29815 K) = —(8968+ 3.0) kJmol™!

9.1.3.1.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity of(bipCand

the standard entropy is derived from three reasonably consistent estimates. Details of
these estimates (162.9, 160.0, 463K ~1.mol~1) are given in POOORAN/FUG; the
selected value is

S, (NpCl, cr, 29815K) = (1604 +4.0) JK~1.mol™!

9.1.3.1.c High temperature heat capacity

Lacking experimental data, the heat capacity of Nje) is assumed to be similar to
UCIs(cr)!. The suggested values for NpQir) are:

Com(NPClz,cr, T) = (89.6+ 27.5x 107 °T +3.6 x 10°T ) JK :mol™*

1t should be noted that the coefficient ®f in the equation fOfCB’m(UC|3) given by Grentheet al.
[92GRE/FUQG is incorrect. Even when this value is corrected to reproomgg,n(29815 K), there is
a shallow minimum ircg’m around 315 K §5GRE/PU], which is probably an artefact of the fitting
procedure.
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from 298.15 to 1075 K, and hence

Com(NpCls, cr, 29815K) = (10185+4.0) JK~*-mol™*

9.1.3.1.d Fusion data

The fusion data and heat capacity of the liquid are all taken to be close to the mean of
the values for UG(cr) (1115 K P6KOV/BOQ])) and PuCi(cr) (1041 K, this review),

giving:
Ts = (1075+30)K
AsusHS,(NPCls, cr, 1735 K) (50 8) kdmol™*
Com(NpCla, ) = (13715 JK tmol™*

9.1.3.2 NpCk(g9)
9.1.3.2.a Enthalpy of formation

There are no vapour pressure measurements for jghcband the enthalpy of forma-
tion has been estimated by assuming that the vapour pressure is intermediate between
those of UC}(g), calculated from the values given by Grenttal. [92GRE/FUG,
and PuCi(g), selected by this review, which in the region where the latter have been
measured differ by a factor of 2-3. As noted in Sec®oh.2.3on NpFs(Q), it has been
necessary to assign a relative high uncertainty to this enthalpy of formation.

The selected value corresponds to

AsuH(29815K) = (307.8+10.0) kJmol1
and hence the selected value is
AfH (NpCls, g,29815K) = —(5890+ 10.4) kdmol™?

When combined with the entropy values estimated below, the calculated vapour
pressures for the sublimation and vaporisation reactions

NpClz(crh = NpClz(g)
NpCls(l) = NpClz(9)

are closely represented by the respective expressions:

—15177T~1 +9.057 (from 900 to 1075 K
—12259r~1 + 6.346 (from 1075 to 1300 K

log; o(p/ban
log; o(p/ban
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9.1.3.2.b Standard entropy and heat capacity

The thermal functions of Np@{g) were calculated using the rigid-rotator, harmonic
oscillator approximation. The molecular parameters are given in full in the report by
Rand and Fuge2D00RAN/FUQ. The selected molecular parameters give

S, (NpCh, g,29815K) = (36284 10.0) JK 1.mol™!
Cpm(NpCl3, 0,29815K) = (785£5.0) JK " mol™*

9.1.3.3 NpCl(cr)
9.1.3.3.a Enthalpy of formation

Fuger et al. [69FUG/BRQ measured the enthalpy of solution of Np@lr) in
1 M HCI to be —(22539 + 0.54) kJmol~1. With the partial molar enthalpy of
formation of CI in this solution,— (16437 + 0.10) kJmol~! [2000RAN/FUQG, and
AfHS(Np*T, 1 M HCI, 29815 K) = —(5519 + 1.7) kJmol~1, [2000RAN/FUG,
the enthalpy of formation of Np@{cr) becomes:

AtH (NpClg, cr, 29815K) = —(9840+ 1.8) kJmol~1
which is the selected value.

9.1.3.3.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity of(bipCand

the standard entropy is derived from three reasonably consistent estimates. Details of
these estimates (209.6, 199.5, ®W3K~1.mol~1) are given in POOORAN/FUG; the
selected value is biased towards the lower vaR@PRAN/FUG

S(NpCly, cr, 29815K) = (200+ 8) JK 1.mol™!

9.1.3.3.c High temperature heat capacity

This is assumed to be similar to that of Ugr), which have been refitted from the
data of Ferguson and Prather (given in full by Katz and Rabinowl&KAT/RAB]),
Ginnings and Corrucini47GIN/COR and Popowt al. [59POP/GAIL. The selected
values for NpCJ(cr) are represented by the equation

Com(NpClg.cr, T) = (1125+3.6x 10 °T —1.1x 10° x T~%) JK tmol™*
from 298.15to 811 K, and hence

Cpm(NpCla, cr, 29815 K) = (1220+ 6.0) JK~*mol*
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9.1.3.3.d Fusion data

The melting point and enthalpy of fusion are calculated from the vapour pressure stud-
ies discussed in the next section.
Tus = (811+15K
AfusHS (NPCly, cr, 811K) = (59.6 +5.0) kJmol™!

The liquid heat capacity is estimated to be similar to that ofAUCI59POP/GAI,
Com(NpCla, 1) = (1080+60.0 x 1073T) JK~1:mol™*

from 811 to 1000 K.

9.1.3.4 NpChL(g)
9.1.3.4.a Enthalpy of formation

Gruen et al. [7T6GRU/MCH have analysed the data on the vapour pressure of
NpCla(cr, I) reported by Choporov and Chudind@§CHO/CHY (Knudsen effusion,

from 552 to 696 K), Malm $7MAL] (Bourdon gauge, from 709 to 874 K) and them-
selves (spectroscopic analysis, from 741 to 905 K). The three sets of measurements
are very consistent, and we have accepted the equations given by &alefor the
vapour pressure of the solid,

logyo(p/ban = —9932T 1 + 10.661
from 552 to 810 K, and the liquid
log;o(p/ban = —6471T 1 + 6.351

from 812 to 905 K.

The first equation has been combined with the estimated thermal functions of the
solid (Sectior9.1.3.3 and the vapour (see below) to calculate the third-law enthalpy
of sublimation at 298.15 K

AsutHm(NpCls, 29815K) = (197.0+ 3.0) kJmol™*

where the uncertainty is estimated here to allow for some uncertainty in the thermal
functions. The experimental entropy of sublimation at the mid temperature, 912 K,
(2041 JK~1.mol~1) agrees well with that calculated form the estimated molecular
parameter§2017 JK~1.mol~1). The above enthalpy of sublimation is the selected
value and gives finally

AfHS (NpCly, 9, 29815K) = —(787.0+ 4.6) kdmol™!

The consistency of the vapour pressure measurements around the melting point
by Malm [57MAL] and Gruenret al. [7T6GRU/MCH is not high enough to define the
melting point with great precision, and we have accepted the valigpt (811+
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15) K suggested by Grueet al. from a statistical analysis of all the vapour pressure
data. This is the same as that measured directly on ag@28ample by Fried and
Davidson p2FRI/DAV], but appreciably higher than the direct measureniéd®.7 +

2.5) K by Choporov and Chudino\6BCHO/CHU. The vapour pressure data for the
liquid then define quite well the enthalpy of fusion

AfusHm(NpCla, cr, 811 K) = (59.6+ 5.0) kJ-mol~?

A plot of the experimental and calculated vapour pressures is given in the report by
Rand and Fuge2D0O0RAN/FUQG.

9.1.3.4.b Standard entropy and heat capacity

The thermal functions of Np@{g) have been estimated from statistical mechanical
calculations using the rigid-rotator, harmonic oscillator approximation. Following the
work of Haalandet al. [95HAA/MAR] on the electron diffraction and infrared spec-
troscopy of UCJ(g), the molecule was assumed to be an undistorted tetrahedron, with
an Np-Cl distance of B0 x 1019 m, cf. r(U-Cl) = 2.503 x 10719 m in UCl4(g)
[95HAA/MAR]. The vibration frequencies were taken to be the same as those de-
termined for UCJ(g) by these author€@pHAA/MARY], and the electronic states were
taken to be the same as those estimated for the isoelectronic gaseous molegule UCI
by Hildenbranckt al. [85HIL/GUR], but with higher statistical weights in view of the
higher symmetry used. The full data used are given in the report by Rand and Fuger
[2000RAN/FUQ. They are very similar to those suggested by Konings and Hilden-
brand PBKON/HIL], which appeared after the current assessment was completed. As
noted above the entropy of sublimation calculated with these assumptions is in good
agreement with the experimental value. Clearly other combinations of molecular para-
meters could provide as good agreement, but the current set has the merit of being
consistent with the broad corpus of other data adopted for the gaseous actinide halide
species.

The selected data give

S,(NpCly, g,29815K) = (42304 10.0) JK 1.mol!
Cpm(NpCls,0.29815K) = (1050+5.0) JK™1mol™*

9.1.3.5 NpCk(g)

Gruenet al. [7T6GRU/MCH observed no new features in the spectrum of Ngglin

the presence of g{g) from 573 to 1273 K, compared to Npf{d) alone. A closed cell
was used, s@cy, increased with temperature (frote. 1.4 bar at 573 K t@a. 3.1 bar

at 1273 K). This suggests that Ng@) is not formed in appreciable amounts under
these conditions.
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9.1.3.6 NpOCh(cr)
9.1.3.6.a Enthalpy of formation

Fugeret al. [69FUG/BRQ have studied the dissolution of NpOQ@dr) in 1 M HCI.
Their enthalpy of dissolutior-(140.75 + 0.50) kJ-mol~! gives with auxiliary data
from [2000RAN/FUG

AtHL(NpOCh, cr, 29815K) = —(10257+1.8) kJmol~t

However, with this value and the selected thermal functions of MNp@gland
NpOChk(cr), the Gibbs energy of the decomposition reaction

NpOCh(cr) = 0.5NpOx(cr) + 0.5NpCl(cn

is slightly negative at all temperatures up to 775d&.(—(3.3 £+ 3.1) kJmol! at
298.15 K), making NpOGil(cr) unstable with respect to this decomposition. We there-
fore prefer to make the enthalpy of formation of Np@(Cl) slightly more negative
than the above value. As noted by Fugeal. [B3FUG/PAR, the extrapolation of the
difference, AtHf,(MOCIy, cr, 29815 K) — AfHﬁ.](M4+, ag 29815 K), vs. ionic radii

of M4+, taken from F6SHA], suggests a value 6f(10376 + 12.0) kJmol~1 for the
enthalpy of formation of NpOG(cr). The selected value is

AfHS,(NpOCh, cr, 29815K) = —(10300+ 8.0) kJmol?

which includes both the experimental and extrapolated values within the uncertainty,
and keeps NpOG(cr) stable with respect to decomposition to Ni€d) and NpCl(cr)

at all temperatures up to the melting point of Np(Ct). Above this temperature, the
vapour pressure of Npgllg) above NpOGi(cr) becomes appreciable (as it does above

NpCla(1)).

9.1.3.6.b Standard entropy and heat capacity

The standard entropy is derived from two consistent estimates: the Latimer method and
the spin-only contributionJOOORAN/FUQG. From these two estimates of 144.0 and
1407 JK~1.mol~1, the selected value is

S, (NpOCh, cr, 29815K) = (1435+5.0) JK~tmol™!

since a value weighted toward the higher estimate is in better accord with the experi-
mental enthalpy of formation, as discussed in the preceding section.

9.1.3.6.c High temperature heat capacity
These have been estimated to be similar to those for JOG[92GRE/FUG
Com(NPOCh, cr, T) = (988+220x 10°3T —9.2x 10°T~%) JK tmol™*
from 298.15 to 1000 K, and hence
Cpm(NPOCh, cr, 29815K) = (950+4.0) JK~tmol™*
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9.1.3.7 CsNpClg(cr)
9.1.3.7.a Enthalpy of formation

Fugeret al. [83FUG/PAR have analysed the results of the calorimetric study by
Fuger and Brown {1FUG/BRQ who reported the enthalpy of the dissolution
of this complex salt in 1 M HCI to be-(84.35 + 0.29) kJmol~1. We have
reworked this analysis, with the following different enthalpy valuesiHy,(CsCl,

cr, 298.15 K) = —(44231 + 0.16) kJmol! [82GLU/GUR, compatible with
[B9COX/WAG]; AfHS(NpCly, cr, 298.15 K) =—(9840 + 1.8) kJmol™! (this
review), AsinHm(CsClL 1 M HCIl) = +(16.694+ 0.08) kJmol~! (see Sectio®.1.3.9

and AginfHm(NpClg, 1 M HCl) = —(22539 £+ 0.34) kJmol~1 (this review). The
calculated value, from 1 M HCI medium, for the enthalpy of formation of the complex
salt becomeg¢H?,(CNpCle, cr, 29815 K) = —(19763+ 1.9) kJmol~2.

Fuger and Brown also made measurements of the enthalpy of dissolution of the
salt in 6 M HCI, as—(31.30 + 0.42) kJmol~1. Using AgnHm(CsCl 6 M HCl) =
+(11.88 + 0.13) kJmol™1, AfHn(HCI,6 M HCIl partia) = —(15340 +
0.11) kJmol™l, and the enthalpy of formation of Kp in 6 M HCI, as
—(5329 + 2.1) kJmol~! [2000RAN/FUG extrapolated from the variation of
the enthalpies of solution of other actinide quadrivalent ions between 1 M and
6 M HCl. We obtain from this mediumA¢H;,(CNpClg, cr, 29815 K) =
—(19761+2.2) kJmolL.

The mean of the two results is(19762 + 1.9) kJmol~1, which is the selected
value

AfHL(C2NpCle, €r, 29815 K) = —(19762+1.9) kJmol~1

This corresponds to an enthalpy of formation-ef07.6 kJmol~ from the bin-
ary halides, showing the appreciable stabilisation given to the actinide tetrahalides by
complexing with CsCl, <f. in particular, the stability of C82uCk(cr), as against the
instability of PuCl(cr) - see Sectioi8.1.3.9.a

9.1.3.7.b Standard entropy

The standard entropy has been taken to be the mean of two reasonably consistent
estimates. Details of these estimates (405.3 and 4#8:3.dnol~1) are given in
[2000RAN/FUG; the selected value is

S,(C2NpClg, cr, 29815K) = (410+ 15) JK L.mol™?

9.1.3.8 CsNpO,Cly(cr) and CNpO2Cly(cr)

The enthalpies of formation of these compounds (which contain Np(V) and
Np(VI), respectively), were reported by Fuge79FUQG from unpublished
enthalpies of solution measurements in 1 M HCI by Bastin and Fuger,
AsinHm (CsNpO:Cls, cr, 298.15 K) =(29.06 + 0.52) kJmol~! and by Tix-
hon and FugeAssHm(C$NpO:Clg, cr, 29815 K) = (17.41+ 0.26) kdmol1.
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The analysis leading to the enthalpies of formation for the compounds by Fuger
and Parker§3FUG/PAR have been recalculated with the slightly different auxiliary
values given in the previous section (this review), wittH,(Cl~, 1 M HCI, partia) =
—(164.374 0.10) kImol~2, with A¢H2,(NpO}, 1 M HCI, 29815 K) assumed to be
identical WithAfHﬁ.](NpO+, aq or 1 M HCIOy4, 29815 K) = —(9782+4.6) kJmol~1
(this review),Ame(NpogJ“, 1 M HCI, 29815 K) = —(8583 + 5.3) kJmol~1 de-
rived from AfHZ,(NpO2', ag 29815 K) = —(860.7 + 4.7) kdJmol~! also accepted
in this review. This derivation was made by assumiBgHUG/PAR that the enthalpy
of transfer of Np@*(ag) to 1 M HCl is the same as for the GOion, (2.4+ 2.4)
kJmol~1, and by increasing the uncertainty limits accordingly. The resulting values
are:

AfHS (CsNpO:Cla, cr, 29815 K) = —(24491+ 4.8) kJmol?
AfHS (C$NPO,Cla, cr, 29815K) = —(20561+ 5.4) kImol™?

which are the selected values. It may be noted that the enthalpy of the reaction
2CgNpOCla(cr) = CsNpOClg(cr) + NpOy(cr) 4+ 4CsClcrn)

from the selected results is calculated to-b@.1 & 8.0) kImol~1. Thus the Np(V)
compound on the left of this equation will still be stable to disproportionation at
298.15 K and above, if the entropy of this reaction is slightly negative.

9.1.3.9 CsNaNpClg(cr)

Schoebrechtst al. [89SCH/GEN measured the enthalpy of dissolution of this
compound and of Np@(cr), in 1 M HCIO; — 0.5 M Fe(CI(Qy)3 solutions as
+(1202 + 0.12) kJmol~! and —(50.35 + 0.18) kJmol~1, respectively, and
have reported the enthalpy of formation of .@88&NpCk(cr). In their thermo-
dynamic cycle, they accepted, from a critical examination of the literature data,
AsinHm(NaClL 1 M HCI or HCIO4, 29815 K) = +(4.46 + 0.4) kJmol~! and
AsinHm(CsCL 1 M HCI or HCIOy4, 29815 K) = +(16.69+ 0.08) kJmol~1. Using
the above values and withsHp,(CsCl cr, 29815 K) = —(44231+ 0.16) kJmol1,
AfH(NaCl cr, 29815 K) = —(411264+0.11) kJmol~1 [82GLU/GUR compatible
with [89COX/WAG and AfHp,(NpCls, cr, 29815 K) = — (8968 + 3.0) kJmol—1
we recalculate

AfHZ,(C$NaNpCk, cr, 29815 K) = —(22172+ 3.1) kJmol™?

which is the adopted value. This corresponds to an enthalpy of formation of
—24.5 kJImol~1 from the constituent binary chlorides.
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9.1.4 Neptunium bromide compounds
9.1.4.1 NpBg(cr)

NpBrs(cr) exists in two crystal modifications, the hexagonal structure isomorphous
with UBr3(cr) (space group RAm) and the orthorhombic form (Thé&type, space
group Cmcm) in which PuBf(cr) crystallises.

9.1.4.1.a Enthalpy of formation

Hurtgen [f8HUR has measured the enthalpy of solution of the hexagonal form
of NpBrs(cr) to be —(1614 + 2.0) kJmol~! in oxygen-free 102 M HCI

and —(1588 + 0.9) kJmol! in oxygen-free 0.1 M HCI. The partial molar
enthalpy of formation of HBr in HCI solutions is assumed to be the same as
in HBr solutions of the same molality, which have been recalculated from the
enthalpy of dilution data given by Parke6gPAR, and are —(12133 4+ 0.15)

and —(120.71 4+ 0.15) [2000RAN/FUQG. These and the currently assessed value
for AfHS(Np3t, ag 29815 K) = —(527.2 + 2.1) kIJmol~! assumed to be the
same as in 10° and 0.1 M HCI give the values 0£(7298 + 2.9) kJmol~! and
—(7305 + 2.9) kJmol~1 for AsHS, (NpBrs, cr, hex 29815 K) from these solutions.
The selected value is the weighted mean

AfHL(NpBrs, cr, hex 29815K) = —(7302+2.9) kJmol~1

The use of the infinite dilution value fOAfHﬁ,](Np3+, ag 29815 K) in 0.001
and 0.1 M HCI solutions in these calculations has been justified by Fetgal
[83FUG/PAR on the grounds that the enthalpies of formation of all the actinide
trivalent ions vary by less than® kJmol~! between 0.1 M HCI solutions and the
infinitely dilute solution. We accept this reasoning, but have increased the uncertainty
on the value derived from the measurement in 0.1 M HCI.

9.1.4.1.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity of(SipBr

and the standard entropy is derived from three reasonably consistent estimates by
[2000RAN/FUG. From these three estimates of 206.1, 194.9, 1956 Umol1,

the selected value is biased towards the lower estimatEORAN/FUG

S (NpBrs, cr, hex 29815K) = (196+ 8) JK L.mol™?

9.1.4.1.c High temperature heat capacity

Lacking experimental data, the heat capacity of Ny§&) is assumed to be similar to
UBr3(cr) and those estimated for Puier) by this review. The values suggested for
NpBrs(cr) are:

Com(NpBrs, cr.hex T) = (10123+2068x 10°3T —3.2x 10°T~%) JK t.mol™!
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from 298.15 to 975 K, and hence
Cp.m(NpBr3, cr, hex 29815K) = (1038+6.0) JK~t.mol™*

9.1.4.1.d Fusion data

The fusion data are taken to be close to the mean values fof(EHB[63RAN/KUB]
and PuBg(cr) (this review, Sectioi8.1.4.2.3 giving:

Ts = (975+30) K
AfusHS,(NpBrs, cr, orthg 975K) = (48 8) kdmol™?

The heat capacity of the liquid has been estimated to be similar to those of the liquid
lanthanide tribromides, which lie between 145 and 185 3-mol~1.

Cp.m(NpBrs, ) = (150 8) JK~1:mol™*

9.1.4.2 NpBg(Q)

There are no experimental thermodynamic data involving N@Brand since the va-

pour pressures of UB¢cr) and PuBg(cr) at 1000 K calculated from the assessed data
([92GRE/FUG for UBr3, this review, Sectiori8.1.4.2for PuBr) differ by a factor

of more than 100, and also both have large uncertainties, we have not attempted to
estimate any data for this species.

9.1.4.3 NpBuy(cr)
9.1.4.3.a Enthalpy of formation

Fuger and Brown{3FUG/BRQ measured the enthalpy of solution of NpRr) to
be —(258784+ 0.50) kJmol~1in 1 M HCl and—(199.204+ 0.42) kJmol~tin 6 M
HCI. With the partial molar enthalpy of formation of Biin these solutions, assumed
to be the same as those in HBr solutions of the same molalit¥19.40+ 0.15) and
—(10955 + 0.20) , and AfHS,(Np*t) in these solutions-(5519 + 1.7) kJmol~*
and— (53294 2.1) kJmol~1[2000RAN/FUG, the calculated values for the enthalpy
of formation of NpBg(cr) become—(7707 + 1.9) kJmol~! (from 1 M HCI) and
—(7719+ 2.3) kIJmol~1 (from 6 M HCI). The selected value is the weighted mean:

AfHS (NpBrg, cr, 29815 K) = —(7712+1.8) kdmol™?

9.1.4.3.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity ofy(sipBr
and the standard entropy is derived from two reasonably consistent estimates by
[2000RAN/FUQ. The selected value is thus the rounded mean of the two estimates:

S (NpBrg, cr, 29815K) = (2434 10) JK 1.mol™t
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9.1.4.3.c High temperature heat capacity

This is assumed to be similar to Ulcr), [92GRE/FUQG the selected values being
represented by the expression:

Com(NpBra, cr, T) = (1190+30.0 x 10°T) JK -.mol™*
from 298.15 K to 800 K, and hence

Com(NpBrg, cr, 29815K) = (1280+4.0) JK~t:mol™!

9.1.4.3.d Fusion data

The melting point and enthalpy of fusion and liquid heat capacity are estimated to be
similar to those of UBf(cr), for which Trys = (792+ 15) K and AfqysH = (485 +
6.7) kI mol~1 [83FUG/PAR.

Ts = (800 20) K
AsusH (NpBI2, cr, 800 K) (50+ 8) kJmol™t
Cp.m(NpBry, I) (170 20) JK~L.molt

from 800 to 1000 K.

9.1.4.4 NpBu(g)

There are no studies of the vaporisation of Nyg{BJ to indicate whether gaseous nep-
tunium tetrabromide is stable with respect to decomposition to B{gBand bromine,
and no thermodynamic data are given for this species.

9.1.4.5 NpOBk(cr)
9.1.4.5.a Enthalpy of formation

Following Fugeret al. [83FUG/PAR, the enthalpy of formation has been estimated
by two not entirely independent methods from the trends in the actinide series,
—(9484+ 13) kImol~t and—(951+ 11) kJmol~1 [2000RAN/FUG. The selected
value is the close to the mean

AfHZ (NpOBR, cr, 29815K) = —(950+ 11) kdmol!
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9.1.4.5.b Standard entropy and heat capacity

The standard entropy is derived from two consistent estimates, 161.5 and
1600 JK~1.mol~1 [2000RAN/FUG. The selected value is

S,(NpOBrp, cr, 29815K) = (16084 4.0) JK~1.mol™?

9.1.4.5.c High temperature heat capacity
These have been estimated to be similar to those for Y@B{92GRE/FUG

Com(NPOBr, cr, T) = (1110+ 137 x 10°T — 1.5 x 10°T~?) JK~t:mol™*
from 298.15 to 800 K, and hence

Com(NPOBr2, cr, 29815K) = (982+4.0) JK~1:mol™!

9.1.4.6 CsNpBrg(cr)
9.1.4.6.a Enthalpy of formation

Fugeret al. [83FUG/PAR have analysed the results of the calorimetric study by
Magette and Fuger7/[fMAG/FUQ of the dissolution of this complex salt in 1 M
HCI. The heat of solution is-(107.3 + 0.4) kJmol~1. These authors also obtained
AsoHm(CsBr,1 M HCl) = (2554 + 0.14) kJmol~1. We have reworked this
analysis, with the following different enthalpy values:Hp,(CsBr, cr, 29815 K) =
—(40560 £ 0.25) kImol! [82GLU/GUR compatible with BOCOX/WAG, and
AfHS(Np*, 1 M HCI, 29815 K) = —(5519+ 1.7) kJmol~1.

The final calculated value for the enthalpy of formation of the complex salt becomes

AfHZ (CNpBrg, cr, 29815 K) = —(168234+ 2.0) kJ}mol™!

This corresponds to an enthalpy of formation<#9.9 JK~1.mol~1 from the con-
stituent bromides.

9.1.4.6.b Standard entropy

The standard entropy has been estimated t6466+ 10) JK~1.mol~1 by assuming
ArS;, = 0 for the reaction from the constituent bromides. The Latimer estimate is
not used for NpBy(cr) or the complex salt since the Latimer prediction for W(Br)
(267.2 JK~1.mol~1) seems excessively highf(the value of 23&% JK~1.mol! es-
timated by Fugeet al. [B3FUG/PAR and accepted by Grentleeal. [92GRE/FUG).

The selected value is

S,(CNpBrg, cr, 29815 K) = (4694 10) JK~tmol™!
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9.1.5 Neptunium iodide compounds

The only known simple compounds of neptunium (and plutonium) containing iodine
are the tri-iodide and the trivalent oxyiodide MOI(cr). There are no thermodynamic
data for the oxyiodide.

9.1.5.1 Npk(cr)
9.1.5.1.a Enthalpy of formation

Hurtgen [f8HUR] has measured the enthalpy of a solution of §g) in 0.001 M HCI

and 0.1 M HCl to be-(1847 4+ 0.4) and— (1836 + 0.7) kJmol~! respectively. The
partial molar enthalpy of formation of HI in oxygen-free HCI solutions is assumed to
be the same as in HI solutions of the same molality, which have been recalculated from
the enthalpy of dilution data given by Park@&5PAR, and are—(56.710+ 0.050

and —(56.20 & 0.05) [2000RAN/FUQ. These and the currently assessed value for
AfHS,(Np®t, ag 29815 K) = —(527.2 4+ 2.1) kJmol~! give values of— (5126 +

2.2) kImol~t and—(5122+2.2) kJmol~! for A¢H,(Npls, cr, 298.15 K) from these
solutions. The selected value is the mean

AfHp(Npl3, cr, 29815K) = —(51244+2.2) kJmol~t

9.1.5.1.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity gfctNpband
the standard entropy is derived from two reasonably consistent estimates, 224.8 and
224.2 JK~1.mol~1 [2000RAN/FUQG. The selected value is the rounded mean

S\ (Nplg, cr, 29815K) = (225+ 10) JK 1.mol™?

9.1.5.1.c High temperature heat capacity

This has been estimated to be consistent with current estimates fog(NRGind
NpBrs(cr) and uranium trihalidesgpGRE/FUG, with some corrections)

Com(Npla,cr, T) = (1040+ 200 x 1073T) JK~1:mol™*
from 298.15K to 975 K, and hence

Com(Npls,cr,29815K) = (1100+8.0) JK tmol™*
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9.1.5.1.d Fusion data

The melting point, enthalpy of fusion and heat capacity of the liquid are estimated
from the values for the lanthanide tri-iodides (Dworkin and BrediQ)WO/BRE
71DWO/BRBE):

Tus = (975450 K
AnusHH(Nplg, ey = (504 5) kdmol ™t
Com(Npla,) = (15010 JK 1:mol™*

9.1.5.2 Npk(g)

No thermodynamic data are available for this species, and since the datazfgj Ul
[92GRE/FUG are rather uncertain, and those for {g) are estimated in this review
(Sectionl18.1.5.2 by comparison with the lanthanide iodides, there is no firm basis for
the derivation of reliable estimates of the data for Ng).

9.1.5.3 NpOil(cr)

Brown and Edwards obtained this oxyiodide as an impurity in the preparation ef Npl
[72BRO/EDW]; it can be prepared more readily by the reaction 0§Gbon Npls,
Brown et al. [77BRO/HUHR. No thermodynamic data have been reported for this
phase, and it is not considered further in this review.

9.2 Agqueous neptunium group 17 (halogen) complexes

9.2.1 Aqueous neptunium fluoride complexes
9.2.1.1 Agqueous Np(lll) fluorides

No fluoride complexes of Ni3™ have been identified.

9.2.1.2 Aqueous Np(IV) fluorides

Experimental equilibrium data have been published for the following reactions

Np*™ + gHF(ag) = NpFy 9+ gH* (9.4)

Np** +gF~ = NpFg . (9.5)

All experiments were carried out in strongly acidic solutions, and the relevant
equilibrium is thus Reactior9(4), although data bases usually contain reactions of
type ©.5. The data reported inODSAW/CHAZ are converted to refer to Reac-
tion (9.4) by taking the authors’ protonation constant of,Fef. AppendixA. All
reported constants are listed in TaBl& The constants obtained in HN@olutions
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[69KRY/KOM3] are corrected for the formation of Npl\ztb (see Appendi@) and
used in the evaluation procedure of {g@8; . The values reported for lgg*: at
20°C [66AHR/BRA] and 23C [90SAW/CHAZ are corrected to 2% by using the
enthalpy value selected below.

The values for logy*8; are in good agreement with the exception of the most
recent determination of this constant by Sawant, Chaudhuri and $@8MW/CHAZ,
who used a fluoride ion selective electrode. The constants reported in that study for
U(IV) and Pu(lV) are also inconsistent with those of other determinations. Further
irregularities, cf. Appendix A, have led us to exclude the constants reported in
[90SAW/CHAZ from the selection procedure. Having done this, a simultaneous
determination of log,*g7 and Ae by weighted linear regression appears feasitile,
Figure9.1, where the 25C data from 6AHR/BRA, 69KRY/KOM, 69KRY/KOMS3,
75PAT/RAM, 76BAG/RAM, 76CHO/UNR are used. The resulting value is
l0g;0787(9.4,q = 1,29815K) = (5.78+ 0.14). The slope of the straight line in
Figure 9.1 corresponds taAe(9.4q = 1) = —(0.12 + 0.04)kg-mol~1, which
compares well withAe = —0.14kgmol~—1 estimated for the corresponding U(IV)-HF
reaction P2GRE/FUG. We convert this constant to conform to Equati®g using
our selected protonation constant of fluori®@GRE/FUG. The resulting selected
value is

l0g;085(9.5.q = 1,29815 K) = 8.96+ 0.14.

It should be noted that Krupket al. [85KRU/RAI] observed no measurable in-
crease of Np(IV) solubility in the presence of up to 100 ppm fluoride. However, this
observation is not necessarily in contradiction with our selected vefluéppendixA.

For the formation of the 1:2 complex, NE)JF, Ahrland and Brandt§6AHR/BRA]
published two values measured independently with a cation exchange method and
with a redox electrode, respectively. The values are in very good agreement, as is
the value published by Patil and Ramakrishf&HAT/RAM] who used a solvent
extraction technique. Again, the value published by Sawant, Chaudhuri and Patil
[90SAW/CHAZ differs considerably from the other values and is omitted in the selec-
tion procedure. The values of Ipg's; listed in Tabled.3are obtained by extrapolating
the reported constants to= 0 by usingA¢(9.4 q = 2) = —(0.18+ 0.15)kg-mol~1
from the corresponding U(IV) fluoride systemM®2GRE/FUG, where the uncer-
tainty has been increased by 0.05. The weighted average of the three values
is log0*85(9.4 9 =2) = (9.34+0.29). We convert this value to conform to
Equation 0.5) using our selected protonation constant of fluor@2GRE/FUG. The
resulting selected value is

10g;085(9.5.q = 2, 29815 K) = 157+ 0.3

Data for the 1:3 and 1:4 complexes were published by Ahrland and Brandt
[66AHR/BRA], and by Sawant, Chaudhuri and PaBiOSAW/CHAZ. The values
differ considerably, even after correction 1o = 0 using the Ae values from
the corresponding U(IV) fluoride system@GRE/FUG, cf. Table 9.3 If we
USe epri.cio;) ~ Em+.cloy) 0.3kgmol~1 (cf. Appendix B) instead of
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Table 9.3: Experimental equilibrium data for the neptunium(1V) fluoride system.

9. Neptunium group 17 (halogen) compounds and complexes

Method lonic t logyg *ﬂq@ log10*Bg @ Reference
medium fC)

Np*t + HF(ag) = NpF3t 4+ HT

cix 4MHCIOs 20 (4.82+0.02) [66AHR/BRA]
4MHCIO;, 25 (4.794£0.10) .0

cix 2 M HCIO4 25 (4.70+0.30)® [69KRY/KOM]
1MHCIO4 25 456+ 0.30)®

cix 2 M HNO3 25 (4.75+£0.30 @D [69KRY/KOM3]
1 M HNO; 25 (4.74+0.30 -9

dis-HD 2MHCIO; 25 (4.62+0.200® [75PAT/RAM]

dis-HTTA 2MHCIO;, 25 (4.60+0.200®

dis-HTTA 2MHCIO; 25 (4.70+0.15® [76BAG/RAM]

dis 1MHCIO, 10 471 [76CHO/UNR
1MHCIO4 25 (4.60+0.200®
1MHCIOs 40 452

ise-F~ 1M 23 5218 [90SAW/CHAZ
(H,Na)ClOy

Np*t + 2HF(ag) = NpF5"™ + 2H*

cix 4MHCIOs 20 (757+015®  (9.30+0.75) [66AHR/BRA|

red AMHCIy 20 (751+015®D  (9.24+0.75)

dis-HTTA 2MHCIO; 25 (7.49+040®  (9.44+052 [75PAT/RAM]

dis-HTTA 2MHCIO; 25 (7.38+030®  (9.32£045 [76BAG/RAM|

ise-F~ 1M 23 862 10.49 [90SAW/CHAZ
(H,Na)ClOy

Np*t + 3HF(ag) = NpFJ + 3H*

red AMHCIy 20 985" 118 [66AHR/BRA]

ise-F~ 1MHCIO4 23 1120© 134 [90SAW/CHAZ

Np*t + 4HF(ag) = NpFs(ag) + 4HT

red AMHCIy 20 ~11150 133 [66AHR/BRA]

ise-F~ 1MHCIO, 23 1415© 16.4 [90SAW/CHAZ

(@ Refers to the reactions indicated, the ionic strength and temperature given in the tapjéﬁgog
is in molal units, at = 0 and 298.15 K.

b Uncertainty estimated in this reviewf( AppendixA).

(© Corrected to 25C using the reaction enthalpy selected in this review.

@ Corrected for the formation of NpNEJ' (cf. AppendixA).

(® The published values refer to Reactios5 and have been converted to conform to the reactions
of this table ¢f. AppendixA).

® Reported as stepwise constants: 1982 = (2.69+ 0.10), logyg*Kz = (2.34+ 0.15), and
log*K4 ~ 1.3. They are converted to overall formation constants by usingglti§; = 4.82
from the ion exchange experimen8AHR/BRA] (see Appendid).

=

=
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Figure 9.1: Extrapolation tb = 0 of experimental data for the formation of NpF
using the specific ion interaction equation. The data refer to HGt@dia and

are taken from §6AHR/BRA], [69KRY/KOM], [69KRY/KOM3], [75PAT/RAM],
[76BAG/RAM] and [f6CHO/UNR. The solid line represents the prediction of
(logyo"B7 + 6D) using our selected data, and the dotted lines are the limits of the
uncertainty range obtained by propagating the resulting uncertainties & back to

| =5 molkg™L.

Equilibrium: Ng*t + HF(ag) = NpF3+ + HT

68 — | 109, B,°= (5.78 + 0.14)
Ae=—(0.12 + 0.04)

logq0-B1+6D

[69KRY/KOM3]
[76CHO/UNR]
[69KRY/KOM]
[76BAG/RAM]
[7SPAT/RAM]
[66AHR/BRA]
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!
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EprL.cio) ~ Eurt.oiop) = 0-1kgmol~! [92GRE/FUG, the resulting logy
values are in better agreement. However, on the present basis we do not consider it
possible to make any selection for the formation constants of,fl\mﬁ NpFR(aq).

The Gibbs energies of formation of NpFand Npl‘—gJr are calculated using the
selected values for Np and F-.

AfGS(NpFPt | ag 29815 K) —(824.445.7) kImol™*
AfG(NpFt, aq 29815K) = —(11444+6.0) kImol™t

From the equilibrium constants of Choppin and Unréi6CHO/UNR at 10, 25
and 40C it is possible to extract an enthalpy of reaction;Hn(9.4,q = 1) =
—(10.7 £ 2.0) kImol~1, cf. AppendixA. Assuming its dependence on the ionic
strength to be negligible, and combining it with the enthalpy of protonation of the flu-
oride ion P2GRE/FUG, we obtain

AH,(9.5 9 =1,29815K) = (1.5+ 2.0) kJ-mol~t
From this value we derive the enthalpy of formation and the entropy oPKpF

AfHS(NpPP, ag 29815K) = —(8899+4.7) kImol™!
S (NpF*T,aq 29815K) = —(264+ 14) kImol™?

9.2.1.3 Aqueous Np(V) fluorides

Fluoride complexation has been studied in near-neutral solutions by sev-
eral authors using spectrophotometric’l8RAO/PAT], solvent extraction
[79RAO/GUD 84CHO/RAQ 85INO/TOC3 and potentiometric §5SAW/RIZ
techniquescf. Table9.4.

NpOJ + gF~ = NpO,F; ¢ (9.6)

Some authorse(g. [70AL-/WAI]) reported that they could not observe the form-
ation of any Np(V) fluoride complex. However, those investigations were carried out
at high acidity, where the proton is too powerful a competitor for the fluoride ion.
Np(V) fluoride complexation studies thus need to be carried out at moderate acidity to
be successful. The solvent extraction study of Raal. [7TORAO/GUL is the most
reliable one, because the oxidation state of Np(V) was checked spectroscopically both
at the beginning and at the end of the experiment. This was not done in the studies
of Choppin and Raoc§4CHO/RAQ and of Inoue and Tochiyam&35INO/TOC2, but
this does not mean that the results must be in error. Sastaht{85SAW/RIZ used a
fluoride ion selective electrode and carefully tried to eliminate interfering side effects
by running a blank titrationgf. AppendixA. However, under their experimental con-
ditions (low fluoride concentration and comparatively low pH), only very low average
complexation degrees could be reached, and their data are associated with a high un-
certainty. The spectrophotometric determination of Rao and F&RAO/PAT] lacks
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Table 9.4: Experimental equilibrium data for the neptunium(V) fluoride system.

Method lonic medium  t(°C) log1g Bq@ logig ﬁa(a) Reference
NpOj + F~ = NpO,F(aq)

sp 2 M NaCIQy 25  (1.35+030® (1184037 [78RAO/PAT]

dis 2 M NaCIQy 25  (0.99+010® (0824024 [79RAO/GUD

dis 1 M NaClQ, 23 (126+030® (1374032 [84CHO/RAQ

dis 1 M NaClQ 25  (1.39+030® (1.50+032 [85INO/TOCY

ise-F~ 0.1 M NaCIlgy 21 (151+050® (1.70+050) [85SAW/RIZ
1 M NaCloy 21 (115+080® (1264081

NpOJ + 2F~ = NpOF,

dis 1MNaCIy, F) 25 (207+£050® [85INO/TOC]

(@ Refers to the reactions indicated, the ionic strength and temperature given in the tafyegglog
is in molal units, al = 0 and 298.15 K.
(b Uncertainty estimated in the present reviefy AppendixA).

documentation of experimental measurements, but the reported formation constant lies
well in the range of other values.

For the extrapolation tb = 0 we useA&(9.6) = —(0.27 + 0.10)kg-mol~1 from
the interaction coefficients 6fy,o; cio;) = (0.25+ 0.05kg-mol~t andeE- Nat) =

(0.02 + 0.02)kg-mol~1, and by increasing the uncertainty ie by 0.05. Table9.4
shows that there is considerable variation in the resulting|6gvalues. Although the
study of Racet al. [79RAO/GUL appears very reliable, its resulting valuelat 0 is
incompatible with the result oBBINO/TOC3 and the 0.1 M result of§5SAW/RIZ.

The IAEA review P2FUG/KHQ selected the results 085SAW/RIZ and recommen-
ded log(B87(9.6,9 = 1,29815 K) = (1.9 £ 0.2). The weighted average of the six
values listed in Tabl®.4is log; 3 7(9.6,q = 1,29815 K) = (1.20+ 0.14), and the
unweighted average i€.3 + 0.9), where the uncertainty covers the entire range of
expectation of all values. Though the constants in Tabl@re not entirely consistent,
the disagreement is not serious, and we prefer to select the rounded weighted average
with an increased uncertainty:

log;85(9.6.q = 1,29815K) = 1.2+ 0.3

Only one study reported a value for the 1:2 complex, MBO[85INO/TOC3 at

fluoride concentrations up to 0.25 M. However, we cannot accept this single reported
logioB2 value, as it is correlated with the authors’ value forlgg1 [85INO/TOC3.
Our selected average value for {gg1 is somewhat different, and the value of {gg>
value from B5INO/TOCZ would not be consistent with the selected value ofii5g.
The Gibbs energy of formation is calculated using the selett@f, values for NpG
and F.

AfGS (NpOF, ag 29815 K) = —(11961 + 5.9) kJmol™!
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9.2.1.4 Agqueous Np(VI) fluorides

The investigation of fluoride complexation of neptunium(VI) is complicated by the fact
that NpC%Jr has oxidising properties, and that reduction to Np(lV) is favoured in acidic
medium and in the presence of fluoride ion. The constants reported in the literature
refer to either of the following reaction types,

NpO3" + gHF(ad) = NpOF2~9+gH* (9.7)
NpOs* +gF~ = NpOFZ (9.8)

depending whether the fluoride ion was protonated or deprotonated under the exper-
imental conditions. The constants are listed in Teéhle Forq = 1, agreement

is reasonable, except for the study published by Krylov, Komarov and Pushlenkov
[68KRY/KOM], in which a reduction of Np(VI) is likely to have occurred, Ap-
pendixA. The most reliable study is that of Ahrland and BraregBRAHR/BRA], and

the reported constants are given a high weight in our selection procedure. A simultan-
eous evaluation ohe and log*B1 is not considered to give representative results in
the present case, and we prefer to us€9.7,q = 1) = —(0.03 + 0.09)kg-mol~1

as evaluated from the corresponding U(VI) syst&38GRE/FUG, after increasing

the uncertainty inAe by 0.05. The constants determined by Al-Niaimi, Wain and
McKay [70AL-/WAI] are linearly correlated with the ionic strength of the medium,

cf. Figure9.2, showing that our\¢ value is reasonable. We assign a high uncertainty
to the constant reported by Patil and Ramakristt@PAT/RAM], because they did

not consider the formation of the 1:2 complex in their evaluation, which must have
formed to some extent in their experiment§, AppendixA. The data of Sontag

and Musikas §8SON/MUS are compatible with those of other studies, but they are
given a low weight in our evaluation procedure (by assigning a high uncertainty), be-
cause insufficient experimental details are given in the paper. The constants reported in
acidic media §8AHR/BRA, 68SON/MUS 70AL-/WAI, 76PAT/RAM, 84KAS/JOS

are corrected td = 0 and converted to correspond to React#8 using our se-
lected value for the protonation of fluoride ion. The weighted average of these val-
ues is IogO,Ba(9.& g =1 = (451+ 0.09). The uncertainties of the five values of
[70AL-/WAI] were doubled (ta£0.40 each) in the calculation of the weighted average,

in order to avoid an undue emphasis of this study with respect to the others.

Fluoride-ion selective electrode studie}CHO/RAQ 85SAW/CHA] provide a
second set of data faf = 1 according to ReactiorB(8). Here the values dt = 0
are calculated by usinge(9.8 q = 1) = —(0.19 + 0.11)kg-mol~1 as in the cor-
responding uranium systerB3GRE/FUG, but by increasing the uncertainty by 0.05.
The weighted average of the valued at 0 is log;q ﬁg(9.8; g=1 = (4.66+0.10).
The constant resulting from the studies in Nagl@edia is slightly higher than that
from the studies in HCI@solutions. A similar trend is observed in the constants of the
U(VI) fluoride system §2GRE/FUG. Although the present evaluation seems to con-
firm a medium effect, the difference is not significane.( it is within the uncertainty
ranges of the two values). Therefore, we can select the weighted average of all values
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Table 9.5: Experimental equilibrium data for the neptunium(VI) fluoride system.

Method  lonic medium t(°C)  logip*6q®@ log108q® logyg ﬂg(c) Reference

NpOZ+ + HF(ag = NpOpFt 4+ Ht @
NpOZt + F~ = NpOpFt ®

dis 1M HCIOy 21 0.93+0.11) (4494 0.15  [68AHR/BRA]
cix 1.04 M HCIOy 25 2.20 B8KRY/KOM]
2.1 M HCIO4 25 211
pot 2.1 M (Na,H)CIQ 25 (0.96 4 0.40)@ (4544 0.45) [68SON/MUS
emf 0.1 M HCIQy 25 (1.20+ 0.20)(@ (4.60+0.20)  [70AL-/WAI]
0.2 M HCIO, 25 (1.16 4+ 0.20)@ (4.6140.20)
0.3 M HCIO, 25 (1.14+ 0.20)(@ (4.62+0.20)
0.4 M HCIO, 25 (1.16 4+ 0.20)@ (4.6240.20)
0.5 M HCIO, 25 (1.1140.20)@ (4.63+0.21)
dis 2 M HCIOy 25 (1.1240.50)@ (4.70+£0.54)  [76PAT/RAM|
ise-F~ 1 M NaClOy 23 (4.27£015@  (4874+0.19) [84CHO/RAQ
cou 0.5 M HCIO4 23 (0.97+021)@ (449+0.21)  [84KAS/JOS
1M (H,Na)ClOy 23 (0.82+0.22)@ (4.38+0.22)
ise-F~ 0.1 M NaCIQy 21 (418+015@  (460+£0.15 [85SAW/CHA
1 M NaCIOy 21 (3.94£0.15@  (454+0.19

NpO3+ + 2HF(@ag = NpOFp(ag) + 2HT @
NpO3™ + 2F~ = NpOyFa(ag) ®

dis 1 M HCIOy 21 (1114 0.10) (7.694+0.15)  [68AHR/BRA]
pot 2.1 M (Na,H)CIQ 25 (1.2340.40)@ (7.64+0.46) [68SON/MUS
emf 0.1 M HCIQy 25 (1.17+0.40)@ (7.7340.40)  [70AL-/WAI]
0.2 M HCIO, 25 (1.1940.40)@ (7.79+ 0.40)
0.3 M HCIO, 25 (1.204 0.40)@ (7.81+ 0.40)
0.4 M HCIO, 25 (1.20+ 0.40)(@ (7.82+ 0.40)
0.5 M HCIO, 25 (1.14 4 0.40)@ (7.76 % 0.40)
cou 0.5 M HCIQ 23 (0.95+ 0.40) (@ (7.57+0.40)  [84KAS/JOS
1M (H,Na)ClOy 23 (1.02+ 0.40)(@ (7.60+ 0.41)
ise-F~ 0.1 M NaClgy 21 (6.96+0.15@  (756+0.15 [85SAW/CHA
1 M NaClOy 21 (6.82+0.15@  (7.49+0.18)

NpO3+ + 3HF(@g = NpO,F3 +3HT @
NpO3* + 3F~ = NpO,F; ®

pot 21M((Na,H)CIQ 25  0.23 B8SON/MUS
ise-F~ 0.1 M NaClQy 21 9.64 B5SAW/CHA]
1 M NaCloy, 21 8.49

@ logi0*Bq refers to Reactiond(7) and results from measurements in acidic solutions.

b log o Bq refers to Reactiond(8) and results from measurements in mildly acidic or neutral solutions.

© Jogyg Bq refers to Reaction(8). The experimental data have been corrected te 0 in the present
review and, when necessary, converted to refer to Rea@i8nhy using the selected protonation constant
of fluoride ion.

(@ Uncertainty estimated in this review.
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(using+0.40 as the uncertainty of th@ DAL-/WAI] values as explained above):
l0g087(9.8 g =1,29815K) = 4.57+ 0.07

Figure9.2shows a recalculation of this constant (as ‘lgg; + 2D”, whereD is
the Debye-Huckel terntf. AppendixB) back tol = 3 m for the HCIQ media. This
shows that the selected constant avedreproduce the experimental values reasonably
well. We assume that the slight deviation of some experimental temperatures from
25°C (see Tabl®.5 does not significantly influence the equilibrium.

The 1:2 complex was included in several publications, although it formed only
to relatively small extents in most studies in HGl@edia,cf. AppendixA. One
exception is the study of Ahrland and Bran@BRHR/BRA] who used HF(aq) con-
centrations up to 4.5 M. The other constants from studies in H@@dia are given
comparatively large uncertainties for this reason. The constants are corretted@o
by usingA£(9.8 g = 2) = —(0.1840.10)kg-mol—t in HCIO4 media andA&(9.8, q =
2) = —(0.50+ 0.10)kg-mol~1 in NaClO4 media, taken from the corresponding U(VI)
equilibria [2GRE/FUG. The resulting values of lag 85 are in good agreemerdf.
Table 9.5, The weighted average of the values from Hgl€udies is logy8; =
(7.68 £ 0.12), and of the values from NaClQt is log; o 85 = (7.53 £ 0.12). The
weighted average of all values is selected:

l0g;085(9.8 q = 2, 29815 K) = 7.60+ 0.08

Some authorsg8SON/MUS 85SAW/CHA] have reported formation constants for
the 1:3 complex, NpgF; . The result of Sontag and Musik&&3SON/MUgin HCIO4
medium cannot be judged, because the concentration range of HF(aq) used was not re-
ported. However, Ahrland and Bran@®dAHR/BRA] convincingly demonstrated that
no formation of NpQF; is observed in 1 M HCI@ up to a HF(aq) concentration of
4.51 M. According to the constant reported by Savweiral. [85SAW/CHA|, the 1:3
complex formed to some extent (about 15%) in the study of [6BAHR/BRAZ2], but this
may not be significant enough to be visible in the evaluation. The complexiNpO
is therefore likely to form in less acidic solutions (pH 3). Unfortunately, the con-
stants reported by Sawaettal. [B5SAW/CHA] for | = 0.1 M andl = 1 M are not
compatible with the specific ion interaction coefficients in ApperilixFor the cor-
responding U(VI) system, we haves (9.8 q = 3) = —0.52kgmol~1 [92GRE/FUG,
and by using this value to correct the data 86$AW/CHA to | = 0, we obtain
l0g;063(9.8.9 = 3) = 10.2 and 9.1 for the experiments carried outlat= 0.1 M
andl = 1 M, respectively. In order to obtain consistent ggs values from the two
determinations, we would have to change the signfand this would be incompat-
ible with the commonly observed ionic strength dependence of comparable equilibria.
Additional experimental investigations will be necessary to obtain a consistent picture
on the formation of Np@F; .

The Gibbs energy of formation values are derived from the above selected constants
using the selected Gy, values for Np(é+ and F .

AfG(NpOoF', ag 29815K) = —(11035+5.7) kdmolt
AfGS(NpO2F2, a0, 29815K) = —(14024+5.8) kImol™!



9.2 Aqueous neptunium group 17 (halogen) complexes 165

Figure 9.2: Comparison of selected and experimental data for the formation of
NpO:FT in HCIO; media from BSAHR/BRA], [68SON/MUS, [70AL-/WAI],
[76PAT/RAM] and [84KAS/JO$. The solid line represents the prediction of
(log,0'8; + 2D) using our selected data, and the dotted lines are the limits of the

uncertainty range obtained by propagating the resulting uncertainties & back to
| =3m.

Equilibrium: NpG™ 4 HF(ag) = NpOF+ 4 H
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9.2.2 Agqueous neptunium chloride complexes
9.2.2.1 Agqueous Np(lll) chlorides

The only quantitative information on chloride complexation ofNpccording to the
equilibria

Np*" + qCl~ = NpCi; ¢ (9.9)

has been published by Shiloh and MarcG4$HI/MAR]. They observed changes in

the visible absorption spectrum and concluded that Rip@hd Npch were formed

at LiCl concentrations between 5 and 12.7 M. Under these conditions they determined
0919B1(9.99g =1) = —(24+0.1) and logy$2(9.9.9q = 2) = —(5.0£ 0.1). The

high and varying ionic strengths used do not allow the selection of any vallie<db.

9.2.2.2 Agueous Np(IV) chlorides
The experimental equilibrium data available for the reactions
Np** +qCI~ = NpClg™® (9.10)

are listed in Table@.6. For reasons mentioned in Appendix we do not consider

the data in $8STR/PEE and [62SYK/TAY], as well as Y3BAR/MUR] (very high

and variable ionic strength) andgSOU/SHA (variable ionic strength). If we use the
data of Shilin and NazarowpSHI/NAZ] (assuming, due to the lack of enthalpy data,
that the temperature correction to°gbis negligible), Danesét al. [71DAN/CHI],

and Patil and Ramakrishn@4PAT/RAM] (as re-evaluated by GiffauBfiGIR) in

a linear regression analysis, we obtain, for the first formation constaht-at O,
log;pB; = (1.55+0.17) and Ae = —(0.10+ 0.08kg-mol~1. This Ae value is
about the same as obtained for the corresponding Pu(lV) sysfentigure 18.1
Ae(9.1Q q = 1) = —(0.09+0.07)kg-mol~1, but it differs from the value of the corres-
ponding U(IV) systemAe = —(0.29 + 0.13)kg-mol~1 [92GRE/FUG. Considering

that the parameteBa; = 1.5 in the specific ion interaction equation was optimised for
ionic strengths below 3.5 naf. AppendixB, and that values measured at higher ionic
strengths should thus be given a lower weight or not be included at all if possible, we
redo the extrapolation tb = 0 by omitting the value of Danest al. [71DAN/CHI],

and we obtain logy 8; = (1.424 0.23) andAe = —(0.194 0.14)kg-mol~L. TheAe

value is now between that of the corresponding Pu(lV) and U(IV) systems. We prefer
to select an intermediate value and to assign it an uncertainty that covers the range of
expectancy of the two results, which has the effect of lowering the weight of the value
atl = 4 M [71DAN/CHI] without disregarding it completely.

l0g1065(9.10 g = 1,29815K) = 1.5+ 0.3

For As we select—(0.15 + 0.18)kg-mol~! following the same procedure. Fig-
ure 9.3 shows the expected range of the value of g (+8D) based on the selected
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value of logoB7 when recalculated to ionic strengths ud te= 5 m by using the selec-
ted Ae value. The IAEA review2FUG/KH( selected log, 87 = (1.840.5), which
is compatible with the present selection. Giffa@#{IH recommended log 87 =
(1.454 0.25) based on the same literature values.

Table 9.6: Experimental equilibrium data for the neptunium(lV) chloride system.

Method lonic t log10 ﬂq(a) log1 ﬂa’(a) Reference
medium fC)
Np*t + CI= = NpCR+
red 1 M H(CI,CIQy) 25  -03 [58STR/PEF
sp 2 M Na(CI,CIQ) 25  —028 [62SYK/TAY]
dis 0.5 M H(CI,CIQy) 20 (0.15+0.20® [66SHI/NAZ]
1 M H(CI,CIOy) 20  —(0.04+£0.200®
2 M H(CI,CIOy) 20 (0.04+£0.20)®
dis 4MH,Na)CI,CIQ) 25 —(0.11+0.30® [71DAN/CHI]
sp 9 M H(CI,CIQy) RT 212 [73BAR/MUR]
dis 2 M H(CI,CIOy) 25  —(0.05+0.05) [75PAT/RAM]
dis 2 M H(CI,CIOy) 25 (0.00+0.20)(:9) [75PAT/RAM]
[94GIH
cix 0.2-1MHCI 25 034 [76SOU/SHA

Np* +2CI- = NpCl*

dis 1 M H(CI,CIOy)
2 M H(CI,CIOy)

dis 4 M (H,Na)(CI,CIQ)

sp 9 M H(CI,CIQy)

dis 2 M H(CI,CIOy)

dis 2 M H(CI,CIOy)

Np*+ + 3CI~ = NpCI

dis 1 M H(CI,CIOy)

20  —(0.25£0.30® (1.94+03) [66SHI/NAZ
20  —(0.15+0.300® (1.5+0.4)
25  —(0.10£050® (0.04+08) [71DAN/CHI|

RT 3.04 [73BAR/MUR]

25  —(0.15+ 0.06) [75PAT/RAM|

25  —(0.22£0.400P9 (1.4404) [75PAT/RAM]
[94GIH

20  —048 [66SHI/NAZ

@ Refers to the reactions indicated, the ionic strength and temperature given in the tagjxfsalog
is in molal units, at = 0 and 298.15 K.

(b Uncertainty estimated in this reviewf( AppendixA).

(© Result of a re-evaluation by Giffau@4GIA (cf. AppendixA [75PAT/RAM)).

The Gibbs energy of formation is calculated using the selected values f6raxil

Cl~.

AfGS(NpCPH, aq 29815 K) = — (6316 + 5.8) kJmol~!

The 1:2 complex, Np@*, if it exits, is very weak. Some values have been reported,
cf. Table9.6. If we tentatively useAs(9.1Qq = 2) = —(0.70+ 0.12)kg-mol~* as
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estimated from the value of the formation of gJF cf. [92GRE/FUG, AppendixB,

the resulting log, 85 values, see Tabl@.6, are not consistent. GiffaugfiGIH gives
l091085(9.1Q q = 2) = (2.4 £ 0.3), evaluated from the same literature data using an
estimatedAe = —(0.63+ 0.23)kg-mol~1. In order to obtain agreement between the
four extrapolated values, a slope of abaut(9.1Q q = 2) = —0.2kg:mol~1 would be
necessary. This is far from being consistent with tevalues of similar equilibria.

The reported constants might well be artefacts due to medium changes, and we cannot
select any thermodynamic data for the formation of l\gpLCI

The 1:3 complex is very weak, see Appendix66SHI/NAZ, 71DAN/CHI]. If this
complex exists, it will only form at very high chloride concentrations.

Figure 9.3: Comparison of selected and experimental data for the formation of
NpCE+ in mixed perchlorate/chloride media frorB§SHI/NAZ] [71DAN/CHI] and
[75PAT/RAM]. The solid line represents the prediction of (jgg1 + 8D), and

the dotted lines are the limits of the uncertainty range obtained by propagating the
resulting uncertainties dt= 0 back tol =5 m.

Equilibrium: Np** + CI~ = NpCE*

IogmB1 =15+0.3
Ae=-(0.15+ 0.18)

Iog10 [31 +8D

1.0 W [66SHI/NAZ]
O [75PAT/RAM]
] A [71DAN/CHI)
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9.2.2.3 Agqueous Np(V) chlorides

Some authors have published formation constants for X@d@q) and NpQCl, at

ionic strengths from 2 to 5 Mcf. Table9.7). The stability of these complexes is
obviously very low. The cation exchange study of Gainar and Sy&éSAlI/SYK]

can be interpreted equally well by formation of Ng@)(aq) or activity factor effects,

cf. the discussion in Appendi& about the nitrate experiments described in the same
paper pAGAI/SYK]. It should be mentioned that Danesial. [71DAN/CHI] reported
formation constants for these two complexes, which they withdrew [a&4&AN/CHI]

after re-evaluations based on an improved value for the liquid junction potential of
their electrode systentf. AppendixA. Vodovatovet al. [76VOD/KOL] could not
observe any chloride complexes of Np(V) by the proton relaxation methodetRdo
[79RAO/GUQ discussed the studies reported in the literature and concluded that high
chloride concentrations are necessasy 3 M HCI) to distinguish the complexation
effects from the experimental errors. The same gr@LPAT/RAM] used a very high
ionic strength ofi = 8.5 M (NaClOy) and chloride concentrations up to 0.75 M and
interpreted their extraction data in terms of the formation of NpItaq). Neck, Kim

and Kanellakopulo4NEC/KIM] reported formation constants for the 1:1 and the 1:2
complexes, but the ionic strength is high-£ 5 M) and in the absence of precise estim-
ates of the interaction coefficients, the error in the extrapolation£o0 will be dom-
inated by the error of our estimates of the ionic interactions. Gifed&]H observed

no significant changes in the visible absorption spectrum ofj\limfl M HCIO4 and

4 M NaCl. Hence, it would be highly speculative to make a selection on the basis of
the existing data.

9.2.2.4 Aqueous Np(VI) chlorides

The influence of chloride concentration on the isotopic exchange rate between Np(V)
and Np(VI) has been studied by Cohen, Sullivan and Hindrb&cCOH/SUL at 0, 5

and 10C in 3 M perchloric acid solution. At chloride concentrations above 1.5 M the
fitting of the experimental data was improved by taking into account the formation of
a 1:2 complex, NpeClx(aq), although this is more likely to be a medium effect.

NpOZ* + gCl~ = NpO,CIz~4 (9.11)

Other values forq = 1 and 2 were reported from potentiometric measure-
ments [OAL-/WAI2, 74DAN/CHI] and from solvent extraction experiments
[71DAN/CHI] (cf. Table9.8). In the careful experiment of Al-Niaimi, Wain and
McKay [70AL-/WAI2], the potential changes caused by the limited formation
of NpO.CI+ were very small, resulting in a low precision, although the exper-
imental method seems reliable. Due to insufficient information, the results of
the study of Sykes and Taylo62SYK/TAY] are not used in selecting a recom-
mended value. We use the constants reporteds5CDH/SUL (extrapolated to
25°C), and in [fOAL-/WAI2, 71DAN/CHI, 74DAN/CHI, 78BED/FID] for our
selection, but a statistical treatment seems difficult. We therefore adopA4he
value of the corresponding Pu(VI) system and increase its uncertainty by 0.05:
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Table 9.7: Experimental equilibrium data for the neptunium(V) chloride system.

Method lonic medium t(°C) log1 g @ Reference
NpOj + CI~ = NpO,Cl(ag)

cix 2 M H(CI,ClO4) 25 —(0.29+0.05  [64GAI/SYK]

emf 4 M (Na,H)(CI,CIQy) 25 —(25+04®  [71DAN/CHI|

emf 4 M (Na,H)(CI,CIQ) 25 “no complexation”  74DAN/CHI]

prx ? RT? <-07 [76VOD/KOL]
dis 2 M Na(CI,CIQy) 25 —(042+0.04 [79RAO/GUD
dis 8.5 M Na(CI,CIQ) 25 048 [B1PAT/RAM]
sp 4 M NaCl 25 “no complexation” Y4GIH

dis 5 M Na(CI,CIQ,) 25 —(0.05+0.02) [94NEC/KIM]

NpOj + 2CI~ = NpO,Cl,

emf 4 M H(CI,CIOy) 25 —(1.55+0.05®  [71DAN/CHI]
emf 4 M H(CI,CIOy) 25 “no complexation”  74DAN/CHI]
dis 5 M Na(Cl,CIQy) 25 —(0.71+£0.04  [94NEC/KIM]

(@ Refers to the reactions indicated, as well as to the ionic strength and temperature
given in the table.

() These values were withdrawn later by the same autifet®AN/CHI].

Ae(9.11, g = 1) = —(0.08+ 0.13) kg:-mol~1. The constants are converted to molal
units and then corrected o = 0, cf. Table9.8 The resulting values dt = 0 are
compatible. Their large uncertainties originate from the error propagation in the
extrapolation procedure. We select the weighted average of these values:

l0g;045(9.11 q = 1, 29815 K) = 0.40+ 0.17.

As a comparison, the IAEA reviev®PFUG/KH( selected log, 87 = (0.4+£0.1),
which agrees with the present selection.

Two publications $5COH/SUL 78BED/FID reported constants for the formation
of the 1:2 complex. Both these studies seem to be reliablappendixA. If we adopt
the A¢ value accepted from Giffaut 9 GIH evaluation for the corresponding Pu(VI)
system,Ae(9.11, q = 1) = —(0.43+ 0.20)kg-mol~1, we obtain logpoB8; = —0.7
and—0.2, respectivelycf. Table9.8 These small values are likely due to inter-ionic
interactions, rather than to the formation of Nyt (aq).

The Gibbs energy of formation value is derived from the above selected constant
using the selected Gy, values for Np(éJr and Cr.

AfGS(NPOLCIT, ag 29815 K) = —(9294+ 5.7) kJmol™!
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Table 9.8: Experimental equilibrium data for the neptunium(VI) chloride system.

Method lonic medium t(°C) log1 g @ logig ﬁa(a) Reference
NpOs"™ + CI~ = NpO,CI*

kin 3 M H(CI,ClOy) 0.0 0.21© [55COH/SUL
3 M H(CI,ClOy) 0.0 0.10()
3 M H(CI,ClOg) 478 006©
3 M H(CI,ClOg) 478 000@
3 M H(CI,CIOy) 9.84 —0.06©
3 M H(CI,ClOy) 984  —0099
3 M H(CI,ClOg) 25 —(0.37+£0.20)*-4.9 (0,29+0.49)
sp 2M Na(CI,CIQ) 25 -0.21 [62SYK/TAY]
emf 0.3 M H(CI,CIQy) 25 —(0.32£0.40)®  (0.264+0.40) [7O0AL-/WAI2]
0.4 M H(CI,CIOy) 25 —(0.36+0.40)®  (0.264+0.40)
0.5 M H(CI,ClOy) 25 —(0.35:0.400®  (0.3140.41)
dis 4M (H,Na)(Cl.CIQ) 25 —(0.16£0.200®  (0.414+0.66) [71DAN/CHI|
emf 4 M (H,Na)(CI,.CIQ) 25 —(0.05£0200®  (0.524+0.66) [74DAN/CHI]
dis 2 M H(CI,CIOy) 25 —(0.04£0.200®  (0.68+0.35) [78BED/FID]

NpOs" + 2CI~ = NpO,Cla(ag)

kin 3 M H(CI,ClOg) 0.0 —0.80 [55COH/SUL
3 M H(CI,ClOy) 478 -0.74
3 M H(CI,ClOy) 9.84 —-0.70
3 M H(CI,CIOy) 25 —(0.56+0.40)P-® _(0.740.8)

dis 2 M H(CI,CIOy) 25 —(057+0.400®  —(0.2+0.6) [78BED/FID]

(@ Refers to the reactions indicated, the ionic medium and temperature given in the tawalcig
in molal units, ati = 0 and 298.15 K.

(b Uncertainty estimated in this review.

© Refers to the model containing only a 1:1 complex.

@ Refers to the model containing a both 1:1 and a 1:2 complex.

(® Extrapolated to 25C in this review ¢f. AppendixA).

9.2.3 Agqueous neptunium bromide complexes
9.2.3.1 Agqueous Np(lll) bromides

Quantitative information on bromide complexation of Nphas only been published

by Shiloh and Marcusg4SHI/MAR] in concentrated LiBr solutions of varying ionic
strength up to near 12 M. The authors gave formation constants foPNgBg, o 81 =
—(3.39+ 0.06)) and NpB;’r (logipB2 = —(6.48+ 0.05)). These very negative val-

ues for the formation constants correspond to the complexation of only about 1% of
Np(lIl) at the highest bromide concentration used in the experiment, which was prob-
ably barely detectable. Also, the ionic strength effects are expected to be considerable
under these conditions. An extrapolationlte= 0 is not possible due to the lack of
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good estimates of ionic interactions, and no standard formation value can be selected
here.

9.2.3.2 Agqueous Np(IV) bromides

The only experimental equilibrium data available on the reactions
Np** + gBr~ = NpBrg ¢ (9.12)

are from Raghavan, Ramakrishna and PZBIRAG/RAM] at | = 2 M (HBr, HCIOy)

and 25C. The reported constants are lower than those of the analogous uranium and
plutonium complexes: log B1(9.12 g = 1) = —(0.21£0.01) and log 82(9.12 q =

2) = —(0.574£0.03). The cause for the deviation could be experimental limitatiofns,
comments in AppendiR. For the corresponding bromide complexes of Pu(IV) (Sec-
tion 18.2.3.3 and U(IV) [92GRE/FUG, as well as for the Np(IV) complexes NpGi

and NpfPt, logK? values between 1.25 and 1.8 are obtained, and the complexation
constant of NpBt* is also expected to lie in the same range. However, on the weak
basis of the available experimental information, it is not possible to select any constant
for the Np(IV) bromide complexes.

9.2.3.3 Agqueous Np(V) and Np(VI) bromides

No aqueous species of the form Ngmé_q or NpOzBré_q, respectively, have been
identified.

9.2.4 Aqueous neptunium iodine complexes
9.2.4.1 Agqueous neptunium iodides
9.2.4.1.a Aqueous Np(lll) iodides

No aqueous species of the form Iﬁﬁi‘ have been identified.

9.2.4.1.b Aqueous Np(IV) iodides

Quantitative information on iodide complexation of Nphas been published by Kusu-
makumariet al. [79KUS/GAN and Patil, Ramakrishna and Gu@1PAT/RAM] on
the equilibrium

Np* 417 = Npi*+. (9.13)

The results are summarised in Talfl®. The values originate all from Patil's
group and are from solvent extraction studies (see AppeAdix It should be
mentioned that the review pape78PAT/RAM], which is cited in the IAEA
review [92FUG/KHQ, reports two new values referring to unpublished work of
Rao, Bagawde, Ramakrishna and Patil, and these values were published later in
[79KUS/GAN. Some of the papers contain little experimental details, but we can
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assume that the experimental procedures are the same in all studies. We estimate
the corresponding values ht= 0 by converting the constants to molal units and by
adopting the ion interaction coefficient of the corresponding Np(IV) chloride system
with an increased uncertainte(9.13 = —(0.15+ 0.25kg-mol~1. The resulting
uncertainties in log, 87 , cf. Table9.9, are composed of the uncertainty assigned to
the values al = 2 M, cf. AppendixA, and the propagation of the uncertainty in

the ion interaction coefficient. The valueslat= 0 are consistent, and the weighted
average is selected hére

1090 85(9.13 29815 K) = (1.5+ 0.4)

The Gibbs energy of formation is calculated using the selected values foraxl
I~

AfGS(NpI®t, ag 29815 K) = —(5521 + 6.0) kJmol™*

Table 9.9: Experimental equilibrium data for the neptunium(1V) iodide system.

Method lonic medium t(°C) logyo L@ log10 ﬂi’(a) Reference

Np* + 1~ = NpI3t

dis 2 M H(1,ClOy) 25 (0.02£0.300®  (1.52+0.63) [78PAT/RAM|
dis (HTTA) 2MH(,CIO;) 25  —(010+030®  (1.40+£063 [79KUS/GAN
dis (HD) 2MH(I,CIOg) 25 (0.11£0.30®  (1.61+0.63)

dis 2 M H(1,ClOy) 25 (0.04+£0.300®  (1.54+0.63) [81PAT/RAM|

@ Refers to the reactions indicated, the ionic strength and temperature given in the tafesT 1oy
in molal units, ati = 0 and 298.15 K.
® The uncertainties are estimated in this reviefv AppendixA).

9.2.4.1.c Aqueous Np(V) and Np(VI) iodides

No aqueous species of the form NﬂéTq or NpOzlé_q, respectively, are known to be
stable.

9.2.4.2 Agqueous neptunium iodates

9.2.4.2.a Aqueous Np(lll) iodates

No aqueous iodate complexes of Nphave been identified.

2The halide complexation constants of U(NJAGRE/FUG suggest a trend of decreasing stability in the
order CI~ > Br~ > |~. Although this trend is not exactly observed with ﬁbland NpC?*, it should be
considered that the uncertainties are high and that weak complexation and medium effects may be difficult
to separate.
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9.2.4.2.b Aqueous Np(IV) iodates

The formation of iodate complexes of Riphas been suggested by Patil, Ramakrishna
and Ramaniah78PAT/RAM] in their review of aqueous coordination complexes of
neptunium. They refer to absorption spectra of Np(IV) in 1 M HgBDd 2 M HIG;,
respectively, reported in an unpublished work of Rao, Bagawde, Ramakrishna and
Patil, cf. [78PAT/RAM]. Based on these spectra, it was concluded that the spectral
changes suggest formation of strong iodate complexes of Np{BBAT/RAM]. The
description of the interactions between Np(IV) and; 1@ thermodynamically stable
complexes is not feasible. These types of complexes can exist as precursor complexes
in subsequent redox reactions.

It should be mentioned that the constants quoted for the formation of u)@ao
and Np(IQ)g~ in a table of the IAEA review§2FUG/KHQ, p.92 are misplaced and
in fact refer to Th(IQ)é‘ and Th(IQa,)g“ [61STO/FRY, as correctly noted in the text
[92FUG/KHQ, p. 93. The origin of the constants lgg81(NplO3") = 2.4 and
logyo B1(NP(OH)IO3™) = 0.3 atl = 1 M (HCIOg4) quoted in the IAEA review.
92) as originating from Patil, Ramakrishna and Ramani&@PAT/RAM], is unclear
to us, since these authors reported only qualitative information on the formation of
Np(IV) iodate complexes.

9.2.4.2.c Aqueous Np(V) iodates

Blokhin et al. [72BLO/BUK] observed a displacement of the UV absorption band

of NpOj when adding KIQ to the solution, but he found that the changes in the
spectrum were too small to allow a quantitative calculation of the formation constant.
Later, Patil's group published a solvent extraction stutBHAO/GUD, and they used
spectrophotometry as a check of the correct oxidation state of Np. At the same time,
they used spectrophotometry measurements to derive the formation constant of a 1:1
complex [f8RAO/PAT], NpO2103(aq), and they obtained very comparable resafts,
Table9.1Q according to the equilibrium

NpOJ + 103 = NpO,I03(ag) (9.14)
We accept the results of the two studies with increased uncertainties
(see AppendixA), and we correct the constants tb = 0 by adopt-
ing the specific ion interaction coefficients published in the uranium book
[92GRE/FUG of this series: £npof.clo;) = (025 + 0.09 kg-mol~! and
£(10;.Nat) = —(0.06 & 0.02) kg-mol~L. For Equilibrium ©.14 the ion interaction
coefficient is thusAe(9.149 = —(0.19 + 0.10)kg-mol~1, where we have increased

the uncertainty due to the analogy made. The resulting valuds at 0 are
consistent (see Tab® 10— note that the values are identical to thosd at 2 M,
because, coincidentally, the specific ion interaction term exactly compensates for the
Debye-Hickel term under these conditions), and their average is selected here.

log05(9.14 29815 K) = 0.5+ 0.3
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The Gibbs energy is calculated by using the seleatgsly, values for Npq and
0.
3

AtGS,(NpO2103, aq 29815 K) = —(10370+ 5.9) kJmol™?

Table 9.10: Experimental equilibrium data for the Np(V) and Np(VI) iodate systems.

Method lonic medium t(°C) logy0 L@ log19 ﬂi’(a) Reference

NpOj + 105 = NpO,I03(ag)

sp 2 M H(103,ClOy) 25  (058+030® (0584037 [78RAO/PAT]
dis 2 M H(103,ClOy) 25  (0.32+030® (0324037 [79RAO/GUD

NpO3* +103 = NpO,I0F

sp 0.3M (HCIQ,NalOz) 25  (0.61+0.02 (12+03®  [72BLO/BUK]

@ Refers to the reactions indicated, the ionic strength and temperature given in the tafieaslomin
molal units, al = 0 and 298.15 K.
() The uncertainties are estimated in this reviefv AppendixA).

9.2.4.2.d Aqueous Np(VI) iodates

Blokhinet al. [72BLO/BUK] published a spectrophotometric study on the iodate com-
plex formation of Np(V) and Np(VI). In contrast to Np(V), they found a very marked
change in the absorption spectrum of l\gp”@vith increasing concentration of KKO
They derived a formation constant for the 1:1 complex according to the equilibrium

NpO3" + 105 = NpO,IOF (9.15)

and observed higher species when the iodate concentration exceeded 0.15 M.
Their measurements seem reliable (see Appendl)x and we correct their
value, logyB1(9.151 = 0.3 M,29815 K) = 061, tol = 0 by using
Ae(9.15 = —(0.07 £ 0.10)kg-mol~1, calculated from the values of the correspond-

ing uranium(VI1) system92GRE/FUG, by increasing the uncertainty ine by 0.05.

The resulting value is assigned an uncertainty-6f3 (cf. AppendixA):

logyo85(9.15 29815 K) = 1.2+ 0.3

It should be mentioned that this constant is lower than that for the corresponding ura-
nium(VI) system (logo 87 = 2.0). This is one of the reasons why the IAEA review
[92FUG/KHQ did not select any value for the formation of N@IO); However, we
believe that this reason is not sufficient by itself to discard our selection.
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The Gibbs energy of formation is calculated using the selected values fo%*NpO

and 1G;.
AfGS (NpOLIOT, ag 29815 K) = —(9291 4 5.9) kdmol™!



Chapter 10

Neptunium group 16
compounds and complexes

10.1 Neptunium sulphur compounds and complexes

10.1.1 Neptunium sulphites
10.1.1.1 Aqueous neptunium sulphites
10.1.1.1.a Np(V) sulphites

There are four reports of %O complexes of Npg.) [65MOS/MEF, 72BLO/BUK2,
78MOS/POZ 79MOS/POZ. Corresponding equilibrium constants are reported in
Table10.1 Moskvinet al. [65MOS/MER gave no original data that can be evaluated,
and the work presented ifT8MOS/POZ and [79MOS/POZ represents duplicate re-
ports of the same data. All four reports conclude that two dioxoneptunium(V) sulphite
complexes are formed:

NpOj + S~ = NpOSCy
NpO; +2SG~ = NpOx(SOy)3-

Blokhin et al. [72BLO/BUKZ2] suggest, on the basis of solubility experiments at high
S@* concentrations, that higher coordinated complexes may form. Although there is
reasonable agreement between the reported results, there is insufficient data to permit
the reported values to be extrapolated to the infinite dilution standard state.

10.1.1.2 Solid neptunium sulphites

Blokhin et al. [72BLO/BUKZ] precipitated stable solids of the forms of:
NaNpQSO3-H20(s), NaNpQSOs-2H20(s), NH4NpO2SOs(s) and KNpGSO;s(S).

The composition of these solids was verified by chemical analysis. The Na-dihydrate
salt dehydrates when heated to the monohydrate state. Thermogravimetric data are
given in this reference. There are no thermodynamic data available for these solids.

177
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Table 10.1: Experimental equilibrium data for the neptunium(V) sulphite system.

Method | t log108 Reference
(m) ©C)

NpOj +SG5~ = NpO,SO;

sol ?) ?) 2.15 $5MOS/MER
1.03 NaSG5~,NO,) 25 (2.6+£0.6)  [72BLO/BUKZ]
1.04 (Nat, NH}), (2042) (1.50+0.1) [78MOS/POZ
(SG™.ClM) [79MOS/POZ

NpOJ +2SCG~ = NpOy(SO3)3-

sol ?) ®) 300  G5MOS/MER
103 NaSCZ~,NO;) 25 (36+£2.4) [72BLO/BUKZ]
104 (Nat,NH}),  (2042) (301+0.08 [78MOS/POZ
(SG™.ClM) [79MOS/POZ

10.1.2 Neptunium sulphates
10.1.2.1 Aqueous neptunium sulphates

10.1.2.1.a Np(VIl) sulphates

No experimental evidence for the existence of Np(VIl) sulphate complexes was found.

10.1.2.1.b Np(VI) sulphates

Six experimental studies of the aqueous Np(VI) sulphate sys@&2$YK/TAY,
68AHR/BRA2 70AL-/WAI, 76PAT/RAM, 84KAS/JOS 86ULL/SCH have been
reported. The results of these experiments and recalculations performed by the
reviewers are given in TablE).2

Table 10.2: Experimentally determined formation constants in the Np(VI) sulphate
systen??.

Method [ t°C) logipBq®  Reference
NpO5™ +SO;~ = NpO,SOys(ag)

sp 2 M NaClQy 25 1.64 B2SYKI/TAY]
cal 09 25  (3.27£0.05) [86ULL/SCH
Recommended value 0 25 (3.28.06) This review

(Continued on next page)
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Table 10.2: (continued)
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Method [ t°C) logipBq®  Reference
NpO5™ + 2505~ = NpO(SOy)5

cal 09 25  (4.65t0.05) [86ULL/SCH
Recommended value 0 25 (4.#0.10) This review
NpO5 " + HSO, = NpO;SOy(ag) + H*t

dis 1M (H,Na)ClQy 21 (0.79:0.13) [68BAHR/BRAZ
recalc 1.05m 21 (0.760.12)

recalc 1.05 25 (0.76:0.12)

pot 0.1 M HCIQy 25 (0.88:0.01)  [7OAL-/WAI]
recalc 0.1m (0.8%0.01)

pot 0.2 M HCIgy 25 (0.81-0.01) [70AL-/WAI]
recalc 0.2m (0.8£0.01)

pot 0.3 M HCIQy 25 (0.78:0.01)  [70AL-/WAI]
recalc 0.31m (0.720.01)

pot 0.4 M HCIQy 25 (0.76£0.02)  [7OAL-/WAI]
recalc 041m (0.780.01)

pot 0.5 M HCIQy 25 (0.75:0.01)  [7OAL-/WAI]
recalc 0.52m (0.780.01)

dis 2 MHCIOy 25 1.07 [F6PAT/RAM]
recalc 22m (1.0£0.05)

cou 0.5 M HCIg, 23 0.75 B4AKAS/JO$
recalc 0.52m 23 (0.700.02)

recalc 0.52m 25 (0.860.03)

recalc 0 25 (1.220.07) [B6ULL/SCH
Recommended value 0O 25 (180.04) This review
NpO5 ™ + 2HSO, = NpOx(SOQs)5~ + 2H"

dis 1M (H,Na)CIQy 21 (0.55:0.31) [68BAHR/BRAZ
recalc 1.05m 21 (0.780.14)

recalc 1.05m 25 (0.820.15)

pot 0.5 M HCIQy 25 0.20 [FOAL-/WAI]
dis 2 MHCIOy 25 0.60 [F6PAT/RAM]
recalc 22m (0.8%0.19)

recalc 0 25 (0.620.09) [B6ULL/SCH
Recommended value 0 25 (0Fa.07) This review

(@Recalculations based on a consistent non-linear least squares approach.
(continued on next page)
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(footnotes continued)
® Here “g" refers to eitherg or *B as appropriate for the reaction as written apt the
number of ligands in the complex NQ(BO4)§72q.
(©Measurements made ht= 0.09 — 0.45 m (H,Na)CIQ and extrapolated tb = 0.

Using the results of calorimetric experiments performed on solutions containing
only dilute acid (pH > 3), Ullman and Schreiner8pULL/SCH calculated both
the equilibrium constants and the enthalpies for the formation of J$@Xaq) and

NpO2(SQy)3™:

NpO3™ +SCG;~ = NpO;SOs(ag) (10.1)
NpO3t +2SCG~ = NpO(SQy)3. (10.2)

Other researchers performed their experiments in acid medium and determined the
equilibrium constants of the analogous reactions:

NpOZt + HSO; = NpO,SOs(ag) + H™ (10.3)
NpOZ* +2HSO;, = NpOx(SOy)3~ + 2H". (10.4)

For the purposes of this review all useful association quotients measured at tem-
peratures other than 26 were converted to standard conditions using the auxiliary
data for the S@ protonation reaction and the enthalpies determined by Ullman and
Schreiner 86ULL/SCH:

ArHS,(10.1,29815K) = (16.7 4 0.5) kImol !
AHS,(10.229815K) = (26,04 1.2) kImol L.

The recommended value of IgH87(10.3 was determined from the SIT extrapol-
ation to the standard state using the recalculated (TEQ® results of FOAL-/WAI,
76PAT/RAM, 84KAS/JO$. This extrapolation yields log 8° (10.3 = (1.30+ 0.05)
andAg(10.3 = —(0.29+0.03)kg-mol~L. The result of §6ULL/SCH (log;, B7(10.9
= (3.27+ 0.05)) is used together with the auxiliary data for the protonation constant
of soﬁ— to determine an independent value for§g; (10.3 = (1.29+ 0.07). The
recommended values are taken as the weighted mean of these two estimates:

log, 85 (10.3 29815 K) = (1.30+ 0.04)
logyo 85 (10.1 29815 K) = (3.28+ 0.06)

The ion interaction procedure used B6[JLL/SCH) to extrapolate to the stand-
ard state yields an equivalent interaction coefficient in the SIT model«gfi0.])
= —(0.28+ 0.01)kg-mol 1.

The recalculated equilibrium constants 68AHR/BRAZ and [76PAT/RAM] are
averaged to standard conditions to give;{85 (10.4= (0.84 4 0.12) (Ae is indis-
tinguishable from 0:Ae = —(0.04 + 0.21)kg:-mol~1). The independent estimate of
[86ULL/SCH, calculated as above, yields Igp5(10.4 = (0.69+ 0.09). The results
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of [7TOAL-/WAI] are not used as no quantitative estimate of uncertainty could be made
and the estimate of error made by the reviewers appeared to be much larger than those
determined in other experiments. The weighted means of these two estimates yield the
recommended values:

log, & 5(10.4 29815 K) = (0.74+ 0.07)
l0g;085(10.2 29815 K) = (4.70+ 0.10)

All other thermodynamic parameters can be calculated from those given above.
10.1.2.1.c Np(V) sulphates
Five experimental studies describing the Np(V) sulphate complex@&lQS/POZ

79RA0/GUD, 81PAT/RAM, 83HAL/OLI, 85INO/TOC3Z have been reported
(Table10.3. In all cases only one complex was observed:
NpOJ +SC;~ = NpO,SQ;. (10.5)

Table 10.3: Experimentally determined formation constants in the Np(V) sulphate
system.

Method | t(°C) logh081 Reference
NpOJ + SCF~ = Np0,SO;

coprecipitation 1.5 M NHCI (20+2) (1.04+0.4) [79MOS/POZ
dis 2 M NaCIQ 25 (0.44+0.09) [79RAO/GUO
recalc 22m (0.45+0.01

dis 85M 25(?) o5 [B1PAT/RAM|
dis 052mNaClQ 5 —(0.43+£0.35 [83HAL/OLI]
dis 1.05mNaCl@ 5 —(0.18+0.09) [83HAL/OLI]
dis 22mNaClQ 5 —(0.04+£0.11) [83HAL/OLI]
dis 0.52mNaClQ 25 —(0.10+£0.08)  [83HAL/OLI]
dis 1.05mNaClQ 25 (0.064+0.04 [83HAL/OLI]
dis 22mNaClQ 25 (0.194+0.04 [83HAL/OLI]
dis 0.52mNaClQ 45 (0.254+0.03) [83HAL/OLI]
dis 1.05 mNaClQ 45 (0.34+£0.03 [83HAL/OLI]
dis 22mNaClQ 45 (0.40+£0.05 [83HAL/OLI]
dis 1 M NaClg, 25 (0.76 £0.04) [85INO/TOC3]
Selectedvalue Om 25 (0.44+0.27)  This review

On the basis of the most reliable data at@479RA0/GUD and [83HAL/OLI]
the recommended value for the equilibrium constants for this reaction at standard state
is determined using the SIT model:

109108°(10.529815K) = (0.44+0.27)
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and Ag(10.59 = —(0.37 £ 0.18)kg-mol~1. The enthalpy of Reactiorl.(.5 can be
calculated from the three independent series of experiments performed at three ionic
strengths by§3HAL/OLI]. The three estimates yield values®fHy, (10.5 = (28.8+

1.6) kJmol~1at 0.52 m(22.0+1.8) kJmol~1 at 1.05 m and18.7 £+ 0.2) kJmollat

2.2 m. The mean of these estimates yields the best value. The error was expanded to
encompass the entire range of the three independent estimates.

AHS,(10.529815K) = (2324 7.2) kImol!

The remaining thermodynamic parameters may be calculated from the selected
valves.

10.1.2.1.d Np(lV) sulphates

There are seven reliable studies of the complexing Np(IV) sulphate system
[54SUL/HIN, 62SYK/TAY, 63MUS 66AHR/BRA, 73PAT/RAM, 73PAT/RAM2
76BAG/RAM]. In all but one cased2SYK/TAY], sufficient data have been given by

the authors to permit the redetermination of formation constants and uncertainties.
The remaining six studies (TablE0.4 are used to determine the best values for
thermodynamic parameters in this system.

Table 10.4: Experimentally determined formation constants in the Np(lV) sulphate
systen®.

Method [ t(°C) logio*8q©  Reference
Np** + SOF~ = NpsG;*

sp 2MNaCIQ 25 3519 [62SYKI/TAY]

Np* + HSO, = NpSQ;™ + H*

dis 2.2mHCIQ (102+0.2) (2.47+0.09) [54SUL/HIN]
recalc (2.38+0.06)

dis 22mHCIQ  (252+0.2) (2.43+0.09) [54SUL/HIN]
recalc (2.53+0.07)

dis 2.2mHCIQ (353+0.2) (2.40+0.09) [54SUL/HIN]
recalc (2.58+0.05)

sp 2MNaClQy 25 (2.43+0.05) P[62SYK/TAY]
pol 3.5mNaClQ ((25+0.2) (2.494+0.03) [63MUY
recalc (2.44+0.03)

iX 4.6 m HCIOy 20 (2.70+0.04) [66AHR/BRA]
recalc (2.65+0.05)

recalc 25 (2.660.06)

dis 22mHCIQ 25 251 [73PAT/RAMZ

(Continued on next page)
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Table 10.4: (continued)
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Method [ t(°C) logio*8q©  Reference
recalc (2.49+0.03)

dis 22mHCIQ 10 245 [73PAT/RAM|
recalc (2.44+0.05)

dis 22mHCIQ 40 255 [73PAT/RAM|
recalc (2.51+0.05)

dis 22mHCIQ 10 244 [73PAT/RAM|
recalc (2.42+0.02)

dis 22mHCIQ 25 249 [73PAT/RAM|
recalc (2.48+0.03)

dis 22mHCIQ 40 253 [73PAT/RAM|
recalc (2.56+0.08)

dis 22mHCIQ 25 253© [76BAG/RAM]
recalc (benzene) (2.524+0.20

recalc (i-heptane) (2.35+0.21)

Best value Om 25 (4.87+0.15) This review
Np*™ + 2HSO, = Np(SOy)2(ag) + 2H

dis 22mHCIQ (102+0.2) (3.38£0.19) [54SUL/HIN|
recalc (3.84+0.04)

dis 22mHCIQ (2524+0.2) (3.47+£0.19) [54SUL/HIN|
recalc (4.06+0.08)

dis 22mHCIQ (353+0.2) (3.53+£0.19) [54SUL/HIN]
recalc (3.85+0.05)

pol 3 M NaClQy 25+ 0.2 3.64 [63MUY

pol 3.5mNaClQ (25+0.2 (3.57+0.09 [63MUY
recalc (3.924+0.11)

iX 46 mMHCIOy, 20 (4.26+0.05 [66AHR/BRA]
recalc (4.38+0.02)

recalc 25 (4.41+0.03)

dis 22mHCIQ 25 400 [73PAT/RAMZ
recalc (4.03+0.02)

dis 22mHCIQ 10 402 [73PAT/RAM|
recalc (3.95+0.04)

dis 22mHCIQ 40 404 [73PAT/RAM|
recalc (4.15+0.03)

dis 22mHCIQ 10 392 [73PAT/RAM|
recalc (3.95+0.01)

(Continued on next page)
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Table 10.4: (continued)

Method [ t(°C) logio*8q©  Reference

dis 22mHCIQ 25 406 [73PAT/RAM]
recalc (4.060.02)

dis 22mHCIQ 40 414 [73PAT/RAM]
recalc (4.13+0.05)

dis 22mHCIQ 25 404© [76BAG/RAM]
recalc (benzene) (4.044+0.19

recalc (i-heptane) (3.87+0.20

Best value Om 25 (7.09+0.25) This review

(@Recalculations based on a consistent non-linear least squares approach.

0 Recalculated by §2SYK/TAY] from their reported experimental value for the reaction
Np*t + SO, = NpSQ; .

(©qis the number of ligands in the complex 0&}04)372(4

@This value is logoB1, not log,g*81.

(® Average value from studies of TTA in benzene and-ineptane.

Because of concern about interferences due to hydrolysis, all the Np(IV) experi-
ments were performed in strong acid medium. The results are therefore interpreted to
describe the following reactions:

Np*™ +HSO, = NpSG™+HT (10.6)
Np™™ +2HSO;, = Np(SQ2(ag) + 2H". (10.7)

The results of $4SUL/HIN, 63MUS 66AHR/BRA, 73PAT/RAM, 73PAT/RAM2,
76BAG/RAM], as recalculated by the reviewers (Tahl@.4), are used to determine
log, 87 (10.9. The results of §6AHR/BRA] were corrected from 20 to 2& using
ArHp, (10.6 determined below. Using the SIT model for extrapolation to the standard
state, the recommended value was found to be:

log;587(10.6 29815K) = (4.87+0.15
and Ae(10. = —(0.19 + 0.06)kg-mol~, a value that overlaps with that re-
ported for the analogous U(IV) reaction bYWZAGRE/FUG.  Assuming that
m+Hsoy = —(0.014+007 kg-mol~! (estimated frome (\a+ Hsoy)» Ut with an

expanded uncertainty), this yields an estimated value of

-1
€(Npsct.clo;) = (0.484 0.11) kg-mol

which is selected by this review. This value differs somewhat from the estimate of
EUsGt.cloy) = (0.3 + 0.1)kg-mol~1 reported by 92GRE/FUG, but is within the

range of interaction parameters between CEdd other divalent complexes, including
for example FeSCRt [95SIL/BID).
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The results of $4SUL/HIN, 63MUS 66AHR/BRA, 73PAT/RAM, 73PAT/RAM2,
76BAG/RAM], as recalculated, were used to determine the association quotient of Re-
action (L0.7) at the standard state. The results@AHR/BRA] were corrected from
20to 25C, as above. Using the SIT model for extrapolation, the best value was found
to be:

log,65(10.7.29815K) = (7.09+0.25)

andAe (10.7) = —(0.29+ 0.11)kg-mol~1, a value that overlaps with the one for the
analogous reaction for the formation of U($&(aq) (Ae = —(0.46+ 0.08)kg-mol—1,
[92GRE/FUQG).

ArH(10.6 can be determined independently from the experiments of
[54SUL/HIN, 73PAT/RAM, 73PAT/RAMZ in HDNNS (= dinonylnaphthalene-
sulphonic acid)/benzene, and 73PAT/RAM in TTA(= thenoyltrifluoro-
acetone)/benzene. These yield estimates AgH;, (10.6 of (136 + 4.0),

(3.98 + 1.6) and (4.56 + 2.4) kJmol~1, respectively. As these estimates do not
overlap and there is no basis on which to reject any of the estimates, the unweighted
mean is chosen as the best value:

AHS,(10.629815K) = (7.4+8.8) kImol!

ArHg, (10.7) is calculated from the two independent experimenty 8PAT/RAM,
73PAT/RAMZ in HDNNS/benzene, and/BPAT/RAM] in TTA/benzene. These yield
estimates 0f11.3+ 3.2) and(10.2 + 2.0) kJmol~1, respectively. The weighted mean
yields the best value:

AfHS,(10.7,29815K) = (1054 3.6) kimol™!

The remaining thermodynamic parameters may be calculated from the above es-
timates.

10.1.2.1.e Np(lll) sulphates

No experimental evidence for the stability of Np(lll)-sulphate complexes was found.

10.1.2.2 Solid neptunium sulphates

Although no thermodynamic information is available for solid Np sulphates, there
exists a number of studies characterising such solids using X-ray diffraction, inferred
spectroscopy, thermogravimetry and bulk analysis. Principal among these are
[72MEF/KRQ 72MEF/KRO2 78SAI/UEN, 82ALC/ROB, 82WES/MUL, 83HEL,
86WEI/HEL, 89BUD/FED. Summaries of the compounds found and methods used
for characterisation are given in Appendix The results of these studies may be
useful to future researchers concerned about the stability of Np sulphate solid phases.






Chapter 11

Neptunium group 15
compounds and complexes

11.1 Neptunium nitrogen compounds and complexes

11.1.1 Neptunium nitrides and other pnictides

The only neptunium pnictides which have been characterised are the mono pnictides.
These compounds possess the face-centred cubic rock salt structure (space group
Fm3m). Studies on these compounds have been essentially concerned with the nature
of the chemical bonding87BEN 90DAB/BEN, 94AMA/BRA, 95ARA/OHM].

Studies on the neptunium-nitrogen system include some other properties. The lattice
parameters of the face-centred cubic neptunium pnictides are given inIlatle

Table 11.1: Lattice parameters of the face-centred cubic neptunium pnictides

Compound Lattice Parameter Reference

ap x 10'%m
NpN 4.8987 p60OLS/MUY
[94ARA/OKA]
NpP 5.6148 95ARA/OHM]
NpAs 5.8389 P5ARA/OHM]
NpSb 6.2485 95ARA/OHM]
NpBI 6.3732 B7BEN

The standard deviation is probably 0.0001.0- 19 m.

NpSb transforms to the cubic CsCl structure at pressures above 12 Gpa
[90DAB/BEN] or to a tetragonal phase above 10 GPa with space group P4/mmm, a
distorted CsCl structur©ftAMA/BRA)].

187
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11.1.1.1 NpN(cr)
11.1.1.1.a Heat Capacity and entropy

The heat capacity and entropy for NpN (cr) at 298.15 K have been estimated from the
data for UN (cr) and PuN(cr)

Com(NpN,Ccr) = (487+0.9) JK t-mol™*
S,(NpN, cr, 29815K) = (6394 1.5) 3K tmol™!

An estimated heat capacity for NpN (cr) was used in the evaluation of thermal
conductivity from some measurements on the thermal diffusivity of this compound in
the temperature range 740-1600IARA/OKA]. This estimate of heat capacity has
been rejected because it is not consistent with analogous data for UN(cr) and PuN(cr).
An estimate of the variation of specific heat in the temperature range 298.15 - 2000 K
has been made using the estimated valu€fgy, (NpN, cr, 298.15K) and the data for
the variation of the specific heats of UN (cJOET/LE] and PuN(cr) f8OET].

Co.m(NPN, c) = 47.67+ 1.3174x 107 °T — 2.5762x 10°T% JK~tmol™*

11.1.1.1.b Enthalpy of formation
An estimate is given based on the quantities for UN@BGRE/FUG and PuN(cr):

AfHS (NpN, cr, 29815K) = —(294.6 + 5.0) kI mol~?

If the data for the Gibbs energy of formation are used to calculate the enthalpy of
formation, then there is a discrepancy of some 2ankd~! between the second and

the third law values. The average of these two values is very close to the estimated
value. Because of this discrepancy, the assessed value is preferred as the value and the
selected uncertainty is consistent with those for uranium and plutonium mononitrides.

11.1.1.1.c The Gibbs energy of formation

This quantity was assessed with the above data for the entropy and enthalpy of forma-
tion of NpN (cr) and the entropies afNp [7T60OET/RAN and N> (gas) BOCOX/WAG,
85CHA/DAV].

AGS,(NpN, cr, 29815 K) = — (2700 + 5.0) kJmol~*

The vaporisation behaviour of NpN(cr) from a Knudsen cell has been investigated by
mass spectrometn®fNAK/ARA]. The magnitude of the vapour pressure of Np(g)
indicated that decomposition to Np(l) was occurring in the temperature range of the
experiments (1690-2030 K). The samples of NpN(cr) were prepared by the carbo-
thermic reduction of NpgJcr) in nitrogen and contained low levels of oxygen and
carbon impurities. The Gibbs energy of formation of NpN(cr) was calculated from



11.1 Neptunium nitrogen compounds and complexes 189

the measurements of Np(g) pressi@éNIAK/ARA], and data obtained forNg) pres-
sures over the two phase field Np(I) + NpN(cr) in the temperature range 2480-3100 K
[660LS/MUL], extrapolated to the appropriate lower temperatures. The Gibbs energy
of formation of Np(g) was taken from this assessment (Se&idn The Gibbs energy

of formation of NpN(cr), calculated from the above experimental results, lies between
those for PuN(cr) and UN(crBpPOT/SPE

AfG,(NpN, e = —(295900— 89.88T) Jmol~1 (1690— 2030 K)

The values for the Gibbs energy of formation obtained from this equation are some
3-7 % lower over the given temperature range than the values calculated from the as-
sessed data presented here.

11.1.1.1.d The melting point of NpN(cr)

Nitrogen pressures for the phase field Np(l) + NpN(cr) have been measured in the
temperature range 2480-3100 K

l0g10(PN,(g/PaD = 8.199— 2954 x 10°T~! 4 7.87 x 107 181°

From these data an estimate was made of the congruent melting point at 9.87 bar
N2(g) of 3103+ 30 K [660LS/MUL].

11.1.2 Neptunium azide complexes

Formation constants (Tablell.2) for azido complexes of dioxoneptunium

(V), NpO2(N3):™" (n = 1-5) at 28C, | = 5 (mol - dm~3) have been reported
[77CUI/IMUS 78MUS/MARZ, based on a spectroscopic study (970 to 1020 nm) at
pH values between 6.2 and 9.4. Although the measurements were done at constant
ionic strength, the nature of the ionic medium was very different for different solutions,
and the apparent values for the complexation constants undoubtedly were affected.
The results of this work cannot be used to derive serviceable valuésfor and the
existence of the very weak higher complexes (especially n = 4,5) should be regarded
as uncertain unless confirmed by other experiments.

Table 11.2: Reported formation constants for azido complexes of dioxoneptunium(V)
[78MUS/MARZ

NpOZ(N3)i—"

n log;oKn 10830 Bn
1 108 1.08
2 0.77 1.85
3 0.38 2.23
4 -0.13 2.10
5 -0.70 1.40




190 11. Neptunium group 15 compounds and complexes

11.1.3 Neptunium nitrites

The only data on neptunium nitrite complexes available to this review concern Np(V)
complexes and originate from the same research group. The data are presented in
Table11.3and refer to the reaction:

NpOJ + NO, = NpO;NO(ag (11.1)

Raoet al. [79RA0O/GUD studied this system using solvent extraction with NaD-
NNS at a total ionic strength of 2 M and obtained{gg(11.1, 1 =2 M, 29815K) =
—(0.054 0.05). The complex is weak, and substantial changes were therefore neces-
sary in the ionic medium in order obtain measurable effects. As shown in Appandix
the changes made in the ionic medium can also explain satisfactorily the measured
effects.

Table 11.3: Experimental equilibrium data for the neptunium(V) nitrite system.

Method lonic medium t (°C) logy08 Reference
NpOJ + NO, = NpO,NO(ag)

dis, DNNS 2 M NaClQ 25 —(0.05+0.05 [79RAO/GUD]
sp 2MNaClQy  ~23 014 [78RAO/PAT]

Rao and Patil JTBRAO/PAT] studied the same system at the same ionic strength,
but using spectrophotometry, in order to confirm the solvent extraction results. They
obtained a slightly higher value of the constant, lo(11.1, 1 = 2 M, 29615K) =
0.14, by measuring molar absorptivities at various ligand concentrations. No experi-
mental data are reported in this study, hence no recalculation or error estimation was
possible. In view of the paucity of the available data, no selection is made in this review
for Np(V) nitrite complexes.

11.1.4 Neptunium nitrates

11.1.4.1 Agueous neptunium nitrates
11.1.4.1.a Aqueous Np(lll) nitrates

No Np3* nitrate complexes have been identified.
11.1.4.1.b Aqueous Np(IV) nitrates

Complex formation in Np(IV) nitrate systems has been studied by several investigators
and complexes formed according to the equilibria:

Np*™ +gNO; = Np(NOg)z (11.2)

were proposed. The experimental equilibrium data have been summarised in
Table 11.4 The distribution studies reported by Lahr and Kno@OLAH/KNQO]
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and Moskvin F1MOS lack experimental details and have possible experimental
shortcomingsef. AppendixA.

The same types of problems are found for the studies of Stromat, Peekema and
Scott B8STR/PEE, Sykes and Taylor 2SYK/TAY] and Kusumakumarket al.
[79KUS/GAN (cf. AppendixA). Except for the value obtained using high ionic
strength ( = 9 M) solutions by Barbanel and Muravievda2ZBAR/MUR], the data
from the other studies have been used to estimate a value for the formation constant
for NpNO3 ™.

All inner sphere complexes beyond the first are extremely weak at even moderate
nitrate concentrations, and calculations have shown (Appéxdixat effects of higher
complexes can often be accounted for by considering activity coefficient changes in
sequential substitution for large amounts of the medium i@, (perchlorate) by
nitrate ions, and assuming only the formation of the first complex up to 2 M nitrate
[98SPA/PU). Such assumptions do not greatly influence the selection of a value for the
first complexation constant as shown in Figliiel The value of the constant reported
by Danesiet al. [71DAN/CHI] was obtained in an electrolyte mixture consisting of
3 M NaClOy + 1 M HCIQq4, and the filled symbol in Figurél.1represents the value
recalculated in 4 M HCI@in order to plot it together with the other values.

Table 11.4: Experimental equilibrium data for the Np(IV) nitrate system.

Method lonic t logyo Bq(H®@ logi0Bq(N©  Reference
medium €C)
Np*+ + NO3 = NpNG3"
pot 1.0 M HNG; 25 038 [58STR/PEE
kin 2.0 M HNOg 25 011 [62SYK/TAY]
dis, TTA 0.5 M HCIOy 20 045 (0.48+0.10)  [66SHI/NAZ
(0.62+0.20®
dis, TTA 1 M HCIO4 20 034 (0.3440.10)
(0.23+0.200®
dis, TTA 1.5 M HCIOy 20 036 (0.28+0.10)
(0.4140.200®
dis, TTA 2 M HCIOy 20 030 (0.20+0.10)
(0.1140.200®
sp, kin 2 M HCIgy 25 034 (0.424£0.15)  [66RYK/YAK]
(0.34+0.200®
dis, TOA 8 MHCIOy 20 -152 [7OLAH/KNO]
dis, TBP 2 M HCIQy 25 083 [7IMOY
dis, TBP 4MHCIQ 25 072
dis, TTA 4M(NaH)CIQy 25 —(0.15+0.12 —(0.124+0.100 [71DAN/CHI]
—(0.15+0.12)®
sp 9 M HCIOy 25 09 (12401  [72BAR/MUR]
dis, DNNS 2 MHCIQ 25 0209 [72PAT]
sp 7 M HCIOy 25 09@ [73ESQ
dis, H-TTA 6M(NaH)CIQ, 25 053 [T9KUSIGAN|

(Continued on next page)
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Table 11.4: (continued)

Method lonic t log10 Bq(H®@ logi08q(N©  Reference
medium €C)

Np* + 2NO; = Np(NO3)3™

dis, TTA 1 M HCIO, 20 008 [66SHI/NAZ
sp, kin 2 M HCIQy 25 018 [66RYK/YAK]
dis, TOA 8 MHCIO 20  —017 [7OLAH/KNO]
dis, TBP 2 M HCIQ 25 108 [7IMOY

dis, TBP 4 M HCIQy 25 131

dis, TTA°.  4MNaH)CIQy 25 —(0.74+0.15) [71DAN/CHI]
dis, TTA 9 M HCIO, 25 206 [72BAR/MUR]
dis, DNNS 2 M HCIQ 25 0659 [72PAT]

sp 7 M HCIOy 20 193@ [73ESQ

dis, HTTA 6M(NaH)CIQy 25 068 [79KUS/GAN

Np™ +3NO; = Np(NOg)3*

dis, TTA 1M HCIO, 20 -026 [66SHI/NAZ
dis, TOA 8 MHCIO, 20 -082 [7OLAH/KNO]
dis, TBP 4 MHCIQ 25 155 [71IMOY

dis, TBP  2MHCIQ 25 123

Np*t + 4NO; = Np(NOgz)4(ad)

dis, TOA 8 MHCIO, 20 -089 [7OLAH/KNO]
dis, TBP  2MHCIQ 25 156 [71IMOY
dis, TBP 4 MHCIQ 25 116

(@Refers to the value reported for the reactions indicated for the ionic medium and at the tem-
perature given in the table.
® calculated using the method of the authors and estimating uncertainties.

(©Calculated in this review by assuming only the first complex forms for nitrate concentrations
< 2 M and accounting for activity factor changes while substituting perchlorate ions with
nitrate.

(d)[72F’AT, 73ESQ are two doctoral theses cited in a review paper by eaél. [78PAT/RAM|
and they have not been available to the reviewers.

Hence, the following formation constant results from the extrapolation
log1087(11.2q=1,29815K) = 1.90+0.15

and has been selected in this review. This value, as well as the vahe-6f—(0.09+
0.05)kg-mol~! obtained simultaneously, compare reasonably well with the corres-
ponding values 0f1.47 £ 0.13) and —(0.21 £ 0.05) reported for the uranium com-
plex [92GRE/FUG and with the corresponding plutonium valu€$,95 + 0.15) and
—(0.194+0.05).
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Figure 11.1: Extrapolation to infinite dilution of the literature experimental data (open
squares) and data recalculated in the present review at trace nitrate concentrations
(filled circles) for the formation of NpN@ by using the specific interaction equations

(cf. AppendixB).

3.0

O Literature data, errors estimated here
® Recalculated in this review
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There is evidence that anionic complexes form at very high nitrate concentrations
in acidic solutions, and these complexes can be taken up on anion exchange resins
[86FAH]; however, no data suitable for determining thermodynamic constants for these
complexes are available.

11.1.4.1.c Aqueous Np(V) nitrates

Cation exchange and distribution studies have been used to obtain quantitative data on
the stability of dioxoneptunium(V) nitrate complexes according to the reaction

NpOJ +gNO; = NpOy(NOgz); 9 (11.3)

Spectrophotometric studies fail to detect changes in the spectra of th§ Np@
agueous solutions even at relatively high nitrate concentrations. Also, in some poten-
tiometric studies of the Np(V)/Np(VI) couple, the changes observed with the increase
of nitrate concentration can at least tentatively be described in terms of the forma-
tion of Np(VI) nitrate complexes, neglecting Np(V) complexation. The reasons for
rejecting the results from the study of Lahr and Knog@LAH/KNO] are discussed in
AppendixA.

For all the other data reported in Talile.5recalculation of the tabulated or scanned
primary data, by accounting for the changes of activity coefficients to allow for the
substitution of large fraction of the perchlorate ions with nitrate ions, demonstrates
that the observed experimental effects can be explained solely as changes of activity
coefficients (see Appendi& entries for p4GAI/SYK, 71DAN/CHI, 79RA0/GUD
81PAT/RAM)). This together with spectrophotometric evidence on the lack of

Table 11.5: Experimental equilibrium data for the Np(V) nitrate system.

Method lonic t logipB(N®@  Reference
medium €C)
NpOj + NO3 = NpO,NOz(ag)

cix 2 M HCIO4 20 —(0.25+0.05 [64GAI/SYK]
dis, TOA 8 MHCIOs 20 028 [7OLAH/KNO]
pot 2 M HCIOy 20 —(1.60+0.02) [71DAN/CHI|
dis, DNNS 2MNaCIlQ 20 —(055+0.09 [79RAO/GUD
dis, DNNS 85MNaClQ 20 —052 [81PAT/RAM]

NpOJ + 2NO; = NpO,(NOg),

pot 2 M HCIO 20 —(1.374£0.01) [71DAN/CHI|

(@ Refers to the value reported for the reactions indicated, for the ionic medium and at
the temperature given in the table.

changes in the spectra at nitrate concentrations up to 4 M confirms the absence of
inner sphere dioxoneptunium(V) nitrate complexes.



11.1 Neptunium nitrogen compounds and complexes 195

11.1.4.1.d Aqueous Np(VI) nitrates

The experimental equilibrium data available in the literature for the reactions
NpO5* +gNO; = NpOz(NO3)Z ¢ (11.4)

are collected in Tablé1.6 There is no direct experimental.g., spectroscopic) evid-

ence for inner sphere Np(VI) nitrate complexation reported in the available literature.
As discussed in Appendi&, the papers of Rykov and Yakovle§gRYK/YAK], Lahr

and Knoch YOLAH/KNO] and of Vasiliev, Andeichuk and Rykow 5VAS/AND] are
subject to various shortcomings that preclude use of values from these sources. The

Table 11.6: Experimental equilibrium data for the Np(VI) nitrate system.

Method lonic t log19 ﬂ(l)@ Reference
medium fC)

+ - +
NpO3 ™ + NO3 = NpO;NOJ

sp, kin 2 MHCIQy 25 —0.4 [66RYK/YAK]
dis, TOA 8 MHCIO 20 —0.24 [7OLAH/KNO]
dis, TTA 4MNaH)ClQ, 25 —(0.684+0.06)  [71DAN/CHI|
—(0.68+£0.20)®
pot 4M(Na,H)CIQ, 25 —(1.05+ 0.14)
pot 0.4 M HCIQy 25 —(0.984+002  [70AL-/WAI2]
—(0.98+£0.50)®
pot 0.5 M HCIQy 25 —(0.96+0.02
—(0.96+0.50)®
pot 0.6 M HCIQy 25 —(0.894+ 0.02)
—(0.89+0.50)®
pot 0.8 M HCIQy 25 —(0.9440.02
—(0.94+£0.50)®

NpO5 ™ + 2NO; = NpO(NO3)2(ag)

pot 4M(NaH)CIQ 25 —(1.23+£0.14)  [71DAN/CHI]
sp 0.1-23MHNG@ ? (4.74+0.04©  [75VAS/AND]
< —2.069

(@ Refers to the value reported for the reactions indicated, for the ionic medium and
at the temperature given in the table.

® yncertainties estimated in this review.

© Refers to the constant for the reaction which includes water molecules, that is:
NpOZ(HZO)éJr + 2NO; = NpO2(NO3)2(H20)6—x + XH20. The value for
the constant corresponding to Equatidd.@), q = 2, has been calculated in this
review.

@ ypper limit value of the constant estimated in this review by assuming only the
first complex to form for nitrate< 2 M and accounting for activity factor changes
while substituting perchlorate ions with nitrate.

various experimentally measured quantities may be expressed by accounting for both
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activity coefficient changes and complex formation, which in the case of distribution
studies have the following form:

2
Do YNpoy,clog VH+ mix 1
— = 4 5 -1+ /31-[NO3 ]'chxl,mix + (11.5)

YNpO3, miX'yH*',CIOZ

—2 -1
P2:[NO3 1] Vepxe,mix 1 - )

Since all experiments have been performed at constant molar ionic strength, the
logarithm of the activity factor of an ion may be expressed as a linear function of ni-
trate concentration. By taking the logarithm of Equatitf.f, the only way that the
logarithm of the left hand side can be expressed as a linear function of nitrate concen-
tration is if the expression inside parentheses is equal toi @ehe constants tend to
zero. Similar expressions have been used in AppeAdixthe case of potentiometric
measuremente(@., [70AL-/WAI2, 71DAN/CHI]). In most of the papers negligibly
small constants will provide an adequate fit to the experimental data. At this time it is
not possible to select any constants for this system.

It is concluded that the dioxoneptunium(VI) nitrate complexes are weak, as is also
the case for the other actinide32IGRE/FUG (see also Sectiof0.1.3.]). This makes
it difficult to distinguish between complex formation and changes in the activity coef-
ficients of the species studied, caused by the large changes in the composition of the
ionic medium when substituting an inert anion (often perchlorate) by the ligand ion
(nitrate). If aBy value for formation of Np@NOér is required, the use of the first asso-
ciation constant recommended for the analogous uranium syS@GRE/FUG will
probably not cause too large an error.

11.1.4.2 Solid neptunium nitrates
11.1.4.2.a Np(IV)

The synthesis of NINOs)4-2H>0O(s) was described by Laidle6pLAI]. No chemical
thermodynamic data were reported.

11.1.4.2.b Np(V)

The synthesis of Np&eNO3-H>0(s) and of NpQNO3)3-3H20O(s) were described

by Laidler [66LAI]. There is some question as to whether the second of these
compounds was properly characterised and if the neptunium is actually Np(V). The
NpO2NO3-H20(s) of Laidler was prepared by drying a more hydrated salt under
vacuum, and Grigor'ewt al [94GRI/CHA] have reported a crystal structure for
NpO2NO3-2.5H2,0(s). No chemical thermodynamic data have been reported.

11.1.4.2.c Np(VI)

The synthesis of Np&INO3)2-6H20(s) was described by Laidlel6pLAI]. Brand
and Cobble TOBRA/COH carried out a limited set of measurements of the
solubility of this salt in water (reporting a saturation molality @6 + 0.2)°C of
(2.95 4+ 0.26)). From this, and activities from the corresponding uranium system
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[51ROB/LIM], A;Gny for the dissolution of Np@(NO3)2-6H,O(s) was calculated
to be —(123 + 1.1) kJmol~1. This value is used in determining the values of
S,(NpO5T, ag 29815 K) and A1Gg,(NpO5 T, ag 29815 K) in Section?.2

The enthalpy of solution in water of the nitrate salt was also measured by Brand
and Cobble TOBRA/COH. The result,(21.59 + 0.54) kJmol—1, was corrected for
hydrolysis to(18.83+ 1.67) kJmol~1 by Fuger and Oetting7lBFUG/OET. The cor-
rection was calculated using hydrolysis constants foé’U(hat are somewhat greater
than those selected in the present reviefv Section7.2) for Np02+, and used en-
thalpies for the hydrolysis reactions of uranium in the absence of data for Np(VI).
However, the differences are probably within the uncertainty assigned by Fuger and
Oetting [76FUG/OET, and their recalculation is accepted in the present review. The
entropy for the solid was estimated®4.6.3+4.6) J-K~1.mol~1 by Brand and Cobble
[7OBRA/COB using the known entropy of the corresponding uranium salt and adding
a contribution of(10.5 4+ 4.6) JK~1.mol~! for the magnetic contribution of the un-
paired electron in Np§7L. Again, this value is also accepted here, (converted directly
from the original units of caK—1-mol~1), but with a slightly increased uncertainty to
reflect the use of the uranium data,

S (NpO2(NO3)2-6H20, s, 29815 K) = (516.306+ 8.000 JK~1.mol~!

Using this, the selected value fome%(Np02+,aq 29815 K) =

—(8607 + 4.7) kImol ! from Section 7.2, and the CODATA value for
AfHR(NO3, ag 29815 K),

AtHL(NPO2(NO3)2:6H20, 5,29815K) = —(3008241+5.022 kJmol1
Then,
AtGL(NpO2(NO3)2-6H20, 5,29815K) = —(2428069+ 5.565) kJmol~1

11.2 Neptunium phosphorus compounds and com-
plexes

11.2.1 Aqueous Np(lll) phosphates

There are no experimental data for the Np(lll) phosphate system. Mo&nQ9g,
estimated constants for complexes of the general composition JR@HE", where

n =1 - 3, based on his study of Pu(lll), Am(lll) and Cm(lll) phosphate systems
[7AIMOS4. The experimentally determined constants for complexes of the type
Pu(HzPO4)ﬁ_n are rejected by this review (see Appendientries for f1MOS4 and
[69MOS9); the same holds for values estimated for the I\I;Q:F(B4)ﬁ*” complexes.
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11.2.2 Aqueous Np(IV) phosphates

To our knowledge, there are no published experimental data for the Np(IV) phosphate
system. Moskving7MOS/ES$estimated constants for complexes of the general com-
position Np(HPQ)ﬁ_Z”, wheren =1 - 4, from the values for the corresponding Pu(1V)
phosphate system as reported by Denotkina and Mosk@DEN/MOS2, as well as
from values for the thorium(1V) and the uranium(IV) syster@gYIOS/ES$

Since the experimentally determined constants for complexes of the type
Pu(HPQ)4~2" are not accepted by this review (see the discussioB@DEN/MOS2
and BODEN/MOS in Appendix A), the same holds for the values for the
Np(HPQy)4-2" complexes.

11.2.3 Aqueous Np(V) phosphates

There have been several studies of the aqueous Np(V) phosphate system using spectro-
photometric, ion exchange or co-precipitation methods (Tabld, and the results are
in reasonable agreement. In all cases, the data were recalculated using the phosphoric
acid dissociation constants calculated at the corresponding ionic medium and temper-
ature with the SIT equations and interaction coefficients (AppeBilixogether with
the enthalpies of reaction selected in this review. Rees and D&4IREHE/DAN have
carried out a careful study of the Np(V) phosphate system at constant pH and three dif-
ferent temperatures, 10, 25 and®85 No analysis of the proton content of the ligand
can be made at constant pH, but they refer in their analysis to the speciation results of
Moskvin and PeretrukhircdMOS/PER.

The value of the equilibrium constant for the reaction

NpOJ +HPO,~ = NpOHPO; (11.6)

as recalculated in this review (Appendyy, is 109, 81(11.6 0.1 M NaClQ, 298 K)=
(2.42+ 0.42). This is in good agreement with the values recalculated from the data
of Moskvin and PeretrukhirfdMOS/PER, 109, 81(11.6 0.2 M NH4ClO4, 293 K) =
(2.46+0.15), and Morgenstern and Kinf@BMOR/KIM], log; $1(11.6 0.1 M NaClQy,

298 K) = (2.52+0.02). The weighted average of these three values after extrapolation
to | = 0 has been selected:

logyo8°(11.6 29815K) = (2.95+0.10)

The value of the complexation constant reported by Moskvin and Pozniakov
[79MOS/POZ for the above reaction was not included in the selection because of
possible experimental problems in the part of that study dealing with complexation of
Np(V) (see Appendid).

There are conflicting hypotheses as to the stoichiometry of other Np(V)-phosphate
complexes at high pH. Therefore, none of these constants corresponding to the
formation of the species Np®lo,POy(ag), [64MOS/PER85INO/TOC3, the species
NpOzPOf[ [79MOS/POZ 96MOR/KIM] and the species NpfH:POy), and

NpO2(HPQOy)3~ [85INO/TOC] are selectedcf. Appendix A. If the formation
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Table 11.7: Stability constants for Np(V) phosphate complexes.

Method lonic t 10910 8q Reference

Reaction medium °C)

NpOJ + HoPO, = NpO,H,POy(ag)

cix 0.2MNHsClOs 20 08 [64MOS/PER

dis 1.0 M NaCIQ 25  (1.04+0.18) [85INO/TOC2

NpOj + 2H,PO; = NpOy(H2POy)5

dis 1.0 M NaCIQ 25  (1.87+0.29 [85INO/TOCZ

NpOJ + HPO,~ = NpOHPO]

cix 0.2MNHsCIO4 20 (2.85+0.15) [64MOS/PER

cppt 1 M NH,CI 20 (2.9+0.1) [79MOS/POZ

cix 0.1 M NaClQy 10  (3.11+0.19) [84REE/DAN

cix 0.1 M NaClQy 25  (2.36+0.42)

cix 0.1 M NaCIQy 35  (2.06+0.39)

dis 1.0 M NaCIQ 25  (2.11+0.09 [85INO/TOCZ

sp 0.1 M NaCIQ 25  (2.54+0.02 [96MOR/KIM]
| —0 25  (2.95+0.10) This review

NpOj + 2HPCG;~ = NpOp(HPOy)3~

dis 1.0 M NaCIQ 25  (3.43+0.16) [85INO/TOC2

NpOJ + PO}~ = NpO,PO;~

cppt 1 M NH4CIO4 20 (5.78+0.25 [79MOS/POZ

sp. 0.1 M NaClQ 25  (6.33+0.08) [96MOR/KIM]

199
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constant for Np@POﬁ‘ of Morgenstern and Kimg6MOR/KIM] were correct, then

NpOzPOfl‘ could be an important species at high pH in moderately concentrated
phosphate solutions. Thus, attempts to confirm the stoichiometry and stability of this
species would be useful.

Rees and DanieldREE/DAN have carried out measurements of the constant
B1(11.6 0.1 M NaClOy) at 10, 25 and 3%C. Because of possible shortcomings in
their experiments (see Append, the data at 38C were not considered usable. A
weighted linear regression of the type Bnversus 1/ T (K—1)” for the measurements
at 10 and 25C results inAHm(11.6 0.1 M NaClOy, 298 K) = —(52+ 50) kJmol~1
and ArSn(11.6 0.1 M NaClQy, 298 K) = — (1274 167) JK~~.mol~1. Because of
the high uncertainties, these values are not extrapolatéd=a0, nor selected in the
present review.

11.2.4 Aqueous Np(VI) phosphates

For the Np(VI) phosphate system there is only one study - the solvent extraction work
by Mathur and Chopping4MAT/CHQ]. Another study was claimed by Moskvin in

a compilation paperd@MOSY, but has not been available to this review, apparently
because it was never published.

Mathur and Choppin in94MAT/CHQ] explain their solvent extraction data by
proposing the formation of three complexes Mp{;)POj{, NpOHPO4(ag) and
NpO2(HPQy); ™. This is the only study available on this system, apparently with
some uncertainties as to the stoichiometry of the specfeg\ppendixA) and there
is not enough information to permit recalculation. Hence, the values reported for the
equilibrium constants of the reactions:

NpOZ* + HoPO, = NpO;H,PO} (11.7)
NpO%* + HPG;~ = NpO;HPQy(aq) (11.8)
NpO5" + 2HPQ;~ = NpO(HPOy)5~ (11.9)

have been selected with substantially increased uncertainty limits:

l0gy08(11.7, 1 M NaClQy, 29815 K) = (2.52+ 0.50)
10g;08(11.8 1 M NaCIOy, 29815 K) = (4.54+ 0.70)
100308(11.9 1 M NaCIQy, 29815 K) = (7.5 + 1.0)

From these, using approximations discussed in the entryS#MAT/CHQ] in Ap-
pendixA, the following selected values were calculated.
l09108°(11.7, 29815 K) = (3.32+ 0.50)
l09108°(11.8 29815 K) = (6.2 £ 0.70)
0919 B°(11.9 29815 K) = (9.5+ 1.0



Chapter 12

Neptunium group 14
compounds and complexes

12.1 Neptunium carbon compounds and complexes

12.1.1 Neptunium carbides

The thermodynamical properties of neptunium carbides were reviewed in the early
1980s by Holley, Rand and StormB4HOL/RAN], and little significant information

has been published since then. Thermodynamic quantities for these compounds are in-
cluded here for information, but no additional assessment has been carried out. Com-
pounds in the Np-C system include a sub-stoichiometric monocarbideg KpG=
0.82—0.94), a sesquicarbide and, at temperatures approaching 3000 K, a dicarbide. In
the present review we accept the (calorie unit) values as assessed by Holley, Rand and
Storms, except for the entropy of the monocarbide, where a non zero valgg(@oK)

has been taken.

12.1.1.1 Neptunium monocarbide

Reliable thermodynamic data exist only for one composition of the monocarbide phase,
NpCo.01+0.02/(cr). Sandenaw, Gibney and HolleydSAN/GIE made heat capacity
measurements from 15 to 373 K and Huber and Hol®@HUB/HOL] measured the
enthalpy of combustion by oxygen bomb calorimetry using samples of the same (rather
impure) material. The monocarbide showed a lambda peé?2&t4 + 0.2) K due to
ferromagnetic ordering; the heat capacity values were rather irreproducible from 240
to 310 K, and possible reasons for this were discussed by Sandtahwntegration

of the heat capacity values gave for Nypfz(cr):

$,(29815K) — SH(0K) = (69.664+ 2.00) JK~L.mol™?

where the uncertainty has been estimated in this review; it allows for the fact that
the material contained 2.3% of impurities, and the irreproducibility of the data around
300 K.

If the vacancies in this phase are assumed not to have ordered at the lowest
temperature of measuremer®, (0 K) = —R(0.91 In(0.91) + 0.09 In(0.09)) =
2.52 JK~L.mol~1, giving finally

S (NpCoo1, €1, 29815K) = (722+2.4) 3K Lmol™!

201



202 12. Neptunium group 14 compounds and complexes

which is the selected value. Owing to the irreproducibility of the results around 300 K,
the selected value of the heat capacity has been given a larger uncertainty than normal:

Cpm(NpCoo1.€r,29815K) = (50.0+1.0) 3K :mol™*

Values ofCj ,(T) for the temperature interval from 298.15 to 1000 K have been estim-
ated from those for Pus3a:

Com(NpCoo1.cr.T) = 61250— 352747 10°T + 3.62834 10°T*
—3.4842 16772 JK L.mol™*
From their combustion measurements, Huber and HollgiH[UB/HOL] derived
AfHL(NpCo g, Cr, 29815 K) = —(711+10.0) kJmol~1

which is the selected value. However, the uncertainty has been increased in the present
review; this allows for the large uncertainty in the Np-metal content of the solid (the
a-Np(cr) content was estimated as£3) mass per cent in the original publication).

The calculated Gibbs energy of formation thus becomes

AfGS (NpCoo1, €, 29815K) = —(76.04 10.0) kImol™?

12.1.1.2 Neptunium sesquicarbide

Holley, Rand and Storms8fHOL/RAN] estimated the entropy of formation of
Np2Cs(cr) at 298.15 K to be (18 + 8.4) JK~1.mol~1 to make the Gibbs energy of
formation to be similar to that of &C3(cr). We have accepted this value and thus
select

S, (Np2Cs, cr, 29815K) = (1354 10)JK~tmol™!
These authors took the enthalpy of formation of the sesquicarbide to be
AfHS (Np2Cs, cr, 29815 K) = —(187.4+19.2) kImol™!

based on unpublished measurements of the enthalpy of combustion by Holley. This is
also the selected value.
The calculated Gibbs energy of formation thus becomes

AfGS,(NpoCa, cr, 29815K) = —(1924419.4) kImol!

The heat capacity at 298.15 K has been estimated from those,@§(&f) and
PwCs(cr):

Com(Np2Cs, cr,29815K) = (110+8) 3K t:mol™!

12.1.1.3 Neptunium dicarbide

There is insufficient information on the stability of this compound to make meaningful
estimates of its thermodynamic properties.
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12.1.2 Neptunium carbonates
12.1.2.1 The aqueous neptunium carbonates

Studies of the carbonate complexes are not straightforward since the carbonate ion,
CO§*, is a basic anion. Therefore hydrolysis, including formation of mixe@t—o

OH~ complexes, may occur together with carbonate complexation. In acidic media,
the carbonate ion is converted to carbon dioxide gas(§)O Therefore, when alkali

metal or ammonium carbonate aqueous solutiongd®4) are in contact with the air,
l0g19Pco, can increase from-7 or —6 to —3.5 (i.e., the pH of the solution is not buf-
fered). This can introduce a shift of more than six orders of magnitude in the calculated
formation constant for the Np(IV) carbonate complex as deduced from redox measure-
ments of the Np(V)/Np(IV) couple. One way to avoid this problemis to work in closed
cells containing carbonate-bicarbonate buffers. To control (and study) the effects of
lower concentrations of carbonate ions, solutions buffered by bicarbonate and carbon
dioxide are also extensively used. Carbon dioxide gas is continually bubbled through
the open system (this type of buffering cannot be done in a closed system), and the
major anion of the carbonate system is then the bicarbonate aniony; HTRE car-
bonate aqueous system is a two-component system, and it can be formally described
using only two species (if OH and CQ(g) are used to describe the system, HCO

and C@‘ are often written as OHCpand(OH)ZCOZ‘, respectively). Consequently,
when experiments are carried out in equilibrium with air, the effects (ﬁme equi-

valent to those of 20H, and no unique interpretation can be proposed from such
experimental work (typically such methodology cannot distinguish between reaction
of NpO} to form NpQ,CO; or to form NpQ(OH); ). This problem was discussed

in detail in the earlier review of the uranium-carbonate syst@2GRE/FUG (pages

308 and 312). The same observations apply when the neptunium-carbonate aqueous
system is studied, and the same methodology is used in the present review for treating
measurements reported in the literature.

Some published measurements were performed in concentrated aqugaOs dd
MHCOs media (M = Na, K or NH) without addition of an inert salt. The ionic strength
was then dependent on the concentration of the complexing species (typic%ﬁy.CO
The junction potentials also varied during these pH or potential measurements. It is
difficult to develop a quantitative interpretation from such work, or to deduce accurate
thermodynamic values from it. Nevertheless, these measurements are considered in the
present review, as there are too few other experimental results.

Parallel species (having the same stoichiometry) with similar formation constant (or
solubility product) values are expected within the actinide series: U(V), Np(V), Pu(V)
and Am(V) (but not Pa(V)). Neptunium is the most stable actinide element in the +5
oxidation state. Hence there are more published works on complexes of Np(V) than on
the complexes of the other elements of this actinide(V) series, and the stoichiometries
of these actinide(V) species were usually determined from experimental information
concerning Np(V). The analysis of the Pu(V) system for which there is less data was
guided by analogy to the Np(V) system as was previously the case for U(V) species
[92GRE/FUG. Conversely, Np(IV) and Np(VI) species are expected to be the same
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as those reasonably well-documented for urani@2RE/FUQG. There is usually not
enough published information to determine the stoichiometry and propose thermody-
namic data for all these expected Np(IV) and Np(VI) species. Therefore, this review
has extensively used analogy with the uranium system (for specific interaction coeffi-
cients of anions with chargel to —3, and for stoichiometry) and prefers proposing
values with large uncertainties or even maximum formation constant values, rather than
proposing no value at all. Values could be proposed for Np(lll) species in the same way,
by analogy with values for Am(lll) specie®%SIL/BID]; but usually Np(lll) reduces
water under conditions where Np(lll) carbonate complexes are expected to form.

12.1.2.1.1 Np(VIIl) carbonate complexes

Evidence of the formation of a neptunium(VIl) carbonate complex was proposed
[76SHI/STH.

12.1.2.1.2 Np(VI) carbonate complexes

There are several publications on the neptunium(VI) carbonate system. The avail-
able information is summarized in Takl@.1, where the results of reinterpretation of
data as carried out in the present review and some experimental information are also
provided. Details of the selection or reinterpretation of published works are given in
the AppendixA. There is satisfactory experimental information available for only two
Np(VI) complexes in aqueous carbonate/bicarbonate media:

e Simakin’s experimental study of the Np(VI)/Np(V) redox equilibrium in
NaxCO3 and K,COs aqueous media7[fSIM] was used to proposed the stoi-
chiometry and the formation constant of the limiting complex, NEDs);".
This work was later confirmed by Rigle2QRIG and by Offerlé, Capdevila and
Vitorge [950FF/CAR.

e Grenthe, Riglet and Vitorge8pGRE/RIG and Riglet PORIG showed that, as
for uranium, the limiting complex can polymerize to form the trinuclear species
(NpO2)3(COz)¢™ -
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NpO(CO3)3~ = NpO2(COg)3™ + CO5~
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(15.77+0.52@®)

NpO(CO3)3~ = NpOp(COz)(ad) +2C05

red 1 M NaClQy 25 < —(111+2.00@
sol,rev. 3MNaClQ 22 —(13.55+0.7)

NpO; " + CO5~ = NpO(COs)(a0)

red 1 M NaCIQy 25 < (9.5+2.1)®@
red 1M NaCIQy 25 (7.9+1.0)
sol 3 M NaClQy 22 (854 1.0), (8.7240.52@®)

3NPO(CO3)3~ = (NpO,)3(CO3)% + 3CC5™

pot 1M NaCIQy 25 —(9.242.9)@
—(8.81+1.08@®
sp 3 M NacClQ, 22 ~(10.0+0.1)
—(10.06+0.57)@ b

2NpG(COz)3 + HY = (NpO2)2CO3(0OH)5 + 5CO,(9) + 2H0())

pot 1 M NaClgy 25 (41.764-0.94)
(41.75+1.46)@
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1.5 M Na&CO;3
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(0.496:+0.005)
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red 0.78 M KCO3 ? (0.452+0.010)

red 0.8 M KCO3 20 (0.44+0.01) [7asimnvoL] ©

red 1.01 M KCO3 ? (0.464+:0.010@® [77SIM]

red 1.53 M CO3 ? (0.473+0.010

red 1.99 M KCO3 ? (0.473+0.010

red 2.54 M KCO;3 ? (0.472+0.010)

red 3 M KyCOz 20 (0.4440.01) [7asimnvoL] ®

NpO»(C03)3” +NpO5* = NpOJ + NpO»(CO3)3™

cou 1 M NaCO;3 23 115 [93LI/KAT]

red 1 M NaClQ 25 (12.06+0.75)@ [84MAY]

vit 3 M NaClO, 22 (11134+0.2)@ [90RIG]

red 0.4-6 MK, 20 (1124+0.9)@ [74SIM/VOL]
1MClO,

red 0.4-2 M NaCOs3 20 (1204+1.2)@ [74SIM/VOL]
or KoCO3

NpO,CO3(9) = NpO5" + CO3~

sol 3 M NaClQy 22 —(13840.38) [98VIT/CAP|

—(13.99+0.33@®
sol 0.1 M NaCIQ 25 —(14.62+0.12) [96KAT/KIM]
—(14.18+0.56)@
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K+, CO5,
NpO(COz)3~
0.2 M KpCOg
1M KyCO3
5.573 M KCO3

20 —(2.3140.40)®
20 —(2.8140.40)®
20 —(0.85+0.40)®
20 (0.11:£0.40)

(NH4)4NpO2(CO3)3(5) = NpOp(COg)3™ + ANH

sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol

0 M (NHg)2CO3
0.1 M (NH;)2CO3
0.5 M (NH;)»CO3
0.75 M (NHy)2CO3
0.75 M (NHy)2CO3
1 M (NHy)2CO3

1 M (NHyg)2CO3
1.25 M (NHy)2CO3
1.25 M (NHy)2CO3
1.5 M (NHy)2CO3
1.8 M (NHy)2CO3
2.20 M (NHy)2CO3

—(3.4240.40)®
—(3.484+0.40)®
—(2.33+0.40)®
—(1.8240.40)®
—(1.91+0.40)

—(1.43+0.40)®
—(1.45+0.40)

—(1.194+0.40)®
—(1.2540.40)

—(0.894+0.40)®
—(0.66+0.40)®
—(0.47+0.40)®

NN N ) ) ) ) ) ) ) ) )

[66GOR/KLI @©

[7AMOSZ@ @

@This constant is calculated in the present review (AppeAdifrom data given by the author.
®These data were used to obtain the standard values selected in the present review.
(©Corrected by this review for the dissociation of Np@QO3)3™ into NpOZ(C%)g’

@This value was calculated by the author; who finally decided there was no firm evidence for this particular species.

(continued on next page)
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tabulated here was calculated in the present review (Appekdix

MW The chemical composition of the aqueous solution, was only due to the dissolution of the solid compound under study (without addition of any
other chemical reagent).

Mvalue corrected in this review (see Appendix

M Uncertainty corrected in this review (see Appendix

WE°, AfHm = —(89+ 3) kImol™L, ArSn = —(188+ 10) JK~L.mol~1, A;Cp = —(759+ 141 IK~L.mol~1 at 25°C, were obtained from a
second order polynomial regression BA(5 to 55°C) [98CAP/VIT], where E°(T) was calculated from a SIT linear regressionEA(T) in 0.22,
0.55, 1, 1.25 and 2 M N&CO3 media. From the slope of the SIT linear regressittn,— (0.13ﬂ:0.03)—(5.3ﬂ:1.0)(t—25)+(0.1li0.26)(t—25)2/2.

) From a second order polynomial regressioht®55°C), using the experiment®’° (T) data: AfHm = —(88.740.9), —(94.2+1.2), —(99.1+0.9),
—(10843), —(108+ 1), —(119+2) kImol™L; ArSn = —(1574 3), —(16544), — (1704 3), —(203+9), —(199+ 3), (234+8) JK~L.mol~L;
ArCp = —(304+86), —(352+112), —(282+87), (475329, (64+124), (891+262 JK~Lmol~1for0.22,0.55,1,1.25 1.5and 2 M NaOs,
respectively §8CAP/VIT]. Only the E’°(25°C) values are tabulated here.
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This is a sparse set when compared with the species and thermodynamic
data proposed 9PGRE/FUG for uranium(VI) carbonate and mixed hydroxide-
carbonate complexes: WO0s(aq), UG(COz)5~, UO2(COs)3~, (UO2)3(CO3)8™,
(UO2)2CO3(0H)5, (UOz)go(OH)zHcogL) and solids (U@QCQO3(s), NayUO2(COg)3(9).
Using the complexes NpL(DC03)‘3“ and(NpOz)g(C03)g‘ as a starting point, several
other published studies were interpreted or reinterpreted in the present review:

e Solubility products for KNpO2(CO3)3(s) and(NH4)4NpO2(CO3)3(s) were es-
timated from the work of Gorbenko-Germanov and KlimééGOR/KLI and
from solubility measurements of Moskvin (despite the completely erroneous in-
terpretation of the experimental results in the original pap&MOS3, see Ap-
pendixA).

e Although there are really insufficient solubility data available, the work of Vit-
orge and Capdevil®®BVIT/CAP] was used to estimate the solubility product of
NpO,CO3(s) and the formation constants of the lower mononuclear complexes,

NpO2(COg)3~ and NpQCOz(aq).

e As for uranium P2GRE/FUG, Maya [84MAY] showed evidence of formation
of at least one polynuclear mixed Np(VI) hydroxide-carbonate complex. Un-
fortunately, in this potentiometric study, the total concentration of Np(VI) was
kept practically constant. Thus, the data are insufficient to unambiguously define
the stoichiometry of any polynuclear complexes (see the discussi&d WY ]
in AppendixA). Maya proposed the formation 0NpO,)2CO3(OH); which
seems quite reasonable when compared with species found in the uranium sys-
tem; but, for the reasons explained below and in AppeAdino accurate quant-
itative interpretation could be extracted from this work.

Other published work74SIM/VOL, 81WES/SUL, 93LI/KAT] contain data that,
after reinterpretation (Appendix), are consistent with the species and values for form-
ation constants of the carbonate complexes selected in the present review. However, it
was not possible to use the results of these studies to deduce quantitative information
related to the minor species in the Np(VI)-@Osystem.

The Np(VI) and U(VI) carbonate complexes are formed under similar conditions.
At high ionic strength (3 M NaClg) a regular progression was observed in the U,
Np, Pu series for the formation and stepwise complexation constants, and for the
MO2CO3(s) solubility products (M=U, Np, Pu) P8VIT/CAF]. The limiting and the
trinuclear Np(VI) complexes are a little less stable than the corresponding uranium
ones, while the solubility products are probably of the same order of magnitude for ura-
nium and neptunium. Consequently solubility in carbonate-bicarbonate (3 M NaCIO
media is lower for Np(VI) than for U(VI). In such solutions, the trinuclear Np(VI)
complex can occur at 25nly in supersaturated solutions. However, for kinetic reas-
ons (the solid Np@CQOs(s) is much slower to precipitate from carbonate solutions
than UQCO3(s) and Pu@CO3(s) under similar conditions), the trinuclear species
was probably present in several reported studies, and it is actually the easiest trinuclear
species to study in the U, Np, Pu series.
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Aside from these studies from which equilibrium constants and thésf, were
extracted, other thermodynamic parameters are proposed based on the study of the
variation of redox potential with temperature by Offerlé, Capdevila and Vitorge
[950FF/CAR, and from the calorimetric measurements of Ullman and Schreiner
[88ULL/SCH.

12.1.2.1.2.a The Np(VI) carbonate limiting complex

The starting point of this review, was the determination of the stoichiometry and
stability of the Np(VI) carbonate limiting complex. One of the first studies of
Np(VI) in carbonate media, was the preparation and characterization of the solid
K4NpO2(CO3)3(s) [66GOR/KLI. Its solubility was interpreted by this review

by analogy with the uranium system (see Sectl@l.2.2.1and the discussion of
[66GOR/KLI in AppendixA) in terms of the equilibrium

KaNpO2(CO3)3(s) = NpO(COz)5~ + 4K™

The stoichiometry of the limiting complex, NQCCOg)‘s“, was proposed only
later by Simakin 77SIM]. Careful measurements showed that the potential of the
Np(VI)/Np(V) redox couple is constant in concentrated sodium and potassium carbon-
ate media of various concentrations, it was then concluded that the limiting carbon-
ate complexes of Np(VI) and Np(V) have the same stoichiometry. In the same work,
NpO2(CO3)3~ was proposed as the Np(V) limiting complex from slope analysis of
Np(V) solubility controlled by the equilibrium (see SectibvR.1.2.2.2

NasNpO»(CO3)2(s) + CO5~ = NpO(COz)3~ + 3Na’

This two-step demonstration implicitly assumed (at each step) that no polynuclear
soluble complex could be formed. Fortunately, this is the case in these particular con-
ditions as demonstrated later by Riglet for Np(\MORIG and Grenthe, Riglet and
Vitorge [B6GRE/RIG and Riglet PORIG for Np(VI) using spectrophotometric meas-
urements in both cases. Due to the lack of other reliable data, this review only used
potential measurements of the redox equilibrium

NPOx(CO)4™ +€~ = NpOx(COs)3~ (12.1)

Formal potentials versus the standard hydrogen reference electrode were determined
from the information in a paper by Simakid{SIM]. This was done by digitizing the
points shown in Simakin’s Figure 1, and despite some ambiguities in the meaning of
the reported junction potential measurements.

The results of two different studies have been published by Vitorge and co-workers.
The first was reported only in Section 1V.4.4.2.3 of Riglet’s theS8BRIG. The ex-
perimental methodology used was satisfactory, and the procedure was checked by de-
termining values for the corresponding uranium system. The results for the uranium
system were consistent with those determined by ot®RGRE/FUG. In the second
study, Offerlé, Capdevila and Vitorg83OFF/CAR report both the experimental de-
tails and the original data. The treatment of the data was checked in the present review,



12.1 Neptunium carbon compounds and complexes 213

Figure 12.1: Extrapolation tb = 0 of the formal potential for the Npf0COs); ™ +

e~ = NpOx(CO3)3™ redox equilibrium, using the SIT with data (filled symbols) from
measurements in aqueousJd®s or (NgCOs3 + NaHCG;)(a), or NaClQ(b), as ac-
cepted in the present review after correction for the dissociation of the Np(V) limiting

complex.
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and a standard potential value was obtained that was consistent with the value in the
original report (despite small errors later pointed out by two of the authors, Capdevila
and Vitorge P8VIT/CAF]).

Small corrections were made for the dissociation of the Np(V) limiting complex
(see discussion of7/[fSIM] and P50FF/CAR in Appendix A for further details on
the calculations performed in this review). A statistical analysis was also performed
independently on the results from the two publicatiofisgIM, 950FF/CAR that re-
ported sufficient data. The estimated uncertainties are consistent with those suggested
by the original authors. The values from all three studies were extrapolated to zero
ionic strength using the SIT, and the results of these determinations appear to be in
very good agreement (Figui®.1and P8VIT/CAP)).

The reduction potentials were converted to potentials relative to the standard hy-
drogen electrode (¥{g) at unit fugacity, 0.1 MPa) using the conventions adopted by
this review. The value selected from linear regression by this review is

E°(12.1,29815K) = (0.338 0.006) V
then
ArG3,(12.1,29815K) = —(32.65+0.54) kImol™!
Linear regression (Figurk2.]) also gives
Ae(12.1,29815K) = —(0.14=+ 0.04) kg-mol~*

Other measurementsf(Table12.]) of the potential of the same redox equilibrium
have been reported in the literature; but the publications do not include enough exper-
imental information about reference electrode calibration, so the uncertainty for pos-
sible junction potential contributions must be systematically increased. Junction poten-
tial problems are quite apparent in the earlier work of Simakad. [74SIM/VOL] and
Simakin [75SIM], and were also probably present in the studies of M&84&JAY] and
Varlashkinet al. [84VAR/HOB]. The results of measurements of Wester and Sullivan
[81IWES/SUI, and Li, Kato and Yoshida9g3LI/KAT] were rejected for similar reas-
ons (Appendipd) although the resulting values for the potentials are in fair agreement
with those selected abové{SIM, 90RIG 950FF/CAR. From Ag(12.1, 29815 K) =
—(0.1440.04) kg-mol—1 ande ,0,(coy5 Nat) = —(0-53£0.19) kg-mol~1 (see Sec-

3

tion12.1.2.1.3

-1
8(Npoz(cog)‘3‘iNa+) = —(0.404+0.19 kg-mol

This E°(12.1,29815 K) value was combined with the standard poten-
tial for the Np(‘éﬂ*/NpOZr redox couple, E°(7.4), and the formation constant
log;B5(12.18 29815 K) selected in this reviewc{. Sections7.2.and12.1.2.1.3
respectively) for the reaction

NpOj +3CC5~ = NpOx(CO3)3~
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to calculate log, #3(12.2 29815 K) = (19.37+ 0.19) andA(Gp,(12.2 29815 K) =
—(11057+ 1.09) kJ-mol~1 for the following equilibrium:

NpO3t +3CC5~ = NpOx(COs)3~ (12.2)

AfG},(NpO2(COg)57,29815) = —(249021+ 5.76) kdmol?

12.1.2.1.2.b Other mononuclear Np(VI) carbonate complexes

There is no reliable published work proposing formation constants for the mononuc-
lear Np(VI) carbonate complexes other than NpCO3);~. The lower complexes
would be intermediate species in the sequential dissociation of this limiting complex
(to NpO%“L) at low Np(VI) total concentrations (where the formation of polynuclear
complexes will not occur). May8MAY] interpreted his potentiometric titration data
in terms of the species NQQCOg)E*; but, in the course of the present review, it was
found that the original experimental data may not have been reliable (due to supersatur-
ation). The final interpretation proposed by Maya neglecumr)z)g(COg)gi which
may have been important under the conditions used for some of the measurements. An
alternate interpretation is proposed in this review (Apperdixin the present review,
only maximum values for the Npf@QOs(ag) and NDQ(C03)§7 formation constants
are calculated from Maya’s data (Tall2.1). In the same publication, May84MAY]
reported the variation of the Np(VI)/Np(V) redox potential with changes in the hy-
drogen ion concentration and @(@) partial pressure. The formation constants he
extracted from this electrochemical work were not entirely consistent with his inter-
pretation of the potentiometric titration data, and although reasons were given for the
discrepancy, these were not completely convincing. Reinterpretation of Maya'’s elec-
trochemical measurements (Appendixsuggests the observed variations were mainly
due to the dissociation of the Np(V) limiting complex. A dissociation constant for the
Np(VI) complex could be obtained by refitting the results (Talel), but there is a
large uncertainty in the calculated value, and the results are better used to define a limit.
Moskvin [75MOY, and more recently Pratopo, Moriyama and Higashi
[93PRA/MOR 95MOR/PRA, reported formation constant values for the lower
carbonato complexes of Np(VI). However, their interpretations of the experimental
results are completely in errorcf(  Appendix A including the discussion of
[98VIT/CAP]). Reinterpretation (when feasible) can give information only about the
limiting complex, as it was the only major soluble Np(VI) carbonato complex present
under the conditions of all these solubility measurements. Vitorge and Capdevila
[98VIT/CAP] recently proposed values for the formation constants of Q& (a0
and NDQ(C03)§7 based on measurements of the solubility of NEQz(s) in 3 M
NaClOy media (Tablel2.1). This work is accepted; and as was done by the original
authors, this review calculates the values gy (12.4 3 M NaCIlOy) = (8.72+0.52),
l0g1082(12.3 3 M NaClOy) = (15.774 0.52) and the NpQCOs(s) solubility product
by curve fitting using fixed values @&(12.2 andgs 3(12.6 (AppendixA). However,
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the fixed 83(12.2 and8e 3(12.6 values used here are those selected in the present
review (elsewhere in this section).

This is done, even though the values were determined from an overly sparse
set of solubility measurements, as pointed out by the authors. In the extrapolation
to zero ionic strength the following estimated specific interaction coefficients were
used: &Npo,(Cos)ag,Nat) = O kgmol~1 (as for all the uncharged species) and
£ (NpOx(COpZ-Nat) = —(0.02 0.14) kgmol~* which is thee value
with increased uncertainty. Therefore, for the reactions

(UO2(CO3)5™,Nat)

NpO3t +2CC8~ = NpO(COs)3~ (12.3)
NpO3™ +CO5~ = NpO,COz(ag (12.4)
the selected values of the formation constants are
log;085(12.329815K) = (16.52+0.73)
logyoB5(12.429815K) = (9.32+0.61)
Then,
ArGS(12.329815K) = —(94.284 4.16) kImol™?
ArG:(12.429815K) = —(53.20+ 3.48) kImol!
and
AfG;(NpO2(C0O3)57,29815K) = —(194601+ 7.03) kImol™?
AfG(NpO,CO3, 8, 29815 K) = —(1377.044 6.62) kdmol™?

12.1.2.1.2.c The carbonate trinuclear Np(VI) complex

The trinuclear compleKMOz)g(CO@gi was first identified for uranium (M = U) by
Ciavattaet al. [B1CIA/FER. A few years later, during a sabbatical leave in Vitorge's
laboratory, Grenthe worked with Riglet and Vitorge and used a spectrophotometric
technique to demonstrate that neptunium and plutonium also form corresponding tri-
nuclear complexe8pGRE/RIG 90RIG.

For the neptunium complex, the stoichiometry determination, sensitivity analysis,
uncertainty estimation and quantitative interpretatios,(determination of the equi-
librium constant value) were carried out using graphical methods. In the present re-
view the original data tabulated in Riglet's these)RIG (from experiments in 3 M
NaClQOy) were reanalyzed. The same equilibrium constant value (but with increased
uncertainty limits) was found (TablE2.1) for the reaction

3NpO:(COz); = 3CG + (NpO2)3(CO3)g" (12.5)

The trinuclear neptunium complex is less stable than the corresponding uranium
complex, while the solid compounds of these two actinide(VI) @@80s(s)) are of
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very similar stability. For this reason it is more difficult to obtain the Np(VI) trinuc-
lear complex for equilibrium conditions than is the case for the corresponding ura-
nium complex. Nevertheless, the trinuclear species was observed as the almost the sole
neptunium solution species in supersaturated solutions. Thus the stoichiometry of this
complex could be checked using a combination of classical and original graphical slope
analyses (se@BVIT/CAP]). There is little other published data that shows evidence
for the(NpOz)g(COQ,)g* complex and that is of adequate quality to permit its formation
constant to be calculated. Despite the problems discussed above and in Appendix
one of Maya’s potentiometric titration84MAY] was also used to calculate a value
with a very large uncertainty, IggK = —(8.81+ 1.08), for the reaction2.9 at 1

M NaClO4. There are still only two values for the extrapolation to zero ionic strength.
Analogy with uranium should not be used for ionic strength corrections for this type
of equilibrium because complexes with very large negative charggr —6) often

have been found to have unusealoefficients. This is probably due to ion pairing, and
was found for the uranium trinuclear compl(exoz)g(cm)g‘ [92GRE/FUQG. Rather

than not selecting any value for the equilibrium constant for Reacfi@drb( a value
having a large uncertainty is calculated using the only two available data, this gives
([84MAY], as reinterpreted by this review, ar@DRIG)):

logyoK°(12.529815K) = —(8.27+1.45)
AG;,(12.529815K) = (47.22+8.26) kmol™*
Hence,
AtG,(NpO2)3(CO3)¢ ™, 29815 = —(583971+19.18) kImol™*

logy Bg 3(12.6 29815K) = (49.84+1.56) andA Gy, (12.6 29815K) = —(28450+
8.89) kJmol~1 are calculated for the equilibrium

3NpG3* +6CC~ = (NpO»3(COs)3" (12.6)
From the extrapolation to zero ionic strength(12.5 = (0.49+ 0.50) kg-mol~1;
from which

- _ mal-1
€ ((NpOp)3(COpS Nat) = (0.46+ 0.73) kg-mol

was derived and selected. This value is completely different from the cor-
responding uranium one92GRE/FUG 95GRE/PU] £((UOy5(COPE Nat) =

(0.37+ 0.11) kg-mol~%; but as already pointed ou2GRE/FUG the uranium value
is itself quite unusual: negativevalues are usually observed for negatively charged
complexes.

12.1.2.1.2.d Mixed hydroxide-carbonate complexes of Np(VI)

There is evidence from the work of May84MAY] that mixed hydroxide-carbonate
complexes can form, but as discussed above (Appehydithe total Np(VI) concentra-
tion was not systematically varied in these experiments. Therefore, the stoichiometry of
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polynuclear complexes could not be readily determined. In the present review some of
Maya’s reported formation constants (including some calculated for species that were
eventually rejected), and some values recalculated in this review from Maya'’s data, are
proposed as maximum possible values (TAl2e).

Table 12.2: Maximum possible values of formation constants. The formation of the
Np(VI) species on the right-hand side of these equilibria has not been demonstrated
unequivocallycf. discussion of TAIMOS3 and [93PRA/MOR 95MOR/PRA in Ap-
pendixA.

Method lonic Medium t (°C) logi oK Reference
3NPO2(COR)4™ + 7THpO() = TH* 4 9COE™ + (NpOy)3(OH)7

pot 1M (NaClQy, NaHCG;) 25 (62.35+1.50) [84MAY]@
<6333

3NpO»(COg)3~ + 8HRO(I) = 8HT +9CGE~ + (NpO2)3(OH)3 -
pot 1M (NaClQy, NaHCG;) 25 <5545 [84MAY]@ 1)
3NpO(COz)5~ + 3Hp0() = 3Ht +8CG~ + (NpO»)3CO3(OH)

pot 1M (NaClQy, NaHCQ;) 25 <7542 [84MAY]®@

@ Maximum possible value estimated in the present review from the dagtbf4Y].
® The corresponding species was recently proposed for uraliGRAL/NGU].

The only value accepted here (Tadle.]) is log;oK (12.7,1 M NaClQy) =
(41.75+ 1.46) for

2NpO(COz)3~ + 7H =
(NpO2)2CO3(OH); +  5C02(9) + 2H20(1) (12.7)

Using data selected in this review, this corresponds tg)lKg12.8 1 M NaClQy) =
—(21.38+ 1.62) and logyK (12.9 1 M NaCIlQy) = —(4.16+ 1.60)

2NpGE* + COp(g) + 4H20(1) =  (NpOp),CO3(OH); +5H  (12.8)

2NpQE + COB™ +3H,0() = (NpO2COs(OH); +3H  (12.9)
As for the corresponding uranium species, the V&IHﬁpoz)zco3(0H)g,Na+) =

(0.00+ 0.05) kg-mol~1 is assumed and hence,

logyoK® (12.7,29815K) = (49.17+ 1.59)
A(GS (12.7,29815K) = —(28064+ 9.05) kImol!
AfG}, ((NpO2)2CO3(0OH);,29815K) = —(281492+ 14.67) kImol™*
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This corresponds to IlggK°® (12.929815 K) = —(2.87 + 1.64) and
log;oK® (12.8 29815 K) = —(21.02+ 1.64) which is less thar-(19.0 £ 0.5), the
uranium value 92GRE/FUG. Hence, the mixed complex would be less stable for
neptunium than for uranium.

Similar work on the uranium system by the same author, was found to overestimate
formation constants of mixed uranium complexes (as selected in the uranium review
[92GRE/FUQG). As a guideline, values selected for the formation constants of the
U(VI) hydroxide-carbonate complexes by Grenttal. [92GRE/FUG could also be
used for the Np(VI) species.

12.1.2.1.2.e Temperature influence on the stability of the limiting carbonate
complex of Np(VI)

Offerlé, Capdevila and Vitorg®pOFF/CAR studied the Np(VI)/Np(V) redox equilib-

rium in solutions containing sodium carbonate (0.22 M to 2 M, variable ionic strength)
at several different temperatures (5 td6). The data are provided i®8VIT/CAPF|
together with results of an extrapolation to zero ionic strength at different temperatures.
The data and the interpretation were rechecked and are accepted here. Details of the
calculations are provided in Appendixand in P8VIT/CAP]. From these, values of
ArSy, ArHR andA(Cp o, at 25 were derived for each carbonate concentration and
using the data previously extrapolated to zero ionic strength, the standard values were
also calculated. In the temperature range of the study, the valoeQyf,, is not well
defined by the experimental data. The results found in this review are consistent with
those initially calculated by Offerlé, Capdevila and Vitor§eDFF/CAR. The results

are given in Table VI.d of48VIT/CAP].

AHS,(12.129815K) = —(88.842.9) kImol!

accepted in this reviewAS,(12.1, 29815 K) = —(188+ 10) JK~1.mol~! and
ArCp (12.1, 29815 K) = —(759+ 141) JK~1.molL. This value A(S;, = —(188+
10) JK~1.mol~1, is consistent with\;S3, = —(18833+ 9.89) JK~1.mol! calcu-
lated from the valueg\(HS, = —(88.8 £+ 2.0) kJmol™t and A,GS, = —(3265+
0.54) kJmol~1 selected above in this section.

As pointed out by Offerlé, Capdevila and Vitorg@5[OFF/CAR, similar A;S;,
andA,Cg 1, values were found in the same laboratory for the corresponding uranium
and plutonium equilibria using the same methodology. From the same experimental
work, the influence of temperature on the valueAafwas studied98VIT/CAF, but
no temperature-dependent valuesAaf from this analysis are selected in the present
review.

The value ofArH,(12.2 29815 K) was measured by Schreiner, Friedraual.
[85SCH/FR] and by Ullman and Schreine88ULL/SCH. As was the case for their
measurements on the corresponding uranium system, the enthalpy of sulphate com-
plexation must be subtracted from their measuremé@2&RE/FUG. The value is
then accepted by this review (Appendi, but also needs to be corrected to zero ionic
strength. These corrections were claimed to be negligible for uraia@RE/FUQG.
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In the present review, the influence of the ionic strength on the values was confirmed
as being negligible from a calculation using the data at the end of the titration where
the limiting complex had already formed, and only the ionic strength was being varied
(AppendixA). The uncertainty was increased to the same value previously estimated
for the uranium systenDpGRE/FUG

AHS(12.229815K) = —(41.944.1) kImol™?

From this value A¢Hp, (Np02+, 29815 K) = —(8607 + 4.7) kJmol~! (Sec-
tion 7.2 andAfHg, (CO5~, 29815 K) = —(67523+ 0.25) kJmol~! (Table5.1)

AfHZ,(NpO2(CO3)4~, 29815 K) = —(292832+ 6.25) k3mol*

is calculated. FromA(Hf(12.2 29815 K) = —(419 £ 4.1) kJmol~1 and
ArGh(12.2 29815 K) = —(11057 £ 1.09) kJmol~1 selected above in this
section, A(S;,(12.2 29815 K) = (23032 + 14.23)JK~1.mol™?! is calculated.
This value is(51.73 + 19.80) JK~1.mol~! less than the corresponding uranium
value (28205 + 13790 JK~Lmol™! [92GRE/FUG. A(S,(12.229815 =
(23032 + 1423) JKlmol!, S,(NpO5™, aq29815 = —(924 + 105)
JK~.mol~* (Section7.3) andS,(CO5 ", ag 29815 K) = —(50+ 1) JK~1-mol~*
(Table5.1) give

S, (NpO2(CO3)3 ™, ag, 29815 K) = —(12.07+ 17.92) 3K~ 1-mol !

which is (46.0 + 23) JK 1mol~! less than the corresponding uranium value
831(U02(C03)‘3“, ag 29815 K) = (33.9+ 14.4) JK~1.mol~1 [92GRE/FUG.

12.1.2.1.2.f Discussion

The values selected in this review (see Tal#te3 for the Np(VI) carbonate complexes

(and compound, see below) are quite similar to those for the corresponding uranium
and plutonium species. Small regular variations are usually observed in the U, Np,

Pu series. However, these can lead to real differences in behaviour of the species in
solution as discussed above for the stability of the carbonate trinuclear complexes.

12.1.2.1.3 Np(V) carbonate and mixed hydroxide-carbonate complexes

As part of their study of potassium dioxoneptunium(V) carbonate solids Gorbenko-
Germanov and Zenkov&$GOR/ZEN published absorption spectra of their aqueous
solutions. The spectra were later confirm@®bJYEN/SA] and can be interpreted

as primarily resulting from the limiting complex Np@COz)3~ [90RIG. Simakin
[77SIM] deduced the correct stoichiometry of this limiting Np(V) carbonate complex,
from solubility measurements of a hydratedsNa@O,(COz3)2(s) compound at constant
ionic strength (3 M NaN@) in concentrated carbonate aqueous solutions. The full
demonstration of this stoichiometry was only confirmed later (see Appéndiscus-
sions for [f7SIM, 90RIG). Simakin’s measurements were the first reliable work on
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Table 12.3: Selected equilibrium constants in the dioxoneptunium(VI) carbonate sys-
tem at 298.15 K andl = 0, including the mixed hydroxide-carbonate complexes.

Reaction logo K°
NpO5* + CO5~ = NpOCOz(ag (9.3240.61)
NpO5*+ +2C05~ = NpO(COz)5~ (16.52+0.73)
NpO5* +3C05- = NpOy(CO3)3" (19.37+0.19)®
3NpG5* +6CCE™ = (NpO»3(COR (49.84+156)®
2NpGB* +CO5™ +3H0() =  (NpOp)pCO3(OH); +3H  —(2.87+1.64®
NpO>(COg)3™ + &~ = NpOy(COg)3~ (0.338+0.006 @

Solubility product:

NpO,CO5(s) = NpO"+CO3~ —(14.60+£0.47)
K4NpO,(CO3)3(s) = NpOy(CO3)%™ + 4K+ —(7.03£0.88)
(NH4)4NpO2(CO3)3(9) = NpOz(CO)3 +4NH; —(7.44£0.30)

@ E°/(V vs. SHE)
® calculated from selected data

dioxoneptunium(V) carbonates from which thermodynamic constant can be determ-
ined.

Billon [81BIL] provided further evidence of the formation of soluble complexes,
and this preliminary work was extended in the same laboratory by Vit@¢¥I[],

Riglet [90RIG and in collaboration with Grenthé8pGRE/ROB. Within the frame-

work of the MIRAGE project, Kim $5COM, 85KIM] provided a summary of this work

and that of Bidoglio, Tanet and Cha84BID/TAN] who used a liquid-liquid extraction
technique. Billon’s spectrophotometric observations can be explained in terms of the
formation of the Np(V) carbonate complexes Ni&D; and NpGQ(COg)5 . In the
documents of the MIRAGE project contradictory formation constants were reported
for these intermediary complexes. Meanwhile Ma§3NIAY] deduced the Np(V) car-
bonate complexation constants from a solubility study of a hydrated NaSipgls)
compound. In the present review, this is considered to be one of the most import-
ant papers for the selection of thermodynamic data for dioxoneptunium(V) carbonate
complexes.

Varlashkin, Begun and Hoba@4VAR/BE({ reported Np(V) spectral variations on
addition of NaOH to concentrated Np(V) carbonate aqueous solutions. These results
were later confirmed by Rigle®DRIG and Vitorge and Capdevil®BVIT/CAF], and
interpreted as evidence of the formation of mixed Np(V) hydroxide-carbonate com-
plexes. As work on this section of the review was nearing completion, further inform-
ation about the nature of these species was also provided in similar work reported by
Neck, Fanghénel and Kin@f NEC/FAN.

In her thesis work, Riglet JORIG used solubility and spectrophotometric
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techniques with a range of Np(V) concentrations. She independently varied the
chemical conditions of the aqueous carbonic acid/bicarbonate/carbonate/hydroxide
system over a sufficiently large domain to confirm, extend or refute assumptions made
in earlier work. Aside from the mixed hydroxide-carbonate complex(es), formed
only in concentrated hydroxide-carbonate media, the Np(V) complexes in carbonic
acid/bicarbonate/carbonate aqueous solutions are clearly mononuclear, and contain
only carbonate ligands (NQ((EOg)i(l’Z'), i=1,2,3).

Several other early experimental studies of Np(V) in bicarbonate or carbonate
aqueous solution, were also publishegdMOS2 75UEN/SAL 79MOS/POZ. They
cannot be used to propose selected thermodynamic values, but it can be shown
(AppendixA) that no species beyond those selected in the present review is needed
to understand these experimental results. For example, the speciesififglaq)
proposed by Moskvin and Gel'man63MOS/GEIL, and NpQCOs30H2~ or
NpO»(CO3)20H* proposed by Moskvin[LMOS3, can be shown to result from
erroneous interpretations of the experimental observations.

More recently, results of further experimental work on these systems have been re-
ported. Nitsche, Standifer and SIMONIT/STA], Kim et al. [91KIM/KLE], Meinrath
[94MEI], and Necket al. [94NEC/KIM, 94NEC/RUN 95NEC/FAN 95NEC/RUN
published values derived from spectrophotometric measurements at different ionic
strengths (N&, (CIO, or CI") media), and proposed complexation constant
values extrapolated to zero ionic strength. Kémal. [91KIM/KLE], Neck et al.
[94NEC/KIM, 95NEC/RUN and Rundeet al. [96RUN/NEU also determined values
for the dioxoneptunium(V) carbonate complexation constants in various aqueous
media from new solubility measurements (also see Sedfoh2.1.3.p

Lemire, Boyer and Campbel®BLEM/BOY] studied the influence of temperature
on Np(V) solubility in carbonate media. They found their results appeared to be in con-
tradiction with those of Visyashchewehal. [74VIS/VOL], and that the data were dif-
ficult to interpret. The data indicate that there are problems in obtaining stable phases
in these solubility experiments, especially during experiments carried out above room
temperature. This is discussed in more detail in Seditiht.2.2.2and in AppendiA.

Clark et al. [96CLA/CON reported preliminary results on the temperature depend-
ence of the complexation constants that also seemed to be in contradiction with the
observations of Lemire, Boyer and Campbell.

Many of the more reliable complexation constant determinations have been ob-
tained from solubility measurements. Solubility was typically controlled by the equi-
libria (i =1, 2 and 3).

NaNpQCO3(9)-xH20 + (i —1)CO5~ = Nat (12.10)
+NpO(CO){* ™2 + xH0

This interpretation assumes that no Np(V) carbonate polynuclear or mixed complexes
are formed; a few studies have actually confirmed ttH#§GRE/ROB 90RIG.

The treatment of the data (typically curve fitting) is equivalent to slope analysis of
the logg(solubility) vs. log;q [CO%‘] plots to generate the equilibrium constants,
Ksi(12.10 = Ks0(12.1)) - Bi(12.12. The classicaKso(12.11) andg;(12.19 values
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are then deduced for the equilibria

NaNpQCO3-xH,0(s) = Na® +NpOj + CO5~ +xH,0  (12.11)

NpO} +iCO5~ = NpOy(COz)} (12.12)

As discussed below and in Appendi& (see the discussions o0f84VIT,
90RIG 93LEM/BOY]) well-characterised hydrated solid phases are difficult
to obtain. These solids may evolve during the course of the equilibrations,
and, at least for conditions under which NgOOs);™ is formed, the hydrated
MNpO,CO3(s) solids are metastable with respect to others with stoichiomet-
ries such as NMNpOy(CO3)2(s) [95NEC/RUN.  When enough experimental
information is available §4VIT, 93LEM/BOY, 98VIT/CAP these changes
can be recognized, and are consistent with published X-ray diffraction patterns
[94MEI, 95NEC/RUN 96RUN/NEU 98VIT/CAF]; these transformations could
cause problems even within the same set of measurements by the same author. To
avoid this problem, this review used another set of equilibria to interpret solubility
measurements. One equilibrium must correspond to the solubility product 2Ekf)

i = 0), and its determination is not independent of these kinetic problems, but the
other equilibria

NpO2(CO3)P 7' + CO5~ = NpOy(COz){? (12.13)

corresponding to the stepwise complexation constdtss i /Bi—1 = Ksi(12.10/
Ksi—1(12.10, are less dependent on the solid phase problem. These stepwise constants
were also directly measured when using absorption spectrophotometry or liquid-liquid
extraction techniques.

Several papers have recently appeaBtNEC/RUN 95FAN/NEC 95NEC/FAN
95NOV/ROB 95NEC/RUN 96RUN/NEY proposing and comparing extrapolations
to zero ionic strength using the SIT (Appendixand the equations of Pitzer3PIT].
As discussed below and in Appendixreferences to these papers, the complexation
constant and solubility product values as extrapolated to zero ionic strength are in reas-
onable agreement with those based on other publications. However, some of these
results lead to inconsistencies in the derived SIT parameterSd€ction12.1.2.1.3.hn
The differences may indicate experimental problems in some of these studies, or some
of the earlier studies, or theoretical problems related to neglect of anion-anion interac-
tions, or might result in part from some of the fitted parameters being highly correlated.

As discussed below small systematic deviations could not be ruled out for all the
experimental measurements used in the present review to select thermodynamic data
for the Np(V) carbonate system. To minimize the effect of these systematic deviations,
this review selected procedures that enhanced cancellation of errors, reduced the errors
as much as possible, or corrected them when feasible; similar weight was given to data
originated from each laboratory because duplicating experiments decreases the random
uncertainties, but not the systematic errors. A better treatment of the random uncertain-
ties is generally obtained by equally weighting the values from each laboratory to select
a given constant.
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12.1.2.1.3.a Np(V) carbonate complexes

Three types of experimental measurements, liquid-liquid extraction, spectro-
photometry and solubility, have been used to derive formation constants for
dioxoneptunium(V) carbonate complexes.

Using a liquid-liquid extraction technique with 0.1 or 0.2 M Nagl&yjueous solu-
tions, the equilibrium constant&,; = 81, for

NpOj + CO5~ = NpOCO; (12.14)
andKy = B2/pu, for
NpO,CO; +CO;~ = NpOx(CO3)3" (12.15)

were measured by Bidoglio, Tanet and Ch&&BID/TAN]. Their 81 value does not
correspond to the experimental data shown in figures of the publication, but even fol-
lowing re-evaluation in the present review (see Apperdixnone of thesg; values,
nor theK; value are in accord with other published work and with the thermodynamic
data selected here. Inoue and TochiyaB@&INO/TOQ also used a liquid-liquid ex-
traction technique to determine the valuesgefand 82 in 1 M NaClQy. Within the
small uncertainties assigned by the authors, the values are not in good agreement with
those selected in the present review. Although larger uncertainties could be assumed
(see Appendipd), this work was not used in the final selection of thermodynamic
values in the present review.

Values forp1, K2 and the stepwise complexation constaty,= B3/ 82, for

NpO2(CO2)3 +CO5~ = NpO(COs)3" (12.16)

can be deduced from absorption spectrophotometric studies (see the discussion of
[90RIG in Appendix A); but, of these, the most difficult constant to determine is

K> because the Np@COg)g‘ complex cannot be obtained alone to measure its molar
absorptivity €f. Figure12.5. This difficulty is even more important at high ionic
strengths. This in turn introduces difficulties when treating the experimental data to
obtaing; andK3 values. Too low a solubility can also cause problems in the determ-
ination of values foB; andK».

Riglet’s g1 values PORIG in 0, 0.5, 1 and 2 M NaCl@are lower than (but still
within the stated uncertainties of) the values selected below in the present review, and
the corresponding value afeq is in fair agreement with the one selected here (see
Tablel12.5. In the present review only th& value in 0.5 M NaClQ could be redeter-
mined from the experimental information available in the thesis (see Appé&)dird
was used in the present review to calculate the selggfedhlue. The extrapolation
(using the SIT) to zero ionic strength using Riglet's spectrophotometric data, gave a
value of log, K3 and a correspondinge; value in reasonable agreement with those
selected below, but none of Rigleks values have been used because the experimental
information available is insufficient to alloK to be recalculated.

The spectrophotometric data used in determindggvere limited to those solutions
in which the extent of dissociation of the limiting complex was not greater than 25%.
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This minimized the systematic error due to the second dissociation. Riletalues

in 0, 0.5, 1 and 2 M NaCl@and 0.17 M NaCQs, as redetermined in the present
review (AppendixA), were extrapolated to zero ionic strength (using the SIT), which
gave logy K3 and correspondinge3 values. To avoid giving too much weight to
values from a single laboratory, only the value at zero ionic strength was used in the
calculation of the selected thermodynamic data. The ionic strength effect was still
taken into account in this selection, because solubility d@6&RE/ROB from the

same laboratory, obtained at high ionic strength (3 M) were also used (see below).
Riglet’s data also indicate that the SIT is still useful even for Np(V) carbonate equilibria
involving the highly charged (5) limiting complex in solutions with ionic strengths as
great ad = 3 M NaClQy, and this review did not find any experimental evidence for

a difference between values &’(T\lpoz(cog)s‘ as determined in NaCl and NaCIO

media PANEC/KIM].

Nitsche, Standifer and Silv@@QNIT/STA] did similar measurements in 0.1 M
NaClQy. Within the authors’ stated uncertainties, the reported véjus in agreement
with some published values, but not with the value selected below. Other possible
errors in the treatment of the experimental data were taken into account, and the
value of 81 was recalculated from the experimental information available in the paper
[90NIT/STA] (see AppendixA). The value then found is in excellent agreement
with other data accepted in the present review. The recalculated valgg ofith
an increased uncertainty to allow for possible systematic errors as reflected in the
different interpretations of the experimental data, is one of the values used in this
review to select a value ¢f; at zero ionic strength.

Nitsche, Standifer and Silv@DNIT/STA] also extrapolated available literature val-
ues (along with their experimental value f&) to zero ionic strength using the SIT, but
without reinterpreting the other values prior to carrying out this extrapolation. Their
proposeds; value (Tablel2.4) is not in accord with the value selected in the present
review, although their value ake; is in fair agreement with the value selected here.

,Nat)



Method lonic medium t logyo K (I¢) logqo K (I¢) Reference
l¢/mol-dm~3 (°C) reported recalculated

NpO} + CO5~ = NpO,COy

sp 0.016 M HCQ +? ? (5.540.5) [81BIL]@®)

dis 0.1 M NaClQ 25 (4.13+0.03) (3.80+0.36)®  [85BID/TAN]

sp 0.1 M NaClQ 23 (4344011  (4.56+0.67)(C)d) [9ONIT/STA]

sp 0.1 M NaCIQ 25 (4.38+0.04) [94NEC/RUN

sol 0.1 M NaClQ 25 (4.58+0.04©  (4.51+0.22(C)  [91KIM/KLE]

sol 0.1 M NaCIQ 25 (4.524:0.02) [94MET]

sp 0.1 M TBANG; 23 (4.13+0.20) [96CLA/CON

sp 0.1 M TBANG 70 3750

@calculated by this review, the data of this publication were not interpreted by the author(s).

(b) Rough estimation.

(©) Recalculated by this review, following the calculation of the author(s) of the publication.

(@ value selected by this review to determine the standard value=a®) and eventually the coefficient.
(®) values are also published iB4NEC/KIM, 94NEC/RUN 95NEC/RUN. In [95NEC/RUN a few of the reported uncertainties differ from those in the earlier references.

(Continued on next page)
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sol 0.1 M NaCl 23 (4.88+0.1) [96RUN/NEY (M
sp 0.5 M NaClQ 22 (4.3+0.1) (4.41+0.1)©)  [90RIG

sol 0.5 M NaClQ 75 (4.8+£0.28) [93LEM/BOY](C)(P)
sol 1 M NaClQy 25 (4.49+0.06)  (4.57+0.35)(C)d) [83MmAY]

sol 1 M NaCIQy 25 (4.6+0.1)0

dis 1 M NacClQ, 25 (414+001)  (4.14+05(©)  [85INO/TOQ

sp 1 M NaClQ 22 (4.3+0.2) [90RIG

sol 1 M NaClQ, 25 (4.50£0.04)(®)  (4.48+0.36/(€)  [91KIM/KLE]

sol 1 M NaClQ, 30 (4.7+0.1) 4.77+0.51)©)(b) [93LEM/BOY]

sol 1 M NaClQy 50 (5.6+£0.2) (5.7-+0.54)(€)(b)

sol 1 M NaClQy 75 (5.80+0.58) (5.2-£0.54)()(b)

sol 1 M NaCl 23 (4.3240.07) [96RUN/NEY (@)()
sp 2 M NaClQ 22 (4.6+£0.3) [90RIG

sol 3 M NaClQ, 22 (5.00£057)  (5.25+0.29)(0)d) [86GRE/ROBY

S9Xa [dL0D pue spunodwiod uog.red winiundeN T'ZT

(Continued on next page)

M logy0 81 = (1.3354 0.084) + (829+ 27)- T~1 (303< T < 343 K)

(9 Cited in [P6RUN/NEU from a report that was not available to the reviewer: Runde W. and Kim J. I. (1994) RCM-01094, Institut fir Radiochemie, TU Miinchen.
(M Molal units

() Recalculated in the9BLEM/BOY] publication.

0 The reference is note@GGRE/ROB for a series of Vitorget al.’s publications that used the same experimental restdt¢[T, 85COM, 85KIM, 90RIG, 98VIT/CAP.
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sol 3 M NaCl
sp 3 M NacCl
sol 5 M NaClQ
sol 5 M NacCl
sp 5 M NacCl
sol 5 M NacCl

NpO,CO; + CO;~ = NpO,(CO3)3~

sp 0.008 M C&™ +?
dis 0.1 MHCQ

sol 0.1 M NaClQ

sp 0.1 M NaClQ

sp 0.1 M TBANG;
sp 0.1 M TBANG;
sp 0.04 M NaCQO3
sol 0.05 M NaCOs3

23
23
25
23
23
25

25
25
23
70
22

\F MUV US4 (VU5 7

(4.3+0.1)

(4.67+0.07)
(5.0040.05)  (4.92+0.81)(¢)
(4.7140.04)
(4.7240.13)
570 468K
(2.5+0.5)
(2.3+1.0)
(2.02+0.08)(8)  (2.08+0.22)(¢)
(2.024£0.3)
198
1990
(1.4+0.3)
(2.08+£0.29)

LUJ.[\IIVIII\LI:J
[96RUN/NEY (M)
[96RUN/NEY (@)(h)
[94NEC/KIM]
[96RUN/NEY (@)()
[96RUN/NEY (9)(N)
[94NEC/KIM]

[81B1L](@)(0)
[79MOS/POZ(®)
[91KIM/KLE]
[94NEC/RUN
[96CLA/CON

[90RIG (©)
[75UEN/SA](@)(0)

® corrected by the author for Clcomplex formation
O log;g Ky = 2.046+ 18 T~1, (303< T < 343K)

(Continued on next page)
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ulo
Sp

sp

sol
sol
sol
dis
Sp

sol
sol
sol
sol
sol
sol
S1Y

sol
sol
sol
sol
sol

V.4 VI INAdUI\4
0.16 M CG~
0.5 M NaClQ
0.5 M NaClQ
1 M NaClQ
1 M NaClQ
1 M NaCIQ
1 M NaClQ
1 M NaClQy
1 M NaClQy
1 M NaClQ
1 M NaClQ
1 M NaCl
1MKCI

2 M NaClQ
3 M NaClQ,
3 M NaClQ,
3 M NaCl

5 M NaCIQ,
5 M NaCl

22
75
25
25
25
22
25
30
50
75
23
75
22
22
25
23
25
23

LI

(2.23+0.07)

(2.624+0.09)

(2.64+0.02)
(2.38+0.07)

(2.46+0.08)(€)

(2.3+0.14)
(1.3+0.36)
(3.0+1.52)

(2.17+0.13)

(2.54+0.07)
(3.06+0.22)

(2.93+0.08)(€)

(2.8+0.2)
(3.29+0.10
(2.83+0.06)

\O.FLL L. U)r 7

(1.4+1)

(2.404+0.36)

(2.45+0.26)(€)(d)

(2.5+0.14)

(2.64+0.70)(€)

(2.49+0.36)(€)
(2.7+0.22)(€)(0)
(3.1£0.18)()(b)
(2.1+0.28)(C)(b)
(2.2+0.4)(c)(b)

(2.90+0.17)(d)(c)
(2.93+0.46)(C)

(3.404+0.70)(0)

LOLDILTMAIN]
[81BiL] (@)b)
[90RIG
[93LEM/BOY](C)(P)
[83MAY]
[83mAy]()
[85INO/TOQ
[90RIG
[91KIM/KLE]
[93LEM/BOY](C)(P)

[96RUN/NEY (@)(N)
[93LEM/BOY]
[90RIG _
[86GRE/ROBU)
[91KIM/KLE]
[96RUN/NEY (M)
[94NEC/KIM]
[96RUN/NEY (@)()

(Continued on next page)
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NpO2(COg)3” + CO3™ = NpO2(COg)3~

sol
sol
sol
S1Y
sp
sol
sol
Sp
sol
sol
sol
sp
sol
sol
sol
sol

< VI INavl

0.07 M NaCOgs
0.1 M NaCOs
0.15 M NaCOgs
0.16 M CQ?+?
0.17 M NaCO;3
0.2 M NaCOs3
0.3 M NaCOs3

0.5 M NaClQ
0.5 M NaCIlQ
1 M NaCIg
1 M NaCIg
1 M NaCIQ
1 M NaCIQ
1 M NaCIQ
1 M NaCIg
1 M NaCIg

22

22
75
25
25
22
25
30
50
75

\&.IJLLV.LV)

(1.37£0.07)

(1.42+0.12)

(1.604+0.07)

(1.7+0.42)
(1.3+1.41)

(0.28+0.23)
(0.56+0.23)
(0.99+0.23)
(L.4+1)
(0.90+0.2)
(0.96+0.23)
(1.14+0.23)

(1.13+0.2)(€)(d)

(1.35+0.42)

(1.50+0.36)(€)(d)

(1.4+0.14)

(1.48+0.2)(©)(d)
(1.7140.12(®)  (1.71+0.36)(C)

LIYOIRUINANL U =ar 7

[75UEN/SA](@)(b)
[75UEN/SA](@)(0)
[75UEN/SA](@)(0)
[81B1L](@)(0)
[90RIG (®)
[75UEN/SA](@)(0)

[90RIG
[93LEM/BOY](C)(P)
[83MAY]
[83mAY] ()

[90RIG
[91KIM/KLE]

(1.5+0.22)(©)(0) [93LEM/BOY]

(1.5+0.34)(€)(0)
(1.6+0.28)(€)(0)

(Continued on next page)
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QU1
sol
sp

sp

sol
sol
sol
sol
sol
sol

4 VI INaAwl

1 MKCI

2 M NaClQ
3 M NacClQ
3 M NaClg
3 M NaClg
3 M NaCl

5 M NaClQ
5 M NaCl

5 M NaCl

75
22
22
22
25
23
25
23
25

& VULVU.19)

(2.47+0.07)
(2.940.2)

(2.31:£0.14)

(2.6140.12)(€)
(2.140.3)

(3.18+0.10)

(2.09+0.07)
250

NaNpQCO3-xH20(s) = Nat + NpOZr + COZS* + xH20(1)

sol
sol
sol
sol
sol
sol
sol

0.1 M NaClQ
0.1 M NaClQ
0.1 M NaCl
0.5 M NaClQ
1 M NaCIg
1 M NaCIg
1 M NaCIg

25
25
23
75
25
25
25

—(10.224-0.02)

(2.5+0.45)(€)(0)
(1.96+0.2)(€)(d)

(2.49+0.07)(€)(d)
(2.614:0.50)(¢)

(3.20+0.80)()

—(10.28+0.04)(®)—(10.29+0.16)(C)

—(10.4£0.2)

—(9.80+0.2)(©)(b)

—(10.14+0.04) —(10.12+0.35)(C)
—(10.1240.04)
—(10.104+0.03)(®)—(10.10+0.36)(C)

LUUF’(UI\III\IELd i
[90RIG

[86GRE/ROBU)
[91KIM/KLE]
[96RUN/NEY
[94NEC/KIM]
[96RUN/NEY (9)
[94NEC/KIM]

[94ME]
[91KIM/KLE]
[96RUN/NEY
[93LEM/BOY]
[83MAY]
[83mAY]()
[91KIM/KLE]

(Continued on next page)
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sol 1 M NaClQ, 50 —(11.040.1)  —(11.1+0.2)(©)(0)
sol 1 M NaClQy 75  —(1094+0.29)  (105+0.5)(C)(D)
sol 1 M NaCl 23 —(9.77+0.16)

sol 3 M NaClQy 22 —(1056+0.34) —(10.65+0.33)()
sol 3 M NaCIQ, 25  —(10.45+0.04)(®)—(10.45+0.42)()
sol 3 M NaCl 23 —(9.440.2)

sol 5 M NaClQ, 25  _(11.06+0.06) —(11.07+0.81)(C)
sol 5 M NaCl 25  —952(K) ~1054

sol 5 M NacCl 25 —(9.61+0.11)

KNpO2CO3-xH20(s) = K+ + NpOj + CO5~ + xH20())

pot diluted? 20 —(10.3+2.0)
sol 1 MKCI 75 —(6.7+0.2)

NaNpG&COz-xH20(s) + ZC@_ = Nat + NpO2(CO3)3™ + xH>O(1)

sol 0.07 M NaCOs —(3.044+1.25)
sol 0.1 M NaCOs —(2.924+0.92)

LIYOLLIVIIDUT |

[96RUN/NEY(9)
[86GRE/ROBU)
[91KIM/KLE]
[96RUN/NEY (9)
[94NEC/KIM]
[94NEC/KIM]
[95NEC/RUN

[74visivoL]@)(b)
[93LEM/BOY](C)

[75UEN/SA](@)(P)

(Continued on next page)
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QU1
sol
sol

sol
sol

sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol

V.41 J VI NG U5

0.2 M NaCGO3
0.3 M NaCGz
0.4 M NaCO3
0.5 M NaClQ
1 M NaCIQ

1 M NaCIQy
1 M NaCIg
1 M NaCIg
1 M NaCIg
1 M NacCl
3 M NaCIlg,
3 M NaClg,
3 M NacCl
5 M NaCIlQ,
5 M NaCl
5 M NacCl
5 M NaCl

75
25

25
30
50
75
23
22
25
23
25
23
25
25

—(1.61£0.10

—(1.43£0.07)

—(2.4+0.32)
—(0.84+1.39)
—(1.34+0.19)
—(0.10+0.15)
—(0.15+0.10)

—(0.2+0.2)

(0.41+£0.10)
(0.02+£0.16)

021

T\ & IO LUV VU

—(1.974+0.52)
—(1.78+0.42)
—(1.7240.39)
—(1.25+0.52)
—(1.6040.42)(©)
—1.6200)
—(1.4240.68)(°)
—(1.840.3)
—(0.8+0.59)(C)(b)
—(1.6+0.35)(0)(b)

—(0.01£0.17)(©)
—(0.15+0.86)(¢)

(0.45+1.39)(€)

(0.14+1.27)(€)

[93LEM/BOY](C)(P)
[83MAY]

[91KIM/KLE]
[93LEM/BOY](©)(P)
[93LEM/BOY]

[96RUN/NEU (9)
[86GRE/ROBU)
[91KIM/KLE]
[91KIM/KLE]
[94NEC/KIM]
[96RUN/NEY (9)
[95NEC/RUN
[94NEC/KIM]

(Continued on next page)
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sol 0.2 M KoCOs3 (20+£2)  —(3.0+£15) [66GOR/ZEN(@)(D)
sol 1 MKCl 75 —(2+0.63) [93LEM/BOY](C)(P)

CSNPQCO3-xH20(9) + 2CCG~ = Cst 4 NpO(CO3)3~ + xH20(1)

sol 0.2 M CsCOgs (20+£2)  —(24+15) [66GOR/ZEN(@)(D)
NHaNpO2COs(s) + 2CCE~ = NH; + NpO2(CO3)3~ + xH20(1)

sol 0.6 M (NH;)2CO3 2 —(2.8140.4) [7aMosgP)m
NagNpO2(COz)2-yH20(s) + COZ~ = 3Na + NpOx(CO3)3~ + yH20(1)

sol 0.5 M NacClQ 75 —(4.70+0.3) [93LEM/BOY](C)(P)n)
sol 1 M NaCIg 30 —(4.5+0.2)

(Continued on next page)

(m) Reinterpreted by this review, the author(s) proposed another interpretation of their data; but it was not correct.

M The NaNpO2(CO3),(s) solid hydrated phase prepared at room temperature is expected to be partially dehydrated when the temperature is rais&l dinise 30
stability constant is for this partially dehydrated solid phase.
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QU1
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol
sol

L IV INaALI\l4

1 M NaCIg

1 M NaCIQ

1 M NaCIQ
0.5 M NaCGs
0.75 M NaCGQs
1 M NaCGO3

3 M NaNG

3 M NaClQ

3 M NaClQ
1.35 M NaCGOs
1.6 M NaCGs
5 M NaClg

5 M NacCl

1.85 M NaCGOs
2 M N&CO3

50
75
25

25

22

25
25

—(4.3+£0.37)
—(4.3+£0.83)
—(3.56+0.17)

—(2.29+0.15)
~1.98

—(2.10+£0.149)

—\".ULVUVU.o)

—(4.5+0.3)()(b)

—(4.5+0.2)(©)(b)
—(3.57+0.30)(°)

372

292

242
—(1.464+0.09)
—(1.67+0.50)()
—(1.17+0.79)(©)

~1.86

_1.42

—(1.504+0.86)
-1.07
-0.87

LYoLLivibb\wipr 2+ 7

[93LEM/BOY](M)

[95NEC/RUN
[77SA/UEN ()(0)

[77sIM©(d)
[95NEC/RUN
[90RIG
[77SAIUEN ()(0)

[95NEC/RUN
[95NEC/RUN(©)
[77sAlUEN (@)

(Continued on next page)

©) calculated by this review, the author(s) proposed a correct interpretation of their data; but he (they) did not calculate the corresponding eqosiant.
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sol
sol
sol
sol

1 MKCI

1.2 M KCO3
1.2 M KCO3
5.57 M KCOs

TINMNMZNWNS )3 T AVIZMAL)

75 —(4.740.2)
20 —(3.4+0.5)
80 —(3.1+0.5)
202 —(1.4+1.5)

(NH4)3NpO2(CO3)2-xH20(9) + CO5~ = 3NH] + NpO2(CO3)3~ + xH20(1)

sol

2.2 M (NHy)2CO3

? —(2.6+0.5)

NagNpO2(CO3)2-xH20(s) 4+ (y — X)H20 = NaNpOQCOz3-yH2O(s) + CO%’ + 2Na"

sol
sol
sol
sol
sol
sol
sol

0.5 M NaClQ
1 M NaCIQ
1 M NaCIQ
1 M NaCIg
1 M NaCIg
1 M NaCIg
3 M NaClg

75 —(3.454+0.42)

30 —(2.74+0.23

30 —(2.24£0.3)

50 —(1.9+0.2) —(3.7+0.51)(©)(b)
75 —(346+1.12)  —(2.9+0.28)(C)(b)
25 —2.13 —(2.15+0.88)(¢)
22 ~1.88 ~(1.1640.15)(©)

[93LEM/BOY](C)(P)
[74vis/voL] @)

[66GOR/ZEN(@)(b)

[7aMos3(m(b)

[93LEM/BOY](©)(P)(N)

[93LEM/BOY] (©)(D)
[93LEM/BOY](M)

[95NEC/RUN
[9ori1g ()

(Continued on next page)
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sol 5 M NaCIQ, 25 —(2514017) —(2.55+1.7)(©)
sol 5 M NaCl 25  —(1.64+153)

K3NpO2(CO3)2-xH20(s) + (Y — X)H20(1) = KNpO2CO3-yH20(s) + CO§7 + 2K+

sol 0.210 0.8) M K»COs3 —(0.640.9) [74sim/voL](@)(0)
sol 1 MKCl 75 —(2.740.6) [93LEM/BOY](C)(P)

(NH2)3NpO2(COg)2-xH20(s) + (y — X)H20(1) = NH4NpO,CO3-yH20(s) + CO5~ + 2NHJ

sol 1.5 0 2.8P) M (NH4)2COs ? —(0.3440.58) [7aMos3(m(b)

® In M>CO3 aqueous solution, the two M-Np(V)-GGolid phases are at equilibrium for a uniquej®0Og3] value, [MpCOg]s; but, since thermodynamic cycles were
used, the value of the equilibrium constant can be estimated in aqueous solutiona@idzMoncentration different from the [MCOg3]s value. This is important only
for ionic strength corrections.

S9Xa [dL0D pue spunodwiod uog.red winiundeN T'ZT

LEC



Reference loghKg o log;o K7 log1o K3 log1oK3 €0 €1 &2 £3
[98VvIT/CAP](B.® —10.96 497 149 -1.20 —0.20 —0.40 —0.70
[90RIG)© (4.80+£0.11) (150+0.01)  —(0.88+0.01) —(0.16+£0.10) —(0.27+0.11) —(0.61+0.11)
[90RIG® —(1.0440.05) —(0.1640.05)
[98VIT/CAP] @ —(1100+0.22)  (4.70+£0.10) (1.38+0.32)  —(0.86+0.13) (0.25+0.05) —(0.07+0.03) —(0.28+0.03) —(0.40+0.11)
[91KIM/KLE](™ —(10.96+0.05) (5.04+0.06) (1.55+0.11) —(0.86+0.19) (0.34+0.08)  (0.09+0.10)® —(0.06:+0.09)!) —(0.23+0.21)1)
k k k
(0.2540.08) 0 (0.03+0.18/® —(0.05+0.20)®
[94NEC/RUN(™ —(11.04+0.07) (4.81+0.15) (1.74+0.27) —(1.01£0.25 (0.31+0.08/® —(0.05+£0.1)® —(0.16+0.10)P —(0.33+0.20)D
(0.22+0.08® —(0.07+0.19® —(0.15+0.19)®
—(0.16+0.11)®
[94NEC/RUNCM  —(10.96+0.14)@ (4.98+0.16)@ (1.614:0.07)@ —0.92@ (0.34+0.100  (0.08+0.13® —(0.06+0.13)1) —(0.24+0.251
(0.24+0.12® (0.03+0.21)® —(0.06:£0.26)%
(m) ch
[94NEC/KIM] (0.184+0.03)
[95FAN/NEQ®M™  _(11094+0.11)" (5.03+£0.06)  (1.4440.15) —(1104+0.39) (0.20+0.05®@  (0.06+0.0)@ (0.12+0.30)@ (0.63+0.78)@
[95FAN/NEQ@h.® (0.09+0.01)™"
[94NEC/KIM] (@ (0.09:£0.08)C1N
[96RUN/NEY (@ —(11.05+0.05 (5.18+0.17) (1.01+0.48) —(0.35+0.48)  (0.05+0.08)(" —(0.02+0.13) —(0.36+0.12) —(0.26+0.13)
[95NOV/ROB ~113 539 041 —0.62 (0.214+0.07®@  (0.08+0.07@ (0.01+0.45@ (0.63+0.81)@
[96RUN/NEY M —10.89 506 143 —1.07 (0.17+0.0)®@  (0.05+0.07@  (0.08+0.10)@ (0.51+0.69)@
[9ONIT/STA] _(h> (4.69+0.13)
This review? (4.9240.03) (158+0.09)  —(1.04+0.12) (0.25+0.05) —(0.22+0.06) —(0.35+0.11) —(0.59+0.13)
This review®D —(11.66+0.50)© (4.96+0.06) (1.57+0.08) —(L06+0.11) (0.25+0.05 —(0.18+0.15 —(0.33£0.16) —(0.53+0.19)

@calculated in this review from the ion pair Pitzer parameters, neglecting higher order terms even when given in the original publication. Similar
¢ values were derived from the Pitzer parameters from different publicatBifSAN/NEC 95NEC/FAN 95NOV/ROB 96RUN/NEU, probably
because the authors fitted parameters from similar sets of published equilibrium constants.

(continued on next page)
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Y/ Values selected In this review based on equally weighted recalculated values trom the different stuaies.
@ These values (cited i®BVIT/CAP], p. 49), are from earlier calculations presented at the conference “Migration 91”.
M jterature data were used for extrapolation te- 0.
M For extrapolation td = 0, linear regression weigthed by 1/(uncertainty) was used.
¢j is calculated in this review from the value published for; = &j — ¢g |s(c0§,’Na+), using thesg value on the same I|ne,(c0§,’Na+) =

—(0.06+ 0.06) kg-mol~1 (this review (AppendixB) accepts—(0.08 = 0.03) kg-mol~1), and other required values as recalculated (in this review)
from Pitzer ion pair parametéf from the same laboratorn®FAN/NEG 95NEC/FAN.

¢j is calculated in this review from the value published for; = &j — ¢g Is(CO%’,NaJr)’ using thesg value on the same I|netco§iNa+) =

+(0.03 £ 0.09) kg-mol~1 (this review (AppendixB) accepts—(0.08 + 0.03) kg-mol~1), from other required values and from pH calibration
information given in the original publication (from which Iggng = (1823 + 0.16) was estimated in this review; the value accepted in this
review is (18.155+ 0.03) (Table 5.2). The difference in the results calculated using the procedure described in footnote (j) arises only from
differences in the sets of auxiliary values for Nagl®edia. These differences are in most cases within the statistical errors estimated in this
review.

O From liquid-liquid extraction measurements.

(M Equilibrium constants (1) (for K = K; and Ks 0) were proposed from a solubility study in 0.1, 1 and 3 M Nagl@ndK (1) were extrapolated
to | = 0 by SIT linear regression to obtalt® and Ae [91KIM/KLE]. From the same sets of measurements, and values later reportee- 61V
for K(I), K° and Ae were calculated using the SIP4NEC/RUN 95NEC/RUN, or the Pitzer formula in non-complexin@3NEC/FAN or
complexing PSFAN/NEQ aqueous solutions. In this later case, other published data for aqueous solutionk g#p3d in NaClO4 were also
used. Here only tabulated® ande values deduced from experimental measurements in 0.1 to 3 M Na&used.

(M[95NEC/FAN
(O)Ioglo K$ = —(11.16+ 0.35) is also selected in this review for the freshly precipitated solid phase.

Pg calculated-® in this review fromAgej; the auxiliary valua(coz, Nat) is not needed (or cancels) in this particular case.
3

(continued on next page)
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complex (CI” addition to NpQCOg). Differences ine; andez values originate in the differences érgcoz, Nat) values used for Cl and CIQ;
3

which are propagated in th values.

Heree represents(Npo;CI,). The values are italicised to Str&%ﬁlpo;,cr) is not expected to have the same Value(ﬁ%o;mog)‘

(9 From the solubility product of NeNpO,(COg)2(s, hyd).
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12.1 Neptunium carbon compounds and complexes 241

Neck et al. also reportegd; and 8, values deduced from absorption spectropho-
tometry PANEC/RUN. The K3 value (calculated ag»/81) is exactly the same as
the value reported from their solubility measurements in the same paper, and is in ac-
cord with the value selected in the present review, while tgivalue is reasonably
consistent with the value they determined from their solubility measurements (see the
discussion of §1KIM/KLE] in Appendix A); the latter (extrapolated tb = 0) was
used in the present review in selection of the values for the complexation constants.
However, in the absence of sufficient experimental information to re-interpret the spec-
trophotometric measurements, those values are not used in the present review in the
final selection of the values for the complexation constants.

Clarket al. [96 CLA/CON also reporteg; andgz values deduced from absorption
spectrophotometry from about 30 to°TQ TheK> value for 25C is in accord with the
value selected in the present review (within the uncertainty estimated by the authors),
while the value ofg; is not. These values are not used in the present review in the
selection of formation constants because there was not enough experimental detail in
the publication.

Complexation constants were also determined in several solubility studies in
NaClOs or NaCl aqueous solutions. There are problems in the interpretation of
solubility data to obtain values for the complexation constants. These problems are
dealt with in more detail above and in the section on the selection of the values
of the solubility products for alkali-Np(V)-carbonates (Sectibp.1.2.2.2 Even
though Maya §3MAY] and Grenthe, Robouch and Vitorg8GGRE/ROB seem
to have carried out two of the more reliable studies, the solid phases they used
were probably somewhat different (see Sectibhl1.2.2.2and the discussion of
[83MAY, 84VIT, 90RIG in Appendix A). However, these problems should not
have a direct influence on the selection of the stepwise complexation constants.
Another potential problem is that the formation of the N@®; complex over
a MNpO;COs(s) solid phase can result in a constant minimum td&Np(V)
solubility, which is not far from the usual analytical detection limits (ter or
y-spectrometry or liquid scintillation methods); however, this does not seem to have
caused any difficulties in any of the publications reviewed here (except perhaps for
[93LEM/BOY)).

The Np(V) solubility tabulated in the report by Kimt al. [91KIM/KLE] for
I = 1 M NaClQy, can be plotted exactly on Maya83MAY] curve, even though the
pH calibration may not have been done in the same way in the two sets of experiments.
Moreover, the minimum solubility does not depend on the pH calibration, and the
reported solubility values were the same, though the equilibration times were not.
The Np(V) solubilities tabulated in the report by Kiet al. [91KIM/KLE] and
other work by Necket al. [94NEC/KIM, 94NEC/RUN 95NEC/RUN, Fanghénel
et al. [95FAN/NEQ and Rundeet al. [96RUN/NEU are slightly shifted toward
higher [CCS*] when compared with the previous data of Grenthe, Robouch and
Vitorge [B6GRE/ROB. This shift seems to be less important for the solubility of
NaNpGQCOs(s) than for the solubility of hydrated NEpO2(CO3)2(s) (although
this is an observation based on the sole value for the latter soli@6iGRE/ROB).

This might be evidence that the solubility was not controlled by the same solid
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phases in both studies (see the discussion on the selection of solubility products in
Section12.1.2.2.2. Nevertheless, the solid phases in the later studies seem to be
well characterized, as in the interconversion between hydrated NsB{p£0s) and
hydrated NgNpO2(COz3)2(s) [95NEC/RUN.

The complexation constant values selected at 3 M NaCIOy are particularly
important for selecting the standak®® value using the SIT (limited té < 3.5 m),
because they have a critical influence on the selection of the values @ind ¢.
From their solubility measurements in perchlorate media, Kiral. [91KIM/KLE,
94NEC/KIM] extrapolated their values for the dioxoneptunium(V) carbonate complex-
ation constants to zero ionic strength using the SITifer 3.5 m and also carried out
an extrapolation including literature data. The extrapolation of their own data res-
ulted in values forg; and the correspondinge; that are only in marginal agree-
ment with the values proposed by the present review (see T&bteand discussion
in AppendixA). The difference inAe; (—0.19 kgmol~1 vs. —0.35 kgmol~1) is
mostly due to the difference in lggB1 for | = 3 M (0.33 in the original publications
[86GRE/ROB91KIM/KLE], but somewhat larger if values recalculated in the present
review are used). In the present review the value used fer 3 M directly in as-
sessingAes for the dissolution equilibrium is fronBGRE/ROB. However, values
from Kim et al. [91KIM/KLE] are extrapolated tb = 0 where possible problems (see
AppendixA) cancel, and then used in the data selection in the present review.

On the other hand, there are fewer problems in calculating values of the stepwise
complexation constant¥s andK3, as extrapolated tb = 0 in the present review.
The (relatively small) inconsistency in tigg values should most likely be attributed to
problems with achieving equilibrium between the solutions and the solid compounds
for conditions close to the solubility minimum. In the present review, to minimize the
possible effects of systematic errors, values of each stepwise equilibrium constant from
these paper®LKIM/KLE, 94NEC/KIM] have been extrapolated to zero ionic strength
(Table12.5. Thesel = 0 constants (only) are used (with values from other studies) in
arriving at selected values.

The work of Neck, Runde and Kim@pNEC/RUN and Runde, Neu and Clark
[96RUN/NEY shows that although in solutions with low concentrations oﬁccrhe
solubility of NaNpQCOgs(s) decreases markedly as the concentration of NaI{-
creased, the solubility changes only marginally as chloride concentrations are increased
to5 M.

The formation constants and interaction coefficients derived from the solubilities
in sodium perchlorate solutions should also be applicable to solubilities in chloride
solutions within the uncertainties in the activity coefficient equations. Although vari-
ous authors95FAN/NEC 95NEC/FAN 95NOV/ROB 96RUN/NEU have derived
sets of Pitzer equatiorY BPIT] coefficients for the Np(V)-carbonate system, it seems
that the SIT can still be used separately (within the experimental uncertainties) for
solutions either 3 M in NaCl@or 3 M NaCl. However, it is then necessary to se-
lect a value fore(Npo;(:l,). Based on a solubility study of Np@H(am), Robertst

al. [96ROB/SIL] proposed a value of (08 + 0.05) kgmol~1. Analysis of the Pitzer
coefficients proposed by Fanghéanel, Netkl.[95FAN/NEG 95NEC/FAN, and by
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Rundeet al. [96RUN/NEU leads to similar values (see the Appendixiscussion of
this paper). In the present review, we select the value

£ npot ci-) = (0.09 0.05) kg-mol

Unfortunately, this value is not completely consistent with the solubility of the Np(V)
sodium carbonate solidsf( Section12.1.2.1.3.

Therefore, despite the extensive work on these systems, for the reasons discussed
above, there is still some doubt about the values selected in the present review for
the formation constant of Npf@O;, and especially the value of the specific inter-
action coefficients(Na+’Npozcog). These then propagate into uncertainties about the
cumulative formation constantg’é) and specific interaction coefficients for the other
carbonate complexes. For the reasons explained above (see Appeiadimore de-
tails), in the selection of final values for complexation constants in the present review,
only one set of values was used from each laboratory. This avoids assigning too much
weight to sets that might have common systematic errors or uncertainties (and all sets
of data undoubtedly have some). Additional reliable experimental measurements are
still required, especially nedr= 3 M.

The first set of equilibrium constants for Np(V) carbonate complexes was proposed
by Maya B3MAY] from solubility measurements in 1 M NaClGgueous solution,
and these were confirmed by Grenthe, Robouch and Vit@&§e RE/ROB who used
the same technique in 3 M NaCJOUsing the SIT extrapolation to zero ionic strength
from these two determinations give stepwise complexation constaftsnd corres-
pondingAce; values that are compatible with others used in the selection of values in
the present review (see Tadl2.5.

For p7(12.19, the selected value was obtained using an SIT unweighted linear re-
gression (Figuré2.2 of the results from these two solubility studies plus those of Kim
et al. [91KIM/KLE] and Necket al.[94NEC/KIM, 94NEC/RUN re-extrapolated to
I = 0 (see Appendixd) and the spectrophotometric determinations of RifeéHIgG,
and of Nitsche, Standifer and SIMANIT/STA] in 0.5 and 0.1 M NaClQ@respectively
(both reinterpreted in the present review as explained above and in Appehdis
explained above, the liquid-liquid extraction data were not considered.

The selected value from the unweighted linear regression is

l091087(12.14 = (4.96+ 0.06)

Linear regression also givess; = —(0.35+ 0.14) kg-mol~1 (Figure12.2. Using
this value.e .+ ooz, = —(0.08+ 0.03) kg-mol™* (TableB.4), ande yyot cio;) =

(0.25+ 0.05) kg-mol~1 (TableB.3), the interaction coefficient
€ (Na NpO,c0;) = —(0-18% 0.15) kg-mol ™
is calculated. The selected value Jgg; corresponds to

ArG3,(12.14 29815 K) = —(28.32+ 0.35) kJmol !
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and hence
AtG(NpO.CO;, 29815 K) = —(146399+ 5.65) kJmol1

For K3(12.19, the selected value (Figue2.3 was based on the values from the

Figure 12.2: Extrapolation tb = 0 of the Npq + CO%‘ = NpOCO;3 equilibrium
constaniBy, using the SIT with values from measurements in aqueous Na&i€ep-

ted in the present review (filled symbols). Other literature experimental data (not used
in determining the selected value) are also plotted for comparison (open symbols). Sets
of values recalculated in the present reviefv AppendixA) are marked (a). Measure-
ments were done in NaClr in NapCOsz(b), NaCl(c) or 6-CH4Hg)4NNOs(d) media

as noted in the legend (in the latter case the x axis@#s 8)Hg),n+ and not Nyg+).
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solubility data of Maya3MAY], Grenthe, Robouch and Vitorg8§GRE/ROB, and

those of Kimet al. [91KIM/KLE] and Necket al. [94NEC/KIM, 94NEC/RUN re-
extrapolated td = 0 in the present review (excluding the data frora= 5 M where

the SIT is probably not valid, although the reported values are still in accord with those
selected by this review). The spectrophotometric determinations of RgfIRiI{F, in

0.5, 1 and 2 M NaCl@ respectively, have not been used (see above), but the results are
in accord with the selected value, as is the calculated value. The liquid-liquid extraction
data were not used, but those reported by Inoue and Tochiy@sildQ/TOJ at | =

1 M are in reasonable agreement with the selected values. The selected value from the
unweighted linear regression is

logioK3(12.15 (1.57+0.08)
ArG(12.1529815K) = —(8.97+0.47) kImol™!
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From this, the selected value
AfGOm(NpOZ(CO;-})g_, 29815 K) = — (200086 + 5.69) kJmol~*

is calculated. Linear regression also gives(12.15 = —(0.07 + 0.05) kg-mol~1
(Figurel12.3. Using this value;e(Na+ cZ) = —(0.08+ 0.03) kg-mol~1 (TableB.4),

and e ar npo,co;) = —(0.18+ 0.19) kg-mol~! determined above, the interaction
coefficient

-1
€ (Na* .NpOy(COp3) = —(0.33+0.17) kg-mol

is calculated.

Figure 12.3: Extrapolation to = 0 of the NpQCO; + CO5~ = NpO(COs)3~
equilibrium constanK, using the SIT with values from measurements in aqueous
NaClOy accepted in the present review (filled symbols). Other literature experimental
data (not used in determining the selected value) are also plotted for comparison
(open symbols). Sets of values recalculated in the present reafevApendixA)

are marked (a). Measurements were done in Ng@moin NaCOs(b), NaCl(c) or

(n — C4Hg)4NNO3(d) media as noted in the legend (in the latter case the x axis is

M(n—C,Hg),N+ and NOt Nya+).
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From the selecteds; and K; values, g; = p7-K; is calculated and

logi0B5(12.17 29815 K) = (6.53+ 0.10), for

NpOj + 2CG5~ = NpO,(COz)3~ (12.17)
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as isAGp,(12.17 29815 K) = —(37.30£0.59) kJmol~1. For K3 the selected value

was chosen (Figur&2.4 using the solubility data of Maya8BMAY] and Grenthe,
Robouch and Vitorge6GRE/ROB, those of Kimet al. [91KIM/KLE] and Necket

al. [94NEC/KIM, 94NEC/RUN re-extrapolated td = 0 in the present review, and

the spectrophotometric determinations of RigB@RIG in 0.5 to 2 M NaCIQ as re-
interpreted in the present review. The solubility measurements actually were obtained
for an equilibrium involving a metastable solid, and Maya'’s data really include only
one measurement that is significant for the determination of the vallg.oflonic
strength corrections, deduced from Riglet's spectrophotometric data alone, are in ac-
cord with the selected value. To balance the selection between results from spectropho-
tometric and solubility experiments, results from both Grenthe, Robouch and Vitorge
[86GRE/ROB and Riglet PORIG were used even though they originated in the same
laboratory. The selected value from the unweighted linear regression is

log1oK$(12.16 29815 K) —(1.03+0.11)
ArG,(12.1629815K) = (5.9040.63) kImol™!

from which the selected value
AfG;’n(NpOZ(CQo,)g’, 29815K) = —(252286+ 5.73) kJmol !

is calculated. Linear regression also gives(12.16 = —(0.12 + 0.06) kg-mol~1
(Figurel12.4). Using this value;e(Na+ cZ) = —(0.08+ 0.03) kg-mol~1, (TableB.4)

_ -1 i i i
a”dE(Na+,Npoz(co3)g‘—) = —(0.33£ 0.17) kg-mol~* determined above, the interaction

coefficient
-1
& (Na+ NpOx(COs)5 ) = —(0.53+0.19) kg-mol
is calculated. From the select@d, K5 andK3 values logoB5(12.18 29815 K) =
(5.50+ 0.15) for

NpOj + 3CG5~ = NpO2(CO3)3~ (12.18)

andArG?,(12.18 29815 K) = —(31.394 0.86) kJmol~1.
A predominance diagram for the system at different ionic strengths is shown in
Figurel2.5

12.1.2.1.3.b Formation of carbonate complexes in chloride media — a
conundrum

During the period this review was being written, several papers appeared on the beha-
viour of neptunium(V) in chloride medi®@gNEC/KIM, 95FAN/NEC 95NEC/FAN
95NEC/RUN 95NOV/ROB 96RUN/NEU 96ROB/SIL. Most of these focussed on

the complexation of Np® with carbonate or the hydrolysis of NJO For the most

part the experimental work seems to have been carried out carefully and with proper
attention to the myriad of experimental problems associated with solubility and poten-
tiometric studies.
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Figure 12.4: Extrapolation tb = 0 of the NpQ(COz)3~ + CO3~ = NpO(CO3)3~
equilibrium constanK3s, using the SIT with values from measurements in aqueous
NaClO, accepted in the present review (filled symbols). Other literature experimental
data (not used in determining the selected value) are also plotted for comparison (open
symbols). Sets of values recalculated in the present revoéwAppendix A) are
marked (a). Measurements were done in Nat®in NaCOz(b) or NaCl(c) me-

dia as noted in the legend.
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Figure 12.5: Predominance diagrams of Np(V) carbonate agueous complexes at dif-
ferent ionic strengths in NaClcaqueous solutions. The lines are calculated with data
selected in the present review. The directly measured stepwise formation constants are
also marked on the figure. lonic strength corrections can be less than the scatter in the
data. At high ionic strengths, the species N(K:Dg)g‘ has a very small region of pre-

dominance, while Np@(COg)g* can be formed only in high ionic strength solutions.

The domain below the line [C@]:O.S[Na*] cannot be reached experimentally; the
line itself correspond to pure N&Os.
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For studies of carbonate complexation in perchlorate media there are some minor
differences between values reported in these papers and values from earlier studies.
There might also be some differences of opinion regarding electrode calibration or
characterization of the solids in the solubility studies. However, in most cases the
differences are well within the experimental uncertainties.

Nevertheless, the studies in chloride media have raised some interesting questions.
For example, the solubility for NpfDH was found to be slightly less than half an order
of magnitude more soluble in 3 M NaCl than in 3 M NaGIO

NpOOH-xH,0 = NpOj + OH™ + xH,0

Using the SIT as outlined in AppendBk(with non-zero coefficients only for cation-
anion interactions), this would sugge%po;cm is approximately 0.1 kgnol~?! less

positive tha“‘(Npo;,mo;)- This is also consistent with the difference of 0.1rkgl~%
that can be calculated from the liquid-liquid extraction data reported by Eeak
[95NEC/FAN. However, in solutions containing low concentrations of carbonate, and
with NaNpGCO3-xH20 as the controlling solid, the solubility of NaNpOOz-xH20
in 3 M NaCl is found to be a full order of magnitude greater than in 3 M NaCIlO

The reaction(s) should be either

NaNpQCOzxH20 = NpOj + Na" + CO5~ + xHp0

in which case (with the values given in AppendiB) the value OfE(Npo;,u—) is
approximately 0.3 kgnol~? less postitive thaH(Npo;,uo;) —not 0.1 kgmol~1, or

NaNpQCOzxH20 = NpOCO; + Na' + xH20

which would suggestnat.ci-) — €(Nat.Cloy) = —0.3 kgmol~1 —a value inconsistent

with the Appendix8 value of 0.02 kgmol~1, and a rather large value for the difference
between interaction coefficients for Navith two singly-charged small anions.

Finally, in high-carbonate concentration media, the solubilities of Nadi®-xH,O
in 3 M NaCl and in 3 M NaClQ are approximately equal for the reaction

NaNpQCOz xH,0 +2C05~ = NpOx(COz)3~ + Na* + xH,0

and (again, assuming only anion-cation interactiepg}- ci- is approximately equal
to €(Na+.ClO})* Interaction parameters for Np(COz)3~ would have the same value in

each medium (and the same would apply to I*j(:(L‘Dg)g‘).

Clearly, there is a problem. Either all the carbonate complexation results in chlor-
ide (or perchlorate) media are badly in error (which is possible, but unlikely), or some
other aspects of the set of arguments presented above is wrong. There is a remote
possibility radiolytic effects are important in the long-term solubility studies; the form-
ation of mixed carbonatochloro complexes also seems possible, although this would be
unexpected considering the apparent weakness of complexation q‘fwimmchloride
(Section9.2.2.3.
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Neck, Kim, Fanghénel and co-workeBINEC/KIM, 95NEC/FAN 95FAN/NEQ
have suggested that anion-anion interactions need to be considered. Thus, the prob-
lem could arise from equating trace activity coefficients for ions such a?GID
NpO,CO;y in different media. In that case a Pitzer-treatment of the activity coeffi-
cients PSNEC/FAN 95NOV/ROB 96RUN/NEU or a modified set of SIT coefficients
[99NEC/FAN could be invoked. It is clear that such an approach could resolve some
of the difficulties. However, the large difference in the solubility of NaN@QO3-xH>0
in different media when the predominant reaction is expected to be

NaNpQCOzxH,0 = NpO,COj + Na' + xH,0

suggests that even this approach will not completely make the problem disappear.

These differences are smallest at zero ionic strength, where there is less uncertainty,
hence they have no influence on any standard equilibrium constants selected in this re-
view. Nor is there much of an effect in the calculated speciation in many groundwaters.
Nevertheless, larger differences in solubilities might be generated in more concentrated
Cl~ aqueous solutions, but this difference would certainly be within the uncertainties
estimated in this review. However, solubility data indicate no difference between Cl
and CIQ; media when the limiting complex N;)g((IZOg)g‘, or its first dissociated
complex NpQ(CO:;)g‘, is formed - the problem is actually restricted to quite narrow
domain of CI" concentration, assuming consistent auxiliary values are used to calcu-
late [CO5 1.

More data have been published for Nagl€blutions than for NaCl media, and
statistical analysis is not very meaningful in this later medium. 84T pair coeffi-
cients for Np(V) anions estimated in this review from their data in 0.1 to 3 M NaCl or
NaClOy aqueous solutions, are the same within the uncertainties when different values
for £ Nat) in CIO, and CI" media are assumed (Tatdl&.9. This is not consist-

ent with methodologies adopted in this review. All this does not mean the data in NaCl
media are incorrect, typically determinations of values for thQ(@QCO%‘ equilib-

rium constani p,, in both media differ by only 0.17 Igg unit, and are consistent with

the CODATA auxiliary value adopted in this review (see footnotes for Tabl§. This

0.17 difference reflects the accuracy of the measurements, but it is more than the un-
certainty of theK p, value adopted in the present review, and the difference propagates
in the uncertainties of for the Np(V) interactions:

e From the determinations d&€p, in 0.1 to 3 M NaClQ aqueous solution Kingt
al. and Neclet al. [91KIM/KLE, 94NEC/RUN, and USi”g?(H+,C|o;) = (0.13+

0.02) kg-mol~1 deduced from Pitzer parameteB5FAN/NEG 95NEC/FAN
(instead 0f0.1440.02) (TableB.3)), we have calculated(cog_ Nat = (0.03£

0.09) kg-mol~t and loggKp, = (1823 + 0.16) kg-mol~%, while —(0.08 +
0.03) kg-mol~1 (TableB.4) and(18.155 + 0.03) (CODATA value) respectively
are used in this review (also se@5[GRE/PU]). From this value and the sol-
ubility productKg for NaNpGCOs(s) measured in similar conditions, this re-
view then calculated(Npo;CIOD = (0.254:0.08) kg:-mol~1 [91KIM/KLE] and

(0.24+0.12) kg-mol~1 [94NEC/RUN. These values are in fair agreement with
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the value(0.25 + 0.05) used in this review (Tabl®.3), andeypos cio;) =

(0.18+ 0.03) kg-mol~1 from liquid-liquid extraction dataJ4NEC/KIM]. Neck
et al. [94NEC/KIM] proposew(Npo;qOZ) = 0.20, possibly to be more con-
sistent with their liquid-liquid extraction data.

e From similar calculations in NaCl media, this review calculated
£ ez Nar) = —(0.0740.09) kg-mol~1, log; o Kp, = (18.06+ 0.20) kg-mol~*

and énpoj.cy = (005 £ 008 kg-mol~1 from the solubility data

[94RUN/KIM, 96RUN/NEU, ands(Npo;Cl,) = (0.09+ 0.08) kg-mol~* from
the liquid-liquid extraction dateSdNEC/KIM].

This suggests the problem might be in the determinatioiKgf at high ionic
strength, and not iflKg. This is consistent with the explanation of the authors who
proposed using differerzt(cogwa+) in ClO, and CI" media, or using a third order
virial expansion,i(e., a Pitzer formula). All these values are in agreement within the
uncertainties estimated in this review (a9&) for the experimental determinations
of these authors. For this reason, and because of the lack of independent confirmation
from other laboratories, this review did not change its auxiliary value(fg(ggiNaﬂ

even though this problem might very well indicate it is needed; minimally the numer-
ical value fore(cozf Nat) NOW needs confirmation.
3 3

At this time we have chosen to select a valueéf@\[pozﬂck) based solely on the
NpO,OH(c) solubility studies, with the full knowledge that this provides an inadequate

representation of the best current solubility measurements for NaBipgxH20 in
chloride media. A better resolution must be found in the future.

12.1.2.1.3.c Temperature influence on Np(V) carbonate complexation

Gorbenko-Germanov and Zenkowd6[GOR/ZEN reported Np(V) solubilities at 20
and 80C, but it is not known whether the solid phases were the same for the two
measurements. These measurements were not used in the present review to propose
thermodynamic values, nor the temperature dependence of the solubility for the reasons
explained below (Sectiob2.1.2.2.2.

Lemire, Boyer and Campbell studied Np(V) solubility in alkali-carbonate media
at 30 to 75C [93LEM/BOY]. Essentially, constant solubilities were found over a
wide range of chemical conditions. This was due to the offsetting effects of changes
in carbonate complexation (that increased solubility with §C]:)1 and solid phase
transformations that were difficult to control. Valuesff K> andK3 determined by
Lemire, Boyer and Campbell at 30 are in reasonable agreement with those selected
in the present review for 2&. Curve fitting performed by the author and graphical
reinterpretations attempted as part of the present review (see Appenaire unsuc-
cessful in determining enthalpies for the complexation reactions because of the scatter
in the experimental data, and ambiguities as to the nature of the solid phases.

In an overview paper by Clait al. [96 CLA/CON a spectrophotometric technique
was used to propose valuesffandg, as a function of temperature. The method used
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in this work is promising. A figure shows there is little scatter in the complexation
constants, and demonstrates a linear variation of the logarithm of the formation con-
stant values with AT. From these plots the authors deduegdd values. Some data
proposed for 25C in this paper are not consistent with values selected in the present
review. In the absence of details and original data, no values for the enthalpies of the
complexation reactions involving Np(V) carbonato complexes from this work, have
been selected in the present review.

However, fromAHp, (12.1, 298.15 K)= —(88.8 &+ 2.9) kJmol~1 (Section
12.1.2.1), A(Hg, (12.2 298.15 K)= —(419 + 4.1) kJmol~ (Section12.1.2.1)
and ArHp, (7.4, 298.15 K)= —(117.4 + 0.6) kJmol~1 (Section7.2), the value
ArHM(12.18§ 29815 K) = —(13.25+ 5.06) kJmol~1 is calculated. UsingAtH5,
(NpOJ, 29815 K) selected in this review and¢Hg, (CO%‘, 298.15 K) from Table
5.1

AfHZ,(NpO2(CO3)3~, 29815 K) = — (3017124 6.89) kImol

From A(Hp, (12.18, 298.15 K)= —(13.25+ 5.06) kJmol—! and AGp, (12.18
298.15 K) = —(31.39 + 0.86) kJmol~! selected in this sectionArS,, (12.18
298.15 K)= (60.84+ 17.21) JK~L-mol~1is calculated. Using the selected values
for S, (NpOJ, 298.15 K) ands;, (CO2, 298.15 K)

S, (NpO2(CO3)3 ™, 29815 K) = — (13505 20.47) JK~L-mol~?

12.1.2.1.3.d Mixed Np(V) hydroxide-carbonate complexes

Varlashkin, Begun and Hobar84VAR/BEG, 84VAR/HOB] observed spectral vari-
ations on adding concentrated NaOH to concentratedCi®a aqueous solutions con-
taining Np(V). Riglet PORIG and Vitorge and Capdevil®BVIT/CAF repeated and
extended this work and showed the changes were evidence of formation of a mixed
hydroxide-carbonate complex, possibly NjgOOz)>OH*~ or NpG,CO3(CH); ™.

NpO2(CO3)5™ + OH™ = NpOy(CO3),0H*" + COZ" (12.19)

The stoichiometry of the mixed species could not be unambiguously established,
and there was evidence of a transient species that formed prior to (or concurrently
with) the predominant complex (the somewhat unlikely species p0z)2(0OH)5™
has been propose8@8VIT/CAP]). Most of the experimental data were discussed at the
Migration’91 Conference and were reported @8VIT/CAP].

Neck, Fanghanel and Kin@f NEC/FAN also recently reported a similar spectro-
photometric study of the dissociation of the carbonate limiting complex in alkaline
media. As explained in that reference, the measurements to identify the complexes are
quite difficult, and evidence was presented for formation of Ni@®s)>,OH*~ and
NpO2CO3(OH)3 .
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Despite the extensive scatter in the experimental measurements, it is clear the
first dissociation step of the limiting carbonate complex N@Ds)3~ is not asso-
ciated with any polymerization reaction. This scatter could be explained by kinetics,
NpO2(CO3);~ might react to form a transient species detected by Ri§@&R[G who
used an experimental method (direct addition of reactant in the spectrophotometric cu-
vette) that gave more rapid results. For electrostatic reasons, it would be surprising if
a negatively charged ligand is added to the limiting hydroxide complex{pB); .
Exchange of carbonate from a carbonato complex for hydroxide anions (or a hydroxide
anion) seems more likely.

Beside the species involved in equilibriub?.19 the formation of other mono-
meric mixed-hydroxide complexes has been suggesteRIG 97NEC/FAN. Neck,
Fanghénel and Kim97NEC/FAN attributed a broad shoulder at about 1025 nm to
the presence of colloids and to formation of a second complex. However, their stoi-
chiometry could not be clearly established, and evidence for additional soluble mono-
meric species is not clear. As suggested (but eventually rejected, see Appeiix
Neck, Fanghanel and Kin@f NEC/FAN in the qualitative discussion of their spectro-
photometric results, formation of Np@DH),, and precipitation of a hydroxide com-
pound might be sufficient to explain most of the experimental observations in more
alkaline media. This has also been shown by experiments to determine the influence
of changes in total neptunium(V) concentrati®@NEC/FAN 98VIT/CAP]. In the
course of precipitation a new polymeric species, or equally well a metastable colloid,
may be formed. The influence of all these possible reactions on the spectrum cannot
easily be distinguished.

The values logy K (12.19 3M Na*) = (0.47+ 0.27) and(0.12+ 0.05) are calcu-
lated from the data o®0RIGF and 97NEC/FAN, respectively. The molar absorptivity
at 1010 nm is estimated to be (18117) I-mol~tcm~1. These numbers are not con-
sistent within the reported uncertainties; the uncertainties are quite small only because
a limited set of data could be used. From all the published data (also including results
of Gorgeon reported recently by Vitorge and Capde\@@\IT/CAP)), this review cal-
culates logyK(12.19 3M Na®) = (0.14+ 0.75). ASSUMINGE (\no,(COy),0H- . Nat) =

-1
&(NpO,(COp)d~ Nat) = —(0.404 0.19) kg-mol1,

log;pK°(12.1929815K) = (3.20+1.16)
ArGS(12.1929815K) = —(1824+ 6.64)kJmol™?
AfG3(NpO2(CO3),0H*", 29815K) = —(217Q42+ 8.78) kJmol!

are calculated and selected. Using values selected in this revieyy, K@$2.2Q
29815K) = (8.70+ 1.17) and log K (12.19 3 M Na*, 298 15K) = (10.75+ 0.76)
are calculated for the equilibrium

NpOj + OH™ +2CCG~ = NpOz(CO3),0H*" (12.20)

The value logyK(12.19 3 M NaClQy, 29815K) = (10.06 £ 0.11) recently pro-
posed D7NEC/FAN is in agreement with this (10.7& 0.76) value, even though dif-
ferent auxiliary data (for the limiting carbonate complex) were used; its uncertainty
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should be increased for the reasons explained in AppefdiNo values are selec-
ted for NpQ(OH)ZCO‘Q’*, though the value log8 = 9.56 (I = 3 M NaClQ,) from
[97NEC/FAN can be used as a guideline.

12.1.2.1.4 Np(IV) carbonate complexes

Published values for formation of monomeric carbonate complexes of Np(IV)
are summarized in Tablé2.6 Moskvin [71MOS3 showed spectral evidence

of Np(IV) complexation in concentrated carbonate aqueous solutions, but the
stoichiometry and formation constants proposed by Moskvin are “completely
erroneous” according to Rai and Rya85RAI/RYA]. This Np(IV) spectrum was

later confirmed T7SAI/UEN 81WES/SUL 84VAR/HOB, 93LI/KAT, 96DEL/VIT].

Li, Kato and Yoshida93LI/KAT] observed that the Np(IV) spectrum changes when
the total concentration of N&Og3 is decreased from 1 to 0.2 M at pH 10.1. This
observation was later reproduced by Delmau, Vitorge and Capd@®B6RHEL/VIT],

who demonstrated that the dissociation of the limiting complex involved the loss of
only one carbonate (and no OHaddition). They showed that only two species were
necessary to describe their spectra and all published spectral information for Np(1V)
in concentrated carbonate/bicarbonate aqueous solutions. This is consistent with the
solubility experiments of Rai and RyaB3RAI/RYA] and Raiet al. [99RAI/HES] and

with the reported behaviour of Pu(lV) (Secti@f.1.2.1.3and U(IV) [92GRE/FUG.
Fedoseev, Peretrukhin and Krot only proposed a rough estimate for the formal potential
of the Np(V)/Np(IV) redox couple in 1 M NgCO;s, because they could not obtain
steady emf measurements. Delmau, Vitorge and Capde&@IREL/VIT] prepared
Np(IV) by electrochemical reduction of Np(V) in 0.3 to 1.5 M p&0O3 aqueous
solutions. They obtained steady emf measurements, and calculated the stability of the
Np(IV) limiting complex, assuming its stoichiometry to be ng)g‘ in parallel

to those proposed for the Th(IVRTFEL/RAI, U(IV) [92GRE/FUG and Pu(IV)
analoguesd8CLA/CON. Rai and Ryan showed that no detectable carbonate or mixed
hydroxide-carbonate complex of Np(IV) was formed when the total concentration of
carbonate was less than 0.01 M, regardless of the value of th85RAI/RYA]. They

also suggested “upper limits” for the stability constants of species proposed elsewhere
in the literature TAIMOS2 89MOR/PRA 90PRA/MOR on the basis of solubility
measurements that could not reasonably be used to deduce any thermodynamic
information. Other information about the carbonate complexes of Np(IV) is not
reliable or is erroneous as discussed previou8BRAI/RYA, 95VIT, 96DEL/VIT].
Recently Rakt al. studied the solubility of tetravalent hydrous oxides of actinides in
concentrated bicarbonate and carbonate soluti®&RAI/FEL, 97FEL/RAI. They
concluded pentacarbonate complexes were present in their aqueous actinide solutions,
consistent with the interpretation used in this review for the carbonato complexes of
tetravalent actinides.
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In two very recent papers, this group has also presented new experimental data
and proposed new stability constant values for the U(RGRAI/FEL] and Np(IV)
[99RAI/HEY systems. Copies of these papers were received late in the course of the
review for neptunium, and provide more reliable data for the Np(IV) systéeh the
discussion on Np analogues at the end of this section).

1 Nevertheless, the information in these papers was reviewed and this led us to revise and add to the selected

values for Np(lV) carbonate complexes; however the papers were published too late to completely redraft
the discussion in Sectiot2.1.2.1.4



NP(COg);~ +CO%~ = Np(CO3)2™

sp 0.2 M NaCOg, pH=10.8 roomt > (1.3+0.5)
sp 04MN&,CO5 ,HCO; ®  (21+2) 147

sp 06MNa,CO5 ,HCO; ®  (21+2) 1.63

sp 0.8MNa,CO5 ,HCO; ®  (21+2) 1.80

sp 1MNa, cO5, Hcog ® (21+£2) 1.79

sp 12MNa&,COi  HCo; ®  (21+2) 221

sp =0 (21+2) —(1.06=+0.20)

NpOz(am hyd) +4C0O%~ + 2H,0 = Np(COg)§~ + 40H"

sol 0.03310 0.11 m KHC® (23+2) —(17.36+0.12) @
NpOz(am hyd) + 5COZ~ + 2H0 = Np(CO3)&™ + 40H"

sol 1.78 m KHCQ (23+2) —(1166+035 @
Np* +5C05~ = Np(COg)&~

sol =0 (23+2) 33.79
sol =0 (23+2) (35644107 D

[93LI/KAT]@
P6DEL/NVIT]©

[99RAIHEY] ©

[99RAI/HE] ®

PORAIHEY

(Continued on next page)
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Np(V) + e~ = Np(IV)(12.18 and NpQ(CO3)3~ + € +2COx(g) = Np(C%)S’(lZ.lQ(g)

pot 1M NgCco; ™ roomt  (0.1£0.2)® 0.5140) [79FED/PER
pot 0.3 M NgCO3 25 0.267K 0.6410) [96DEL/VIT]
pot 0.6 M NaCO3 25 0.1880 0.6940) —0.00206™
pot 1 M NaCOz 25 0.226(0 0.6410) —0.00217%™

pH=10.27 0.535
pot 1.5 M NaCO3 25 0.2070 0.6200) —0.00224™
pot | =0 25 0.124 (0.436:0.116)
Redox equilibria
Method lonic medium (mol dm—3) t(°C) E° (V vs. SHE) Reference
NP(CO3)S™ + e~ = Np(CO3)3~ +2cq5~ ™
vit 1M NayCOs room t —(1.32+0.1) [79FED/PER
vit 1MK,CO;3 roomt —(1.3+0.1) [84VAR/HOB]
vit 2 M NapCO3 room t —(1.2+0.1)

(Continued on next page)
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Np™ +3C0; = Np(CO3)3

sol NaHCQ, in air room t

Np* +2CCQ5~ + 20H" = Np(CO3)2(OH)5~

sol 0.01M (C@_ +HCO;), Nat roomt
sol 1 =0 (23+2)

Np* + CO3™ +40H™ = Np(CO3)(OH)3~

sol 0.1t0 2.2 M(NH4)2CO3 room t

sol 0.5M NaCIQ 20

Np* +2CQ5~ + 40H™ = Np(CO3)2(OH);~

sol 0.01M (CC%_ +HCO;), Nat roomt

Np* + CO3~ +30H™ = NpCO3(OH)3

sol 0.5 M NaCIQ 20

(370+12

(45.69+ 0.44)
43.17

(53.05+ 0.02)
(49.2+ 0.5)

(53.07+ 0.44)

(458+0.5)

<33

<420
< 42

<470

<480

[B9MOR/PRA

[90PRA/MOR
[99RAIHES

[7AMOS]
[93ERI/NDA]

[9OPRA/MOR

[93ERI/NDA]

(@ Estimated in the present review from data of this study (not interpreted by the original authors).
®0g, K determined in chemical conditions where 1@&30%‘]: —logo K.

(©Data tabulated on pages 57 and 5838PEL/VIT].
@Molal units.

(continued on next page)
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7L VERULUZG IS WHILLETT T 1abIe L O [ 9-EU/FERRWHICTH 1S Probably all €iTol.
() Uncertainty assigned in the present review.

U)Assuming equilibrium with the air.

(W Recalculated from the data tabulated on page 58@DEL/VIT]; corrected for the [Np(V))/[Np(IV)] ratio.
O Maximum possible value estimated in this review from the work of the reference, or 86RAI/RYA].

(M Temperature coefficients from linear regresssiok8fvs. T.

(MThe stoichiometry NECOg)3~ for the Np(lll) limiting complex, is assumed by analogy with Am(II9FSIL/BID], but further confirmation is
needed.
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In this review the stoichiometry of the Np(IV) limiting complex was assumed to
be Np(COg)g*, despite the lack of experimental confirmation of this stoichiometry. A
guantitative interpretation of the (relatively poor) experimental data leads to a rough es-
timate of the stability of N@Og)g‘ based on the formal potential of the Np(V)/Np(IV)
redox couple. However, recent, solubility data are used to calculate the value of the
formation constant selected for m)i_. Spectrophotometric data for the disso-
ciation of the limiting complex are used to calculate the equilibrium constant for the
reaction and the stability constant for NIDg})g*. The model assumed here seems
to be sufficient to explain all published data. The specied€M¥)4(ad), Np(COz)z
and Np(CO:;)ﬁ‘ are probably formed in concentrated carbonate/bicarbonate media.
There are insufficient data to allow selection of formation constant values for other
complexes, but that does not mean they do not exist.

12.1.2.1.4.a The limiting Np(IV) carbonate complex

Fedoseev, Peretrukhin and Krg@9FED/PER proposed the rough valug®’(12.21 1
M NaxCO3) = 0.1 V/SHE for the redox potential of the equilibrium

Np(V)+e = Np(V) (12.21)

A reasonable assessment of the uncertainty in this value is prota®I® V (Ap-
pendixA). Delmau, Vitorge and Capdevil@¢DEL/VIT] later obtained a steady meas-
urement in the same medium and determif2(12.21 1 M N&COs, pH=10.12) =
0.244 VISHE. The major redox equilibrium can now be interpreted in terms of the lim-
iting carbonate complexes of Np(IV) and Np(V) whose stoichiometries and stabilities
in these chemical conditions are now reasonably well established (see below in this
section and Sectioh2.1.2.1.3.@espectively).

NpO2(COz)3~ + €& +2C02(9 = Np(COz)5- (12.22)

The potential of the Np(V)/Np(IV) redox couplg(12.2)), is corrected for CQ(Q)
partial pressure to obtain the formal poten&l(12.29. This is the main source of
uncertainty: when a closed 1 M MaO; solution (pco, = 10752 atm [Q5VIT]) is
contacted with air fco, = 1035 atm), Pco, can progressively increase, decreasing
pH and shifting the redox potential of the solution by as much as +330 mV. Conversely,
water reduction produced OHanion in the course of the electrochemical preparation
of Np(IV) from Np(V). E*(12.22 1 M N&COs, pco, = 1 atm) = 0.514 and 0.535
V/SHE are calculated by this review from the above valG€¢12.21, 1 M NaCOzs)

= 0.1 V/SHE [/9FED/PER assuming equilibrium with air, and frorE*’(12.21 1 M
NapCOs, pH 10.12) = 0.244 VISHE96DEL/VIT] respectively. Further discussion is
provided in AppendipA. From the mean of the two valueg?’(12.22 1 M NaCOsg,
Pco, = 1 atm, 298.15 K) = (0.524 0.101) V/SHE (the uncertainty reflects the inac-
curacy in the value opco,), this review calculates lagBs(12.23 1 M NapCOg, yype+

=1, 298.15K) = (41.96 1.70) in molal units for the equilibrium

Np** +5CCE~ = Np(COg)¢~ (12.23)
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using the standard potential of the I\l}’)ﬂ?xlp‘“r coupleE°(7.6, 298.15 K) = (0.604t
0.007) VISHE (Sectio.3), the formation constant of the limiting complex of Np(V)
log;083(12.14 298.15 K) = (5.50+ 0.15), determined above, the @OCOz(g)
equilibrium constant log,K°® = (18.155+ 0.035) (Table5.2), € (Nat .NpOn(COnS) =

—(0.53: 0.19) kgmol~ ande ;. gz = -(0.08 0.03) kgmol~* (TableB.4).

Delmau, Vitorge and Capdevila did not measure pH at equilibrium in the course
of their measurements of the redox potential of the Np(V)/Np(IV) couple in 0.3, 0.6
and 1.5 M NaCO;s (see Appendid). Hence pH was different and unknown in each
different solution. The uncertainty in°#12.229 due to the uncertainty ipco, is
assumed to partially cancel in extrapolating these data to zero ionic strength by linear
regressionAe(12.22 29815K) = —(0.54 + 0.50) kg-mol~1. From this value and
£ (Na- NpOy(COp)s-) = —(0.53+0.19) kg-mol~1 determined above,

(Na+,Np(COp)&") ~
(0.00+ 0.54) kgmol~1 is calculated for 0.3 to 1.5 M N&Os.

Using Ae(12.25 = (0.38+ 0.18) kgmol~ determined below by linear regression
fromdatain 0.2t0 0.5 M N&COg, & (Nat,COZ™) = —(0.084+0.03) kg-mol~1 (TableB.4)

-1
(Na*.Np(COpt™) = E(Na+,U(COp?) = —(0.09+£ 0.10) kg:mol~ (TableB.4), an
estimate fors(Nath(Cos)gf) = (0.21+ 0.21) kg-mol~= in this lower ionic strength

region is calculated. This value is consistent with the high ionic strength estimate
€(Nat Np(COp%) = (0.00 + 0.54) kg-mol~1 within the large uncertainties, although
there is no reason this should be the case (the SIT assumptiotiigtis con-
stant is not necessarily accurate at high ionic strength-tband—6 anions PORIG,
92GRE/FUQG). However, the approximate agreement in the ta/(\ﬁaé1+ NP(COpE) val-

ues is important only in that it means variation in ionic strength effects cannot be in-
voked to explain differences between the Np and the U and Pu systems as discussed
below.

. —1 . .
Using € (Nat.Np(COp%) (0.00 + 0.52) kg-mol~-, this review extrapolates

E*(12.22 1 M N&COs, pco, = 1 atm, 298.15 K) = (0.524t 0.101) V/SHE
and logoB5(12.23 1 M NaCOs, yyps+ = 1, 298.15 K) = (41.96+ 1.70) values
(discussed above) to zero ionic strengtB?(12.22 pco, = 1 atm, 298.15 K)
= (0.436+ 0.116) V/SHE and log,82(12.23 298.15 K) = (38.98+ 1.97) are
obtained. The latter is consistent with the upper limit g3f deduced from Rai
and Ryan'’s first solubility measuremer@5RAI/RYA] (Appendix A), and with the
formal potential of the Np(IV)/Np(lll) redox couple assuming analogy between
the Np(lll) and Am(lIl) limiting complexes MCOg)g* (see Sectionl2.1.2.1.5.
However, E°(12.22 pco, = 1 atm 29815 K) = (0.240+ 0.091) V/SHE and
log1085(12.23 29815 K) = (35.62 £ 1.07) are calculated from values selected in
this review, and even these values may be slight overestimatesE Thalues are in
marginal agreement, while thgf values differ by slightly more than the combined
uncertainties.

Hence, consistent estimations g are obtained for Np(IV) using two different
thermodynamic cycles, one of them with data from two different laboratories using
different methods to prepare Np(1V) in carbonate solutions. Nevertheless, this value is

ande
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only an estimate; it is much larger than the corresponding uraniun(f3g= (34.1
+ 1.0) [5GRE/PU)), and plutonium (logy Bs = (32.2+ 2.0)) values as estimated
by Vitorge P5VIT] from Capdevila’s dataJ2CAH (see also Paragraj@i.1.2.1.3and
[96CAP/VIT]). As suggested previously, this discrepancy could be due to problems
in the measurements of the Np(V)/Np(1V) formal potentiZ FED/PER or in their
interpretation §6DEL/VIT]; it could also be due to the formation of mixed hydroxo-
carbonato complexes. For the highly negatively chargegd@&)g* complexes (M=
Th, U, Np, Pu, Am), strict analogy of ionic strength effects (and, hence, specific in-
teraction coefficients), is not expected. Nevertheless the observed difference between
Bg values (within the actinide series) seems too large to be attributed to the procedures
for extrapolation to zero ionic strength. Capdewtal. estimated U, Np and Pgs
values for an ionic medium close to those used in the experimental determinations (3
M NaClOy) [96CAP/VIT]. They also found the value for the formation constant of the
neptunium species to be 4 to 5 orders of magnitude greater than the formation constants
of the corresponding uranium and plutonium species. For this reason, the uncertainty
inlog;pB:(12.23 298.15 K) = 38.98 could be increaseditd (also see the discussion
on actinide analogues at the end of this section).

Very recently Raet al. [99RAI/HEY estimated logo K¢S 5(12.24 = —21.15

NpOz(am hyd) +5CC8~  + 2H,0() = (12.24)
Np(CO3)S™ + 40H"

and then log, B2(12.23 = 33.79 (or 33.32, using fofK¢ , the value selected in Sec-
tion 8.2.5.3 from a study of Np(IV) solubility in KOH/I@COg/KHCOg aqueous solu-

tions, and confirmed the stoichiometry of ((1103)5 using X-ray Absorption Spec-
troscopy. However, the selected value

AtG, (Np(COg) ,29815 K) = —(333457+ 8.43) kJmol™*

was obtained, and lggKg5(12.2429815K) = —(18.86 + 0.37) is calculated
from values selected below in this review: {g&z(12.25 = —(1.07 &+ 0.30)
and Iog_O 4(12 2629815K) = —(17.79 & 0.22). From the K"5 value and
log;0"K¢ (8 13 = (1.53 + 1.00) selected in SectioB.2.5.2 Iogloﬂ5(12 23 =

(35.62 i 1.07) is obtained. This selected stability constant for(@f3),~ may be
an overestimate (see Sectibp.1.2.1.4.) If so, this would propagate to other values
deduced fromK°4(12 2629815 K), namely A¢Gp, (Np(C03)5 ) and K2 o5(12.29,
which would also be overestimated. However, the values would certamly still be
within the stated uncertainties (see the discussio@RAI/HEY in AppendixA).

The selected value is less than{ggs = 38.98 estimated (but not selected) above
in this section from emf measurement by more than the combined uncertainties (and
confirms the assigned uncertainty of the emf measurement is probably too small), but
it is also 2.27 greater than the value determined bydRal. The sources of the lat-
ter discrepancy are the higher weight given in this review to data in Ki@édia,
the different procedures used for extrapolation to the standard state, and difficulties in
the interpretation (different assumptions for the stoichiometry of the predominant com-
plex in KHCO; aqueous solutions). None of the available procedures are likely to be
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satisfactory for -6 charged species in high ionic strength media (1-@0%). The
values for log gz for the neptunium value and uraniu®gGRE/PU] complexation
constants are within their combined uncertainties.

The value ofK§’4(12.26 selected in this section from the solubility data of Rai
et al. in KHCO3 media, andKg(12.25 selected below (Sectioh2.1.2.1.4.prepro-
duce the other solubility data they reported for concentratgdds + KOH media
reasonably well (see Appendl). The value

A&(12.24 = —(0.45+ 0.68) kg-mol~*

is calculated in this review from the data. From that value the selected interaction
coefficient

-1
& (upicoyt i+ = —(0.73% 0.68) kg:mol

is calculated. The value fczr(Np(Co3)4f K+) (see Appendid) has little influence on
4 9
solubilities calculated for KHC®media such as those used in the experiments adop-

ted in the selection oK¢ ,(12.26. However, the value Qf(Np(cos)giK+) does have a

dramatic influence on solubilities calculated for thedOs + KOH media. The diffi-

culty in interpreting these data, and the way they are reinterpreted in this review, may
result in systematic errors. These would mainly be reflected in the value fitted for
€ (Np(COpE K+’ which has a large uncertainty.

12.1.2.1.4.b Dissociation of the limiting Np(IV) carbonate complex

In a spectrophotometric study starting with the limiting Np(IV) complex in 0.2 to 0.6

M NapCO3 aqueous solutions, Delmau, Vitorge and Capde\@ROEL/VIT] found

that only two species were necessary to describe their observations. They determined
in these media, the valuegK2.25 x M NapCQg) of the constant of the equilibrium

Np(COg);~ +CO5~ = Np(CO3)2" (12.25)

and extrapolated them to zero ionic strength with the same methodology used in this
review (AppendixB). These data, and calculations to test the effects of exclusion of
the measurement at the highest ionic strength and different methods of estimating the
mean ionic strength, were presented elsewh@s® [T, (pp. 35 — 36)], P6CAP/VIT],
resulting in values of logyKg(12.25 = —(1.27 to— 0.98), and Ae(12.29 = (0.05

to 0.44) kgmol~1. Excluding the measurement in 0.6 M &0z they calculated
log;pK5(12.25 = —(1.06 + 0.20), andAg(12.29 = (0.39+ 0.18) kgmol~—1 (uncer-

tainty calculated as 1.96). Reanalysis in the present review leads to approximately
the same values:

log; o K2(12.25 29815K) —(1.07£0.30)
Ae(12.25 (0.38+ 0.18) kg-mol~*
ArGS(12.2529815K) = (6.11+ 1.71)kdmol™?
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This is accepted as the best estimate of j&¢(12.29 at 25; the uncertainty in
log; o Kg(12.29 has been increased from 0.14 (= 18)to 0.30 because the quality
of the spectrophotometric and pH measurements is not as good as for the similar study
from the same laboratory on the corresponding plutonium sys2€@AP/VIT]. Very
recently Raiet al. [99RAI/HES] found a dramatic increase in Np(IV) solubility with
increasing KHCQ@ molality. Recalculations (AppendiX) indicate a slope of +4 for
the log-log plot, and the data can be interpreted in terms of the equilibrium

NpOz(am hyd) +4CQ:~ +2H,0(1) = Np(COz);~ +40H  (12.26)

Using the low ionic strength experimental data (molal units) reported in
[99RAI/HES, the molal constant, lo@Ks 4(12.26 0.033 to 0.11 m KHCg), has a
value of—(17.36+ 0.12), from which the selected standard values

log;0KS4(12.2629815K) = —(17.79+0.22)
ArGS (12.2629815K) = (101554 1.26) kImol ™t

are obtained. The selected value
AfG;’n(Np(COg)Z‘*, 29815K) = —(281278+ 8.24) kJmol~1

is obtained from thisK;”4 value, logyKs0(8.13 29815 K) = (1.53 + 1.00),
AfGS(Np*t, 29815 K) = —(49177+ 5.59) kJmol~! selected in Section8.2.5.2

and7.4, andAfG;’n(Cog‘, 29815 K) = —(527.9 + 0.39) kJmol~! (Table5.1) and
logyoB;(12.27 = (36.69+ 1.03) is calculated for the equilibrium

Np*t +4CC%~ = Np(CO3);~ (12.27)

Neglecting possible formation of mixed hydroxide-carbonate complexes, and system-
atic errors in selection oA¢(12.29, a relatively unimportant quantity for these low
ionic strengths, might result in overestimation of the stability ofGz),,~. This in

turn would result in overestimation of the stability of NIOg,)g*, and of the standard
potentialE°(12.21) for the Np(V)/Np(IV) redox couple.

12.1.2.1.4.c Other Np(IV) carbonate or mixed hydroxide-carbonate complexes

Rai and Ryan §5RAI/RYA] measured Np(IV) solubility in neutral media and con-
cluded that no detectable anionic complex was formed in their conditions. This ob-
servation is consistent with the values for the stability constants QCN@)Z‘* and
Np(C03)g‘ selected above (see also the discussio85RAI/RYA] in AppendixA).

Rai and Ryan also excluded the soluble complexes of Np(IV) proposed by Moskvin
[7AMOS3] to interpret his solubility study. Pratopo and Moriyama have tried to repro-
duce Rai and Ryan’s measurements under exactly the same cond39d®R/PRA

or similar conditions 90PRA/MOR. They found higher solubilities and interpreted
this as evidence of new carbonate or mixed hydroxide carbonate soluble complexes.
As explained in AppendiA the results were too scattered and cannot reasonably be
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used to deduce any thermodynamic information or, indeed, any information at all on
the solution species. Eriksehal. [93ERI/NDA] also proposed two mixed complexes
based on a single series of experiments. This review accepts the conclusions of Rai
and Ryan 85RAI/RYA] and of Vitorge P5VIT] that solubility studies published up

to and including 199011MOS2 85RAI/RYA, 89MOR/PRA 90PRA/MOHR show no

firm evidence of any soluble carbonate or mixed hydroxide Np(lV) carbonate com-
plex. When such species were proposed in literature, they are the result of incorrect
experimental methodology and treatment of data. An efficient reducing agent must be
used for Np(IV) solubility measurements in neutral solutions or in solutions contain-
ing low concentrations of carbonate/bicarbon&eRAI/RYA], to avoid oxidation of
complexes and changes in the solid phase during solubility measurements. According
to the following equilibria

NP(OH)s(am) + xCOZ~ = Np(COg)E 29 + 40H" (12.28)

the plot of experimental log(solubility) as a function of(loglo[CO?] —

(4/x)10g;9[OH™]) should be linear with the slope x, when N.‘;Dg)f’zx) soluble
complex predominate. In the present review, x =5 and 4 are used and the correspond-
ing 4/x values are 0.8 and 1. It is noted, however, that a line can be drawn through data
reported in B9MOR/PRA 90PRA/MOR with a slope that might indicate formation

of Np(COg)Z‘* (or Np(COg)z(OH)? [99RAI/HES). The scatter in the experimental

data could be due to the formation of colloidal Ng@m, hyd). However, such species
would be important only under a very limited range of conditions. Possible formation
of other species cannot be exclud®@ERI/NDA] (alsocf. the AppendixA entry for
[99RAI/HES).

12.1.2.1.4.d Temperature influence

Delmau, Vitorge and Capdevil®$DEL/VIT] measured the influence of temperat-

ure on the Np(V)/Np(IV) couple. By varying temperature up and down over several
weeks, they obtained reasonable precisiardQ or 20 mV), when compared to previ-

ous work [f9FED/PER84VAR/BE(Q. As discussed above (Secti@f.1.2.1.4.5 the

main uncertainty was lack of correct pH measurements and this could induce shifts of
as much as 330 mV. Since reproducible data were obtained during temperature cycles
on a single solution, it is clear that eventually each solution was buffered. Hence the
main source of uncertainty cancels when calculating the enthalpy of reaction. The
authors calculated, by linear regressioi' /9T (12.2) = —2.0584 —2.1676 and
—2.2409 mVK~1in 0.6, 1 and 1.5 M NgCO;s respectively. This data treatment neg-
lected heat capacity, hence assuming entropy and enthalpy changes were independ-
ent of temperature. This review calculategHn(12.2]) = —82.40, —85.86, —86.91
kJ-mol~1 respectively. Extrapolation to zero ionic strength using the SIT and linear re-
gression94GIF/VIT] givesA(H,(12.21 29815 K) = —(84.39+4.38) kJmol~1and
T°(dA&(12.22)/dT) = (0.50+ 0.34) kg-mol~1, where P is the standard temperature
(298.15 K).
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For comparison purposes, the simple mean of these enthalpy of reaction values at
differentionic strengths is -(85.06 4.63) kJmol~1. FromAHg,(12.21 29815K) =
—(84.39 + 4.38) kJmol~tand AfH,‘;,(NpOZ(Cog)gi 29815 K) = —(301712+
6.89) kImol~%, AfHZ(Np(COz)8™, 29815 K) = — (388853 + 8.17) kdmol 1 is
calculated. From these values;Hg,(12.23 29815 K) = (43.54+ 9.27) kJmol—1
is calculated, which is very different from the corresponding (calorimetrically determ-
ined) uranium value-(20.0 + 4.0) kJmol~1[92GRE/FUG. For this reason the cal-
culated enthalpy of formation value for NDOg)? is not selected.

12.1.2.1.4.e Discussion: Using Np analogues to estimate missing data

Table12.7 provides a summary of equilibrium constant and enthalpy of reaction val-
ues for carbonate complexation as selected in the TDB volumes fORGRE/FUG
95GRE/PU], Np, Pu and Am 95SIL/BID]. Besides the values selected in this review,

it seems reasonable to use trends in the numerical values of equilibrium constants meas-
ured within the actinide series (Th, U, Np, Pu and Am have been prepared in the +4
oxidation state in bicarbonate-carbonate media) by the same author, even when each
value is not exactly the one selected in the present review. In such cases, several system-
atic errors should cancel. Retial. [95RAI/FEL, 97FEL/RAI 98RAI/FEL] recently
published data from solubility measurements of Th(IV) and U(IV). Results from sim-
ilar Np(IV) studies PORAI/HES from this group were made available for this review
prior to publication. Vitorgeet al. [95VIT, 96CAP/VIT, 96DEL/VIT] published re-

liable data from spectrophotometric measurements or literature review on U(IV) and
Pu(lV). They also estimated values for Np(IV), but with poorer accuracy. Hence, their
Np(IV) data are not used below.



ArHm (5.0£2.0)
logy082 MO3" 4+ 2C05~ = MO,(CO3)5~ (16944012  (1652+0.73)  (145+2.6)
ArHm (185+4.0) —(27.0+4.0)
l0g1083 MO3" + 3CO5~ = MO,(COz)3~ (2160+£0.05)  (1937+0.19)  (17.7+0.9)
ArHm —(3294+4.1)  —(419+41)  —(386%20)
log1 0836 3MO2* + 6CCE~ = (MO2)3(CO3)S™ (540+10)  (49.84+154)
ArHm —(62.7+2.4)
log10(B36/B3)  3MO2(CO3)3~ = (MO2)3(CO3)S~ +3CC5~ —(108+1.0)  —(8.27+145)

2U0,(COg)3~ +MO2(COz)§~ = (UO2)aMO»(CO3)¢~ +3CC5~ —(108+£10) —(8.99+2.69) —(8.2+1.3)
10910*62.1.3 2Mo§+ + COz(@) + 4Hp0(l) = (MO2)»CO3(0OH)3 + 5HT —(19.01+0.50) —(21.38+1.62)
10910"83,1.3 3MOZ" + COy(g) + 4H0(1) = (MO2)3HCO30(OH)S + SHT —(17.540.5)
logi0*b11612  1IMO5" + 6COx(g) + 18H0(1) = (MO2)11(CO3)6(OH)Z, +24HT  —(19.01+0.50)
10g10Ks 0 MO,CO3(s) = MO3" + CO%™ —(14474+0.04) —(1460+0.47) —(14.24+0.3)
log10Ks 3 NagMO2(COz)3(s) = 4Na' + MO2(COg)3~ —(5.34+0.16)
log10Ks 3 K4MO2(COz)3(9) = 4K+ + MOL(COz)5~ —(7.03+0.88)
log19Ks 3 (NH4)4MO2(COz)3(s) = 4NH] + MO>(COg)5~ —(7.44+0.30)
logio(BY'/8Y)  MOS" +MO2(CO3)3~ = MOj +MO2(CO3)5~ (1419+£0.26)  (1387+0.12)  (130+06) (139416
log1081 MOj +CO3~ = MO,CO; (4.96+0.06)  (5.12+0.14)
log1082 MOJ +2CC5~ = MO,(COg)3~ (6.53+0.10)

(Continued on next page)
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NaMO,CO3-35H0(s, fresh = Na' +MOJ + CO5~ + 3.5H,0

log10Ks,0 —(11.16+0.35)
log10Ks,0 NaMO,COs(s, hyd. aged = Nat + MOJ + CO3~ —(11.66+0.50)

log10Ks 0 NagMO,(COg)a(s. hyd) = 3Nat + MOJ + 2CC5~ —(14.7040.66)

logio(BY /YY) MOJ +M(CO3)E™ = M* + MO,(COz)3 +2C05~ —(265+1.0) —(30.12+1.16)

1093085 M+ +5C08 = M(COg)&™ (33941.0)  (3562+1.15) (39.3+2.1)
ArHm —(20.0+4.0)

log10Ks M(COg);~ + CO5~ = M(COg)S™ ~(1.1240.25 —(1.07+0.30) —(1.36+0.09)

logio(BY /BY)  M* 4+ M(COz)3 + 2co§* = M3* 4 M(COz)g~ (19.96+2.27) (20.1£0.9)
l0g;081 M3+ CcOZ~ = Mcoj (7.8+0.3)
l0g1082 M3+ 4+ 2CCB~ = M(COg), (12.3+0.4)
1093083 M3+ 4+ 3CO5~ = M(COg)3~ (15.66+£2.51) (15.240.6)
log10Ks,0 M(COz)15(s) = M3t + 1.5CC8~ —(16.741.1)
log10Ks 0 MCO3OH(s) = M3t 4 CO3~ + OH~ —(212+1.4)
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Capdevilaet al. [96CAP/VIT] showed that the dissociation of the Pu(lV)
limiting complex (2.29 gave results similar to those for the corresponding U(IV)
[89BRU/GRE 92GRE/FUG and Np(IV) [95VIT, 96DEL/VIT] systems. At high
ionic strength, they estimated IngKs(12.25 3M NaClQy) decreased by (1.0%

0.35) log g unit from U to Pu. At zero ionic strength the corresponding decrease is
(0.26 £ 0.27). The logyKg value selected in the present review is also the same
(within uncertainty) as those for U and Pu as selected in this series of reviews
([92GRE/FUG 95GRE/PU), and Sectior21.1.2.1.3of the present review). Hence

the differences irKs values within the actinide series from U to Pu are certainly not
much more than the scatter of the data originated from different laboratories (when
available). Nevertheless other dissociation schemes have been proposed in literature,
typically for the limiting complex of Th(IV) p40ST/BRU 97FEL/RAI, 98RAI/FEL];
experimental verification is therefore needed.

Clark et al. [98CLA/CON and Raiet al. [95RAI/FEL, 97FEL/RAI, 98RAI/FEL]
were able to explain their EXAFS spectra in terms of the ng‘go stoichiometry,
and demonstrated that the limiting Pu(IV) carbonate complex is Pgl)@f()thus con-
firming the interpretation used in this review. Raial. also produced solubility
data confirming the steep increase of M@m) solubility associated with MOz)z
formation as predicted by Vitorg®$VIT]. Rai et al. reported logoBs(12.23 =
31.29, 33.79 and 34.18 for the U(IV), Np(IV) and Pu(lV) complexes, respectively
[98RAI/FEL, 99RAI/HES 99RAI/HES]. The variation found by this group may be
within the uncertainties, but there appears to be a slight increase @R32.23
from uranium to plutonium. The same group also determined a much smaller value
for the corresponding Th(IV) comple®TFEL/RAI. Capdevilaet al. [96CAP/VIT]
estimated a (1.% 1.4) decrease in lag 85 (12.23 3M NaCIlQy) at high ionic strength
from U to Pu, and Vitorgeg5VIT] also estimated the same trend at zero ionic strength.
This decrease ((1.& 2.2) in logy85(12.23 from U to Pu) is also certainly within
the uncertainties in the results (at least two orders of magnitude), and again no definite
trend can be discerned. The same conclusion stands for the value selected in the present
review for the Np complex at zero ionic strength; it is larger than the corresponding U
and Pu values by (1.Z 1.5) and (2.4t 2.3), respectively. Silvat al. [95SIL/BID],
based §9ROH on data from the redox study of Bourgetsal. [83BOU/GU], estim-
ated a logp A5 (12.23 value for Am(1V) larger by (5.3t 2.3) than the value for the
corresponding uranium(IV) reaction (not unlike the result for Np(IV) discussed above
for some of the calculations performed in the course of doing this review). It is clear
that further experimental confirmation of the stoichiometry of the limiting complex and
its stability constant are needed.

12.1.2.1.5 Np(lll) carbonate complexes

Np3t+ can be prepared and stabilised in non-complexing (acidic) reducing aqueous
solutions. For kinetic reasons, Np(lll) is formed in some cases as an intermediary in
the preparation of Np(IV) in carbonate solutions (see the discussioB4WAR/HOB]

in AppendixA and P6DEL/VIT, 95VIT]). Nevertheless, Np(lll) complexes that may

be formed in carbonate aqueous solutions, are probably not stable. As is the case for
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Am?3* [95SIL/BID], the Np*+ cation is expected to be complexed by the carbonate
anion in near-neutral or basic aqueous solutions. In such conditions, Ng@Hpr
other Np(IV) complexes strongly stabilise neptunium in the +4 oxidation state, and
Np(lll) is usually oxidised to Np(IV) by water. For this reason, there have been no
reliable experimental studies that can be used to propose thermodynamic values for the
formation of intermediary Np(lll) complexes in bicarbonate/carbonate media. Thus, no
values for such complexes are selected in the present review. As a guideline, complex-
ation constants of americium(lI1PpSIL/BID] or lanthanide(lll) chemical analogues
could be used as reasonable approximations.

For the redox potential of the equilibrium,

Np(IV) + e~ = Np(lll) (12.29)

Fedoseev, Peretrukhin and Krat9FED/PER measuredE®’(12.291 M K,CO3) =
—1.32 V/SHE. Varlashkinet al. [84VAR/HOB] measured similar values:
E(12.291 M K2CO3) = —1.3 V/SHE andE*(12.292 M N&COQO3) = —1.2
VISHE. These values confirm that Np(lll) at equilibrium is oxidised by water in these
media. As for the Am analogu®%$SIL/BID], this review assumed the stoichiometry
Np(COg)%f for the Np(lll) limiting complex, and hence:

Np(CO)&™ +e&~ = Np(COz)3 +2CC5~ (12.30)

The stoichiometry MCOg3),” has been proposed for other M(Ill) analogues
(M=Cm or lanthanides); but was excluded for Am Silva et al. [95SIL/BID]
concluded the limiting americium(lll) species is /{@Og)g‘, and formation of
Np(COg)3™ is assumed in this review because Am(lll) is usually the closest analogue
for Np(l1l). However further confirmation is required.

From the shift betweerE®(12.291 M K,CO3) = 1.32 V/SHE and the
Np*"/Np3+ standard potentiaE°(7.9) = (0.219+ 0.010 V/SHE (Section7.5),
logi0(Bsav)(12.23/B3a1)(12.3D)(M = Np, 1 M N&oCOs, yypa+ = 1, yyps+ = 1) =
(26.08+ 1.70) (molal units) is calculated. Using leg(B5qv)(12.23, 1 M NapCOs,
Ynpr+ = 1,29815K) = (4196 + 1.70) in molal units (Section12.1.2.1.4.p
and assuming the same ionic strength corrections ih #nd Na media,
l0g1083(12.31 M = Np, 1 M K2CO3, ypp3+ = 1) = (15.87+ 2.40) (molal units) is
calculated for the equilibrium

M3t +3C05~ = M(COs)3~ (12.31)

while 0g1083(12.31, M = Am, 1 M N&COs, ypn3+ = 1) = (14.20+ 0.79) is calculated
for Am(lll) from log;83(12.31 M = Am) = (15.2+ 0.6) ands(Na+,Am(co3)g_) =

—(0.15 + 0.05) kg-mol~1 [95SIL/BID]. Using the same ionic strength corrections
for Am(lll) and Np(lll) and for Na"™ and K, log;(85(12.31, M = Np) = (16.9+

2.5) is calculated. The Am(lll) and Np(lll) values are in reasonable agreement. A
smaller value is expected for the smaller Am(lll) cation. No valug«{fi2.37 could

be selected from these data.
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However, as this review neared completion, a new study on Np(IV) solubility
was used to select data from which 1@@§(|V)(12.23 = (35.62 + 1.07) and
£Npcoyi-k+) = —(0.73+ 0.68) molkg™* were obtained (Section12.1.2.14.

By extrapolation of E(12.291 M K,CO3) to zero ionic strength (assuming

&K+ Np(COp3) = E(Nar. Am(COp )

E°(12.30 29815 K) = —(0.962+ 0.134) V/SHE
ArG3,(12.30 29815 K) = (92.82+ 12.93) kJmol ™!

are calculated and selected. From the Ia'rA‘QG;’n(Np(COg)g‘, 29815 K) (Section
12.1.2.1.3andA¢Gg,(CO5~, 29815 K) (Table5.1)

A1G3(NP(CO3)3 7, 29815 K) = —(218595+ 15.45) kJmol ™t

Then using values ofE°(12.30 and the standard potential of the NpNp3*+
redox coupleE°(7.9) as selected in this review (Sectioh.5), log; (B3, (12.23/
Bsun,(12.3LM = Np)) = (1996 + 2.27) and logp5(12.3LM = Np) =
(15.66 £+ 2.51) are calculated. The corresponding values for the americium system
[95SIL/BID] are (201 + 0.9) and (152 & 0.6), respectively.

12.1.2.2 Solid neptunium carbonates

12.1.2.2.1 Solid neptunium(VI1) carbonates

There have been several publications on neptunium(VI) solubility in carbon-
ate/bicarbonate aqueous solutions. The available experimental information is
summarised in Tablé2.1, where the results of reanalysis of data carried out in the
present review are also provided.

In this review the solubility measurements of Gorbenko-Germanov and Klimov
[66GOR/KLI have been interpreted, and those of Moskvia OS2 have been re-
interpreted (see TablE2.1), as discussed by Vitorge and Capdevd8YIT/CAP] con-
sidering the following equilibria:

(NH4)sNpO2(CO3)3(9) = NpO2(COz)3™ + 4NH; (12.32)
KaNpO2(CO3)3(s) = NpO»(COz)3~ + 4K* (12.33)

This was done even though the solid phas@&BO.>(COz3)3(s) was not properly
characterized. The corresponding equilibrium constants (T&bkwere extrapolated
to zero ionic strength (see Appendiy by performing linear SIT regressions witke
(12.32, —(0.704:0.14) kg-mol~tandAs (12.33 —(0.5440.37) kg-mol~1from which

_ ‘mal-1
&(NpOA(COn4 NHY) = (0.78+ 0.25) kg:mol

—1
E(Npoz(co3)‘3‘—,|<+) = —(0.624+0.42) kg-mol
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were derived. The standard state equilibrium constants are

logyoK24(12.3229815K) = —(7.44+ 0.30)
logyoK24(12.3329815K) = —(7.03+0.89)

Hence

AGS,(12.32 29815 K) (42.49+ 1.70) kImol~!
ArG3,(12.3329815K) = (40.1545.00) kJmol?

A1GS ((NH4)4NpO2(CO3)3(s), 29815 K) —(285029+ 6.11) kJmol™*
AGS,(KaNpO2(CO3)3(s), 29815 K) = —(366039+ 7.64) kJmol

From these selected values of {géc;(12.32 and logoKg5(12.33 and
the value of logyp3(12.2 = (1937 £ 0.19) (Section 12.1.2.1.2, the values
log; K¢ (12.39 = —(26.81+ 0.35) and logoKg,(12.35 = —(26.40=+ 0.90) are
calculated for

(NHz)sNpO2(COz)3(s) = 4NHj +NpOs* +3CCQ5~  (12.34)
KaNpOy(COz)3(s) = 4K' +NpO3™ +3CCG5~ (12.35)

Vitorge and Capdevila’s estimate of the solubility product for NEQOs(s)
[98CAP/VIT] is recalculated in this review using the same method as the authors;
but with the fixedg3(12.2 and 86 3(12.6 values selected by this review as was
done when selecting the NpOOz(ag and NpQ(CO3)5~ formation constantsct.
Section12.1.2.1.2 This value, logoK¢, (12.36 3 M NaClQy), is corrected to zero
ionic strength using coefficients in AppendiB.

NpO,CO3(s) = NpO5" + CO5~ (12.36)
l0g10KS(12.36 29815 K) = —(14.60+ 0.47)
Hence,
ArGS (12.3629815K) = (83.32+2.68) kdmol?!
AfGS(NpO,CO3(5), 29815K) = —(140716+ 6.23) kImol ™!

As this review was nearing completion, further evidence for this solid was also
reported by Katat al. [96KAT/KIM]. Their measurement of the solubility product, as
corrected in this review (Append), is in agreement with the selected value.



12.1 Neptunium carbon compounds and complexes 273

12.1.2.2.2 Solid alkali metal neptunium(V) carbonate hydrates

A summary of the experimental information on neptunium(V) solubility in carbon-
ate/bicarbonate aqueous solutions, and results of reanalysis of these data as carried out
as part of the present review are provided in Talilzgland12.5

The first publication discussing neptunium chemistry in carbonate media was a pa-
per by Nigoret al. [54NIG/PEN in which the preparation of a hydrated KNpOOs(s)
solid was described. Keenan and Kru$dKEE/KRU later characterised a com-
pound with the same stoichiometry. Keen&@bKEE claimed that he prepared a
CsAmOCO3(s) compound, but not the corresponding Np(V) that should be easier
to prepare (see Appendix). Gorbenko-Germanov and ZenkoG6[GOR/ZEN pre-
cipitated M-Np(V)-CQ solid compounds (M = K, Cs), with different stoichiomet-
ries, including KNpO2(COz3)2(s), but equilibrium was probably not obtained, and the
hydrated solid phases probably were changing during the course of the experiments
(see AppendixA). Moskvin [71MOSZ] prepared NHNpO,COs(s) hydrated com-
pounds, and Kharitonov and MoskviiidKHA/MOS] reported an infrared spectrum,
but the compounds were not characterised. The monoammonium solid was trans-
formed into another (more stable) solid, possibly hydrated /iNpO>(COz3)2(s),
when the aqueous (NpLCO3 concentration was greater than 1.5 M (transforma-
tion may even have occurred in 0.6 M (WHCO3, see Appendid). Volkov et al.
later proposed a structure for this type of alkali metal carbonate compound (Np(V),
Pu(V) and Am(V)), in which alkali metal cations could be exchanged for thqL NH
or possibly divalent cations. However, as discussed in Appeidouestions remain
about some of the compounds and structures proposed in this series of gapers (
[74VIS/VOL, 81VOL/VIS)).

Compounds for which published information is available, but for which no thermo-
dynamic data can be derived include:

e MNpO,COs(s) compounds for M = LiT, K, Rb*, TIT and NH,
[74VOL/KAP, 81VOL/VIST;

e MgsNpO(COs)2(s) hydrated compounds forW = Mg?*t, C&*, SP* and
Ba?t [81VOL/VIS3 that were claimed to form from NaNp@Os(s) in concen-
trated MCh or M(NO3)2 aqueous solutions;

e the hydrated compound NaNpO2(CO3)o.g that was proposedPVOL/VIS];
but which might not be stable in contact with aqueous solutions
[84VIT, 98VIT/CAP.

Simakin [77SIM] was the first author to use this qualitative information to measure
and correctly interpret a solid/liquid equilibrium in the Np(V) carbonate system. He
studied the equilibrium

NagNpO2(COz)2(s) + CO5~ = NpO»(CO3)3~ + 3Na' (12.37)

In this review the value of the equilibrium constdty3(12.37 was calculated and
selected (see Appendd). Earlier (but indirect) evidence that solubility measurements



274 12. Neptunium group 14 compounds and complexes

could be used to estimate the NaNjifiD3(s) solubility product (and then,G) came

from Ueno and Saito/flbUEN/SA] as interpreted in Appendi& of the present review

(the authors did not interpret their observations). As discussed in Appantle res-

ults of these solubility measurements in 0.05 to 0.4 MGI@; aqueous solutions can

be reproduced using thermodynamic values selected in the present review from later
work on aqueous Np(V) complexation. For solutions at higheétébncentrations,
similar to those in which Simakin prepared hydratedN@O,(CO3)2(s), equilibrium

was not obtained.

Maya [83MAY] first proposed a reliable solubility product value for a hydrated
NaNpGCOs(s) compound in 1 M NaCl@aqueous solution. This value was used
in the present review, but with an increased uncertainty (see Appéydivitorge
and co-workers§5COM, 85KIM, 86GRE/ROB90RIG, 98VIT/CAP] pointed out that
characterisation of the solid phase was not straightforward. The X-ray diffraction pat-
terns of his compounds could equally well be attributed to thggN@O2(COz3)0.5(S)
compound, as prepared by Volket al. [79VOL/VISZ], that had received a thermal
treatment (see Appendix). Volkov et al. proposed an ion exchange reaction that can
be written as

2(x—1Na" 4+ NaNpOCOs(s) = (12.38)
Nag2x—1NpO2(CO)x(9) + (1 — X)CO5

However, Vitorge 84VIT, 98VIT/CAP] showed that the solubilities could
be interpreted in terms of gradual conversion of “freshly” precipitated hy-
drated Na.72NpO2(COz3)0.s6(S), to a compound having a stoichiometry closer to
NaNpGQCOs(s) (see Appendid). The equilibration time required for conversion
at room temperature was found to be at least several weeks — more than the time
reported in most other similar studies (also sé8NEC/RUN). Thus, at least
some of the solid compounds prepared by Volkov's group were poorly crystallized,
and equilibrium conditions with an aqueous phase were not always obtained. For
MNpO,CO3(s) compounds, complex X-ray powder diffraction patterns with broad
overlapping peaks have been used to propose structures, but single crystals have never
been prepared. The patterns may also simply indicate the solids have low symmetry,
are poorly crystallized or may even be mixtures of several compounds. The variations
between the different X-ray diffraction patterns have been interpreted as resulting from
variation in the lattice distances. This could be correlated with variation in the number
of water molecules in the compoundlVOL/VIS4, perhaps with the differences
depending on how strongly the water in the solid is coordinated to the specific alkali
metal cations (the heavier alkali metal cations are normally less hydrated). This is a
reasonable explanation, but more experimental confirmation is needed. The proposed
structures could also explain the reported ionic exchange properties but, as discussed
above, other explanations based on kinetics are possible. These kinetic problems can
induce variations in the solubility product measurements (lower values are expected
for ripened, better crystallized solid phases). Although such differences are generally
greater than corrections for ionic strength effects, they do not affect the value of the
solubility product by much more than a factor of 10.
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Kim et al. [91KIM/KLE], Meinrath P4AMEI and Neck and co-workers
[94NEC/KIM, 94NEC/RUN 95FAN/NEGC 95NEC/FAN 95NEC/RUN did not report
any such problems with the solid phase they used for their solubility measurements.
As discussed above in the selection of formation constants for the aqueous complexes
(see AppendixA), the reported values for the NaNpCOgs(s) solubility product,
Ks0(12.1]) are first extrapolated to zero ionic strength, and the resulting standard
value, K¢ (12.17), is used in this review to derive the selected value.

NaNpQCO3-xH,0(s) = Na' + NpOJ + CO5~ +xH,0 (12.1)

The value of the correspondinge for Eq. 12.11 fitted in this review from
these Ko(12.1) determinations atl = 0.1 to 3 M (see AppendixA)
[91KIM/KLE, 94NEC/RUN, and using the values @[Na+,<:|o;) a”dg(Naﬂcog*) from

AppendixB, results in the calculated Va“‘%\lpo;uo;) = (0.34=£ 0.10) kg-mol~1,

while (0.184+ 0.03) kg-mol~1 is calculated in the present review from the liquid-liquid
extraction data of Neclet al. [94NEC/KIM, 95NEC/FAN. Similar values can
be obtained from calculated parameters proposed by the authgrstfe values
€(NpOJ.ClO;) = (0.31+ 0.08) or (0.20 + 0.05) kg-mol~! from Ae = (0.21+ 0.03)

kg-mol~1 [94NEC/RUN or from the Pitzer parameter83FAN/NEQ, respectively).

The mean¢ npos cio;) = (0-255+0.189 kg-mol~1, of the two recalculated (statist-
ically inconsistent) values from the two different experimental studies is in agreement
with the value used in the present reVieYMpo;mo;) = (0.25 0.05) kg-mol~1,
Differences in the estimates OJNPO;CDD probably originated, at least in part, in the
£(C2™ Nat) auxiliary values (Tabld.2.5. The ionic strength corrections proposed by

the authors were not used in the present review. It cannot be ruled out that whatever
problems is at the origin of the apparent inconsistency i”’?‘&ﬁ%oz*,do;) values
extracted from the solubility product determinationg,0kL2.11), was also present in

the rest of the solubility work. For this reason similar ionic strength corrections for
the complexation constants, calculated from these solubility studies, were not used in
this review (see Sectioh2.1.2.1.3.a The same type of problem was found for the
determinations oKs (12.39, the solubility product for

NagNpO2(COz)2 - xH20(s) = (12.39)
3Na" + NpOJ +2CC~ + xH20

Information in the one of the later papers from this grc®@@HAN/NE(J suggested
that there may still be some minor systematic problems in their calibration procedures.
As suggested by the authors, it is also possible that their work indicates a need to even-
tually revise auxiliary datag(g.,the value fore(Na+,Co§_)) used in the present review
(see the discussion B3FAN/NEQ in AppendixA).

Lemire, Boyer and CampbelBBLEM/BQY] carried out solubility experiments
with hydrated sodium and potassium Np(V) carbonate salts at 30°0, Tt their
data are very scattered, especially at higher temperatures. They attributed this to slow
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solid phase transformations, as was confirmed by X-ray analysis of their solids after
liquid-solid equilibration (see als@fVIT, 98VIT/CAP]).

Such an explanation is also suggested by published complex X-ray diffraction pat-
terns for NaNpQ@COs(s) (e.g., [96RUN/NEU) which have broad overlapping bands
(this is not the case for the diffraction pattern ofdNi@O>(COs)2(s)), and is in accord
with other reported observationr84VIT, 86 GRE/ROB 90RIG, 98VIT/CAP] (but not
with those of Necket al. [94NEC/RUN, as discussed above, who claimed they did
not have this problem). Lemire, Boyer and Campbell came to the conclusion that at
least two different hydrated NaNpQOs(s) solids were formed in the course of their
experiments, possibly corresponding to one or more of the pairs of solids involved in
the transformations suggested by Volkov, Visyashcheva and KapshtikRg@L/VIS)].

This is possibly correct, but further confirmation is needed.

Therefore, it is concluded that in most of, if not all, the published solubility stud-
ies the hydrated NaNpf@Os(s) compound ripened gradually near25 and a solid
phase transformation is suspected just above room temperature. It is not clear whether
this is a kinetic problem or whether (at least) two solubility products should be selec-
ted, however the corresponding scatter in the calculated solubility product values is not
very large (aboutt0.5 in log;o Ks, see the discussions d@4VIT, 93LEM/BOY] in
AppendixA). The value ofAe has not been determined in the present review based
on published experimental determinations of the solubility productg(12.17), at
differentionic strengths (or dfsi(12.10 = Ks0(12.11 81 (12.12), since the influence
of this parameter is not much more than that due to the probable solid phase trans-
formation. Instead, the\e value is calculated from other (independent) sources (see
above), and is used to compare tg;(12.10 (i = 0, 1, 2 and 3) determinations and
to propose the following selected values:

logig Kgo(12.11 x=3.5, 298.15 K) —(11.16 4 0.35)
for freshly precipitated

NaNpQ,COz-3.5H,0(s)
(63.68+ 2.01) kImol~1

—(259129+ 5.99) kJmol—1

ArGS,(12.11, x=3.5, 298.15 K)
AGS,(NaNpO,COz- 3.5H,0(s), 298.15 K)

logo K¢ p(12.11 x=0, 298.15 K) = —(1166+0.50)

for aged or less hydrated NaNpOOs(s)
ArGR(12.17, x=0, 298.15 K) = (66.54+ 2.86) kJmol~1
AtGR(NaNpOCO3(s), 298.15 K) = —(176416+ 6.33) kJmol~1

corresponding to the equilibriud®.11
NaNpQCOz-xH,0(s) = Na' + NpOJ + CO%™ + xH0

wherex is unknown for the “aged or less hydrated NaN@Ds(s) compound” (no

H2O molecule is taken into account when calculating, values involving this

last solid phase). These selected values are consistent with all published data, but,
as for the Np(V) carbonate aqueous species, and as discussed in Appefetix,
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[94NEC/RUN), for the work of Kimet al. [91KIM/KLE] and Neck and co-workers
[94NEC/RUN 95NEC/RUN only the values extrapolated to zero ionic strength
were used. The smallest reported solubility product value (near room temperature)
was obtained at 3@ [93LEM/BQY], and the low value may be associated with
the appearance of a new solid phase. The next lowest value was obtained in
the work that probably used the longest equilibration time at room temperature
[86GRE/ROB 98VIT/CAP], reasonably followed by Maya's valu83MAY] as

Maya probably used the shortest equilibration time. It is somewhat surprising that
the (I = 0) solubility product value of Neckt al. [94NEC/RUN corresponds to

the more soluble compound. Although the value they reported fee 1 M is

the same as Maya'’s, their value for= 3 M, is less than the value measured by
Grenthe, Robouch and Vitorg8gGRE/ROB. The reported effects of temperature on
solubility [93LEM/BOY] were not used in this review to estimatgH for reactions
involving these solid compounds, since solid phase transformations certainly cannot
be neglected.

This review compared the published solubility product determinations (Fig-
ure12.6 by plotting the experimentally determined lgd<¢ ,(12.13 values minus the
Debye-Hiickel contribution (see Appendd} as a function of the Namolality. The
scatter in the published values is likely primarily due to solid phase transformation.
The lines are calculated from the data selected by this review — determinations in
1 and 3 M NaClQ aqueous solution8BMAY, 86GRE/ROB and from another set
of data PANEC/RUN using only the values as extrapolatedlto= 0. The other
values are shown for comparison. The solid line corresponds to the solubility product
for the freshly precipitated hydrated compound (the most probable value for the
hydration numbeK is 3.5). The lower line corresponds to a more aged solid. The
value of P3LEM/BOY] was determined at 3C while the others were at 26 or
room temperature. Several values were recalculated in the course of the present review
(AppendixA) from information in the original papers. As explained above, no linear
regression is performed on the values shown in the figure; the slopes of the lines are,
—Ae — 3.5r, whereAce is calculated from the parameters of AppenBpandr is the
mean value otlog,gan,0)/m.

The same type of treatment to derive solubility products is done from the results
of experiments using hydrated MpO,(CO3)2(s). However, in this case it is not
clear if there is a true solid phase dehydration transformation with increasing temper-
ature between solids otherwise having the same stoichiometry, or whether there might
be solid phases with stoichiometries between Napp@(s) and NagNpO2(CO3)2(s)

(see AppendiA, [93LEM/BQOY]).
The results for the equilibriurh2.37

NagNpO(CO3)2(s) + CO5~ = NpO(COz)3~ + 3Na'

are in Table12.4 (see also Figurd2.7), but the extent of hydration of the solid
is not known. TheKs3(12.3% value proposed in the present review is determ-
ined from Simakin’s data77SIM] and interpretation (see Appendik), but is
calculated by this review. The equilibrium constant valuel a= 3 M NaNGs;,
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Figure 12.6: Comparison of values of the solubility prodi#Gto(12.11 mol2-kg—3),
directly measured at room temperature;@mr 30°C ([93LEM/BOY]), and at differ-
ent ionic strengths under conditions where the contribution of}\lmhe solubility

is large (Iogo[Cog‘] < -4). The slopes-A¢ of the lines (for aqueous NaCl&olu-
tions) are calculated fromvalues tabulated in Appendi, not from linear regression.
Ks(fresh) is the solubility product of the fresh precipitate NaN@Q3s(s) 3.5H,0; the
mean value of logy(aH,0)/m is included inAe and the uncertainty is shown by the
dashed lines. For the aged precipitate (— - —, uncertainties not shown) the stoichiometry
NaNpQCOs(s) is assumed, and the slope is alsae = —0.13 kgmol~1. As noted
in the legend, values, some recalculated in this reviewcfa)pppendixA, were de-
termined from measurements in NaGlOn NacCl (b) or in dilute K- media (c) (in
contact with hydrated KNp&LOs(s)). In this latter case, ¥ mg+ and not nyz+.

-10.00 — < [ravisivor]ae M [83MAY]2 A [94ME]]
@ [86GRE/ROB]2 A [94NEC/KIM]P
O [90RIG] AAJIANEC/RUN] 2

4 [93LEM/BOY]2 A [96RUN/NEU] P

10g;0K; - 6 D
/ ‘ oY
|
!
I
I
!
|
|
/
>

A
12,00 — o T ® A

1 log,gKs(fresh) = -11.16+0.35
Ag =-0.13+0.06 kg ‘mol* - - - =

log; oK, (aged) = -11.66
-13.00 I

0.00 2.00 4.00 6.00

My (Mol-kg 1)



12.1 Neptunium carbon compounds and complexes 279

0919 Ks3(12.3) = —(1.46 + 0.09), is greater than the mean values estimated by
Vitorge and co-workers§5COM 85KIM, 86GRE/ROB 90RIG, 98VIT/CAP], and
this is clearly due to evolution of the solid. The value selected in the present review,

log;g Kg3(12.3729815K) = —(9.20+0.65)
AGp,(12.3729815K) = (52524 3.70) kJmol~1
AtGh,(NagNpO2(C03)2(s), 29815K) = —(283333+6.84) kJmol1
and hence,
10910 K§0(12.39 29815K) = —(14.70+0.66)
ArGp,(12.3929815K) = (83.91+3.80) kJmol~1

(based on Simakin’s work7[f SIM]) refers to the freshly precipitated compound. The
value from data at = 3 M as determined by Kirst al. and Neclet al. [91KIM/KLE,
94NEC/RUN) is even smaller, but is in accord with that of Simakin when extrapolated

to zero ionic strength (see also comments in AppeAdooncerning possible system-

atic errors at high ionic strength). Some solubilities measured by Lemire, Boyer and
Campbell P3ALEM/BOY] at 30°C and some values reported by Vitorge and co-workers

for 25°C are even smaller, probably because a new phase was formed (see the discus-
sion of [O3LEM/BOY] in AppendixA). The mean value of log K¢, (12.39 based

on all the reported determinatiori&SIM, SBGRE/ROBQSLEM/BOY 95NEC/RUN
98VIT/CAP] is —(9.684+ 1.01) (maximum—=8.67, minimum—210.67).

Values from some references8COM 85KIM, 86GRE/ROB 90RIG,
98VIT/CAP] cannot be used because the solubility was changing with time. The
equilibrium constant for transformation of hydratedsNa@O»(COz3)2(s) into hydrated
NaNpQ&COs(s)

NagNpO2(COz)2(s) = NaNpQ(COsz)(s) +2Nah +CO5~  (12.40)
can be calculated from the two solubility produbisz(12.37 andKs 3(12.4])

NaNpQ:COz-xH,0(s) + 2CC%~ = (12.41)
NpO2(CO3)3~ + Na' + xH20

(Iog1oK°(12.4029815K) = log;oKZ5(12.37 — log;oKS5(12.41x = 35) =
—(3.54 £ 0.75)) or directly (Figure12.§. Hence, A;G;,(12.4029815K) =
(20.23+ 4.29) kJmol1.

Thermodynamic equilibrium between the two solid phases and 1 M NaCIO
aqueous solutions is obtained for 1@@305—] = —2.3. This value is consistent
with experimental observation®3LEM/BOY, 86GRE/ROB 95NEC/RUN ; but
equilibrium is difficult to obtain for kinetic reason83LEM/BQOY, 98VIT/CAP].

In the present review, values f&s 3(12.47) andKs 3(12.37) are also estimated for
the corresponding K [66GOR/ZEN 93LEM/BOY], Cs* [66GOR/ZEN and NH;
[7IMOSZ compounds in various media (Tahl2.4. However, no values have been
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Figure 12.7: Comparison of values (some recalculated (a) in the present refvjew,
AppendixA) of Ks 3 (12.37 moF-kg~3), directly measured at room temperature,@5

or 3C°C ([93LEM/BQY]), and at different ionic strengths under conditions where the
contribution of NpQ(COg)%f to the solubility is large (Iog;[CO%f] > —2). The
values of logoKs 3 minus the Debye-Huickel correction, and corrected for the appro-
priate M™ specific interaction coefficient, are plotted as a function of thierivblality

(M* = Na*, K* or NH;). The slope of the line (for aqueous NaGl&olutions),

Ae = —(0.454 0.19) kg-mol~1, is calculated using the data selected in the present re-
view and in AppendiB. The intercept is Iog3K§3 = —(9.20+ 0.65). Effects related

to the extent of hydration of the solid BlepO>(CO3)2-xH20 are small; —x=0; —
-—x=3.5. Values were determined from measurements in NaG@liGn NaNG(b),
NaxCOz(c), KoCOs3(d) or (NH4)2COs(e) media as noted in the legend.
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Figure 12.8: Comparison of values of K{.4(. Plotted values are from published
data for NaClQ media, re-evaluated in the present review and corrected to I1=0. The
line, logioK°® = —(3.54+ 0.73) is calculated using th&s3(12.37) andKs3(12.49)
values selected in the present review. Any effects related to water of hydration have
been neglected. Data for other media are also shown {GOK and (bYNH4)2COs;

see legend). On the x axis, 8amy+, Myg+ OF M -
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selected for standard conditions because: (a) the solid phases were undoubtedly chan-
ging during the solubility measurements, and (b) the ion interaction coefficignts,
could not be accurately estimated for solutions containing cations other thfamsNa

the predominant cation, especially for reactions involving the highly charged limiting
complex.

12.1.2.2.3 Np(lV) Solid phases equilibrated with carbonate / bicarbonate
agueous solutions

Np(1V) solubility in neutral media is 10©3+03mgl.dm~2 (Section8.1.4 and was
interpreted in terms of the equilibrium

NpOz(am hyd) = Np(OH)4(ag) (12.42)

[85RAI/RYA]. Hence, in these conditions, no carbonate solid phase containing
Np(IV) was formed. In more concentrated alkali metal carbonate media, the solubility
[7AIMOS2 77SAI/UEN 93LI/KAT, 99RAI/HEY] increased as a result of NpOz);,~

and N COg);~ formation PSVIT]. This is undoubtedly limited by some new solid
phase or phases[SAI/UEN 95VIT], possibly including alkali metal cations and
Np(C03)g* anions. No thermodynamic data could be estimated for these possible
solid phases.

12.1.2.3 Mixed actinide carbonate complexes

Values for the equilibrium constants for formation of complexes of the type
(UOg)szOZ(C03)g* according to the reaction

NpO2(COs)3~ + 2UO(COg)5 = (12.43)
(UO2)2NpO2(CO3)¢™ + 3CC5~

have been discussed previously in this series of revi@&RE/FUG 95GRE/PU].

The assessed values were [9§° = —(9.4 + 1.3) for the Np equilibrium, and
—(8.2+1.3) for the plutonium equilibrium (alscf. Section21.1.2.1.1.e These selec-
tions were based on Grenthe, Riglet and Vitorge’'s spectrophotometric determination
for the neptunium containing species {g#(12.43 3MNaClQs) = —(10.0 + 0.2)
[B6GRE/RIG 90RIG. This work is also accepted in the present review, but
with an increased uncertainty, equal to the uncertainty assigned in the re-
evaluation for the pure Np(VI) trinuclear complex. The earlier work used the
same ionic strength corrections for all the formation constants of complexes
of the type (UOZ)ZMOZ(C%)S‘(M = U,Np,Pu. This correction, using

Ae = (0.16+ 0.36) kg-mol~1 [95GRE/PU], was only measured for the pure uranium
trinuclear complex (M=U). Instead 6f(9.4 £ 1.3), log;( K°(12.43 = —(9.2+ 1.3)

is calculated for formation constant of the mixed U-Np trinuclear carbonate complex,
using Ae = (0.49 + 0.50) kg-mol~! estimated in the present review for the pure
neptunium trinuclear complex. This review estimates

_ mal-1
8((uoz)2Npoz(co3)g—,Na+) = (0.09+ 0.72) kg-mol
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as the weighted mean of the uranium and neptunium corresponding values

£ (U0 NPOCORE Nat) = (28(U0y)5copt Nat) T E(NpOys(Cop? Naty)/3- Then
Ae(12.43 = (0.27 + 0.77) kg-mol~1is calculated and used to extrapolate the above
value, logyK(12.43 3 M NaClQs) = —(10.0 £ 0.3) to zero ionic strength:

logyoK°(12.43 29815K) = —(8.99+ 2.69)

Hence,
AGS,(12.4329815K) = (51294 15.36) kImol~!
AfGiH((UO2)2NpOR(C03)87, 29815K) = — (6174314 16.98) kImol*
logyoK°(12.4429815K) = (5359 + 2.70) and A[G:,(12.4429815K) =

—(305.87+ 15.40) kI mol~1 are calculated for the equilibrium
2UO5T + NpO3T +6CCE~ = (UO)2NpOx(CO3)¢™ (12.44)

from the above selected values.

12.1.3 Neptunium cyanide complexes

Formation constants (Igg8n = 2.90, 3.23, 4.81, 5.11 and 5.94, n=1-5) for cyano com-
plexes of dioxoneptunium(V), NpOCN)}~" (n = 1-5) at 25C, | = 5 (mol dm~3)

have been reported 7 CUI/MUS, 78MUS/MAR], based on a spectroscopic study (970

to 1060 nm) at pH values between 6.2 and 9.4. Insoluble complex solids, tentatively
identified as NaNp@CN),-xH2O and NpQCN-yH>0 were also found to form in
concentrated solutions of NaCN(aq), and solubilities in 2M NaCN (5M(se)) were
reported. As discussed in Appendix although there is good evidence for complex
formation, the results of this work cannot be used to derive serviceable values for
I = 0, and the stoichiometries of the major complexes and solids need to be confirmed
by other experiments.

12.1.4 Neptunium thiocyanate complexes
12.1.4.1 Aqueous Np(IV) thiocyanate complexes

The formation of thiocyanate complexes of Np(IV) has been studied byeRab
[78RAO/BAGZ using solvent extraction. This is a careful and comprehensive study
(see discussion in Appendk). The authors reported equilibrium constants for three
reactions of the type:

Np*" +gSCN~ = Np(SCNjg ™ (12.45)

Their results are summarized in Talil2.8
For extrapolation of the 1:1 and 1:2 datalte= 0, we use the\¢ values that were
used for the corresponding U(IV) system,
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Table 12.8: Experimental equilibrium data for the neptunium(IV) thiocyanate system,
pH=0.

Method lonic medium  t (°C) logy0 ,6q<a) log1g ,Ba(b) Reference
Np*t + SCN™ = NpSCN¥*

dis-TTA 2 M (H, Na)ClOy4 10  (1.53+0.01) [78RAO/BAGY
2MH,NaClOy; 25  (1.49+0.07) 3.03©
2 M (H, Na)ClO,4 40 (1404 0.0D

dis-DNNS 2 M(H, Na)ClO,4 25 (1.48+ 0.06) 3.029

Np*t +2SCN™ = Np(SCN3*

dis-TTA 2MH,NaClo; 10  (2.25+0.03 [78RAO/BAG
2 M (H, Na)ClO,4 25  (2.06+0.08 4.02©
2M(H,Na)Clo, 40  (2.13+£0.03

dis-DNNS 2M(H,NaClo; 25  (2.26+0.05 4.220

Np*t +3SCN™ = Np(SCNJ

dis-TTA 2 M (H, Na)ClO,4 10  (261+0.03 [78RAO/BAG
2 M (H, Na)ClO,4 25  (253+£0.02 4.81©
2 M (H, Na)ClO,4 40  (2.34+0.04)

dis-DNNS 2 M(H, Na)CIO,4 25 (2.50+ 0.03) 4.789

@ log; g Bq refers to the equilibrium and the ionic strength given in the table.
b log10 ﬂa is the corresponding value correctedite- 0 at 29815 K.

© The uncertainties given by the authors do not include systematic errors and have therefore not
been propagated to zero ionic strength.
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Ae(12.45q9 = 1) = —(0.134 0.10) kg-mol~! andAe(12.45q = 2) = —(0.56 +

0.19) kg-mol~1, after increasing the uncertainties #0.05 due to the estimation by
analogy. For the 1:3 reaction, we usgyscn:) ~ €amrp) = 017 kgmol~1, which

results inAe(12.45,q = 3) = —(0.82+ 0.13) kg-mol~1, after increasing the uncer-

tainty by +0.05 due to the analogy made. The resulting valuels &t 0 are listed in
Table12.8 The values at 2% determined with TTA and DNNS agree well. We es-
timate that the uncertainties of these values, taking systematic errors into account, are
around=+0.1 logarithmic units for the formation of the 1:1 complex ah@.2 for the

1:2 and 1:3 complexes. We select the average of these values and assign uncertainties
that reflect the fact that no independent study is is available on this system.

logyo 5(12.45 q = 1, 29815 K) 30403
logyo85(12.45 q = 2, 29815 K) 41405
logyop5(12.45q = 3,29815K) = 4.8+05

Rao et al. [78RAO/BAGZ performed their measurements at 10, 25 andC}Qf.
Table12.8 From the temperature dependence of the resulting equilibrium constants,
they derived enthalpy valuesf. AppendixA. The values of3; at different temper-
atures show no steady variation, which gives an indication of appreciable uncertainty.
Due to lack of information, we assume the enthalpies to be independent of the ionic
strength and assign the uncertainties accordingly.

AHS,(12.45 q = 1, 29815 K) —(74+3) kImol™?
AHS(12.45q=2,29815K) = —(9+9) kImol!
AHS (12450 =3,29815K) = —(13+9) kJmol?

The thermodynamic formation data are derived from these constants and the selected
data for Ng*+ and SCN:

AfG (NPSCNP', ag 29815 K) = —(416=+7) kdmol™?
AfGH(NP(SCN)ZT, ag 29815K) = —(330+ 10) kdmol™t
AtGH(NP(SCN)Y, ag 29815 K) = —(241+ 14) kdmol™*

AfHS (NpSCNP', ag 29815 K) = —(487=+7) kdmol™!
AfHZ(NP(SCN)ZT, ag 29815K) = —(412+ 13) kImol™!
AfHZ(Np(SCN)Y, ag 29815 K) = —(340+ 16) kdmol™*

S (NpSCN*t,aq 29815K) = —(248+ 25 JK Lmol?
S,(NP(SCN)3™, aq 29815K) = —(90+51) JK~tmol?

S»(NP(SCNJ, ag 29815K) =  (55+66) JK~--mol™*
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12.1.4.2 Aqueous Np(V) thiocyanate complexes

Formation constants of Np(V) thiocyanate complexes according to the reaction:
NpOJ + qSCN™ = NpOy(SCNg (12.46)

have been reported in four paperg7CUI/MUS 77MUS/MAR, 79RA0/GUD,
81PAT/RAM]. Raoet al. [79RAO/GULD have verified that Np(V) keeps its oxidation
state during the experiments, although a reduction to Np(IV) by S@muld be
thermodynamically favoured. The published experimental data are summarized in
Table12.9 High thiocyanate concentrations are necessary for these complexes to form.
In two studies, complexes witlh > 2 were proposed/[fCUI/MUS 77MUS/MAR],
but the effects leading to these results, probably alsg fer2, could equally well be
interpreted in terms of activity factor changes.

A comparison of the results of the two earlier studigdQUI/MUS 77MUS/MAR]
shows a marked decrease of the stability constants fream9 Mto | = 5 M, sug-
gesting that activity factor effects have a substantial impact on the results. No valid
model is available to extrapolate the high ionic strength results 0 0. The con-
stant determined at = 2 M originates from a reliable studyy9RAO/GULDQ (cf.
AppendixA). An attempt to extrapolate this value to= 0, usingAe(12.46q =
1) = —(0.304+ 0.08) kg-mol~1 from the correspondingvalues in AppendiB, yields
log;0B87(12.46q = 1) = (0.08 & 0.30) where the uncertainty is an estimate. This
value may be used as a guideline, but it is not recommended by the present review.

12.1.4.3 Aqueous Np(VI) thiocyanate complexes

No experimental data are available on the formation of Np(VI) thiocyanate complexes.
Raoet al. [78RAO/BAGY expected the study of Np(VI) thiocyanate complexing to be
rather difficult, because Np(VI) would be reduced in the presence of SCN
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Table 12.9: Experimental equilibrium data for the neptunium(V) thiocyanate system.

Method lonic medium t (°C) logyo8q® Reference

NpOJ + SCN™ = NpO,SCNag)

sp 5 M(NaClOy) 25 086 [77CUIIMUS]
pot 9 M (NaCloy) 25 103 [77MUS/MAR]
sp 9 M(NaCl0y) 25 123

dis 2 M (H, Na)ClOg4 25 (0324002  [79RAO/GUD
dis 85M (H,NaClo; 25 091 [81PAT/RAM]

NpOJ +2SCN™ = NpO,(SCN);

sp 5 M(NaClOy) 25 105 [77CUI/MUS]
pot 9 M (NaClOy) 25 156 [77MUS/MAR]
sp 9 M(NaClOy) 25 191

dis 85 M(H, Na)ClO4 25 107 [81PAT/RAM]

NpOJ +3SCN~ = NpOx(SCN)3~

sp 5 M(NaClOy) 25 089 [77CUIIMUS]
pot 9 M (NaCloy) 25 160 [77MUS/MAR]
sp 9 M(NaCl0y) 25 204

NpOJ + 4 SCN™ = NpO(SCN;~

sp 5 M(NaCl0y) 25  —011 [77CUIIMUS]
pot 9 M (NaClOy) 25 156 [77MUS/MAR]
sp 9 M(NaCloy) 25 172

NpOJ +5SCN~ = NpOx(SCN)2™

sp 9 M(NaCloy) 25 046 [77MUS/MAR]

@ logs0 Bq refers to the equilibrium and the ionic strength given in the table.







Chapter 13

Neptunium group 2
(alkaline-earth) compounds

Several ternary oxides of alkaline earth elements with neptunium have been reported,
and general synthesis and X-ray diffraction data for these compounds have been sum-
marised by Fahey8bFAH] and references therein. However, chemical thermodynamic
data for these compounds are relatively limited.

The thermodynamic quantities calculable from the available experimental data are
exclusively enthalpies of formation. Gibbs energies would, of course, be more useful
for thermodynamic modelling. However, in this review no entropy (or Gibbs energy)
values are estimated for the mixed alkaline earth/neptunium oxides nor for the mixed
alkali metal/neptunium oxides (Chaptef). Entropies determined experimentally for
uranium solids€g. y — UO3(cr)) give a clear indication that entropies for M(VI)
oxides are likely to be greater than those predicted based on “Latimer type” contribu-
tions derived from entropies of M(IIl) or M(IV) solids (seB4dGRE/FUG, especially
Appendix D). However, NpgXcr) does not exist, and no information is available from
direct measurements on the hydrated Np(V1) oxides.

13.1 Neptunium strontium compounds

13.1.1 SgNpOeg(cr)

Morsset al. [83MOR/WIL] measured the enthalpy of solution 0§8pOg(cr) in 1.0 M
HCI, obtainingA¢Hg, (SiNpOs, cr, 29815 K) = — (31253 £ 5.8) kJmol~1. Using
CODATA compatible auxiliary data the value

AtH;(SNpPOe, cr, 29815K) = —(31258+5.9) kJ-mol~t

is obtained from a recalculation in this review. The value is accepted here.

13.2 Neptunium barium compounds

13.2.1 BaNpOeg(cr)

Morsset al. [B3MOR/WIL] measured the enthalpy of solution of pOg(cr) in 1.0 M
HCI, obtainingA¢Hg, (BagNpOs, cr, 29815 K) = —(30860+ 7.7) kJmol~1. Using
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CODATA compatible auxiliary data the value
AfH? (BagNpOg, cr, 29815K) = —(30856+ 9.6) kJmol!

is obtained from a recalculation in this review. The value is accepted here.

13.2.2 Barium alkaline-earth compounds

Enthalpy of formation data have been reported for three barium alkaline-earth com-
pounds, the perovskite-type oxides of the formBalpOg(cr) with M = Mg, Ca and
Sr.

No entropy or Gibbs energy values are available for these compounds.

13.2.2.1 BaMgNpOg(cr)

Based on the enthalpy of reaction of B&gNpOg(cr) with 1 M HCI reported by Morss,
Fuger and Jenkin8PMOR/FUQ and auxiliary data discussed in Appendix

AfHS, (BapMgNpQs, cr, 29815 K) = —(30969+ 8.2) kJmol?

is calculated and accepted in this review.

13.2.2.2 BaCaNpOg(cr)

The value of the heat of solution of BaaNpQ(cr) in 1 M HCI was reported by
Genset al. [B5GEN/FUQ from nine replicate measurements on two well-characterised
samples. From this and auxiliary data in Appenélixhe recommended value

AfHS (BapCaNpQ, cr, 29815K) = —(31593+ 7.9) kJmol™!

is calculated.

13.2.2.3 BaSrNpOsg(cr)

The value of the heat of solution of BarNpGs(cr) in 1 M HCI was reported by
Genset al. [B5GEN/FUQ from nine replicate measurements on two well-characterised
samples. From this and auxiliary data in Appendlixhe recommended value

AfH (BapSINPGs, cr, 29815 K) = —(31225+ 7.8) kdmol !

is calculated.



Chapter 14

Neptunium group 1 (alkali)
compounds

Several ternary oxides of alkali metal elements with neptunium have been reported,
and general synthesis and X-ray diffraction data for these compounds have been sum-
marised by Fahey8bFAH] and references therein. However, chemical thermodynamic
data for these compounds are relatively limited.

14.1 Neptunium lithium compounds
14.1.1 LbNpO4 (cr)
The value
AfHS,(LioNpOy, cr, 29815K) = —(18282+ 5.8) kJmol™?

is accepted, based on a recalculaticih AppendixA) of the value reported by Goud-
iakas, Jemine and Fug&JGOU/JEM from measurements of the enthalpy of solution
of the solid in 1 M HCI.

14.1.2 Lisz207(0r)

Fuger B5FUQ reported that the attempted synthesis Ny, O7(cr) was unsuccess-
ful.

14.2 Neptunium sodium compounds
14.2.1 «a-NapNpO4
The value
AfHS,(NagNpOy, @, 29815 K) = —(17638=+5.7) kJmol™!

is accepted, based on a recalculatich AppendixA) of the value reported by Goud-
iakas, Jemine and Fug&J]GOU/JEM from measurements of the enthalpy of solution
of the solid in 1 M HCI.
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292 14. Neptunium group 1 (alkali) compounds

14.2.2 B-NapNpOy4
The value
AfH5 (NagNpOy, 8,29815K) = —(17485+6.1) kJmol~1

is accepted, based on a recalculatich AppendixA) of the value reported by Goud-
iakas, Jemine and Fug&JGOU/JEM from measurements of the enthalpy of solution
of the solid in 1 M HCI. The difference in the enthalpies of solution ofd¢hend -
forms, (15.3 + 3.5) kJ-mol~1, is similar to that for the corresponding uranium com-
pounds(13.1+ 0.8) kJmol~1 [92GRE/FUG.

14.2.3 B-NayNpOs

Fuger BSFUQ reported a preliminary value of\tHp,(NasNpOs, 8,29815 K) =
—(23117+7.2) kI mol~! based on two preparations with five determinations on each.
He cautioned that the result was suspect because the enthalpy of solution results (dissol-
ution in 1 M HCI) from solids from the two preparations differed by 5rkdl~1. The

details were not published, and the value is not accepted in the present review. Never-
theless, the results are in good agreement with those from another set of experiments
from the same grouprtHp,(NauNpGs, B, 29815 K) = —(23157 £ 5.3) kJmol~1
[91GOU/JEN). After adjustment of the auxiliary data to values consistent with those
used in the present reviewf( AppendixA), the value

AfHy (NayNpOs, 8,29815K) = —(23154+5.7) kJmol1
is selected.

14.2.4 N@Np207(cr)

Judge, Brown and Fuger, as cited by Fu@&aHU(Q, measured the enthalpy of solution
of NapxNp20O7(cr) in aqueous HCI (1 M). From this and auxiliary data discussed in
AppendixA, the standard enthalpy of formation of MNp,O7(cr) is calculated to be

AfHy(NapNp2O7, cr, 29815 K) = —(2894+11) kJmol1

This value is accepted in this review.
No data ortS;, and A¢Gp, of NapNp2Oz(cr) appear to be available.

14.3 Neptunium potassium compounds

14.3.1 KoNpOg(cr)
The value
AfHS (KoNpOy, cr, 29815K) = —(17843+ 6.4) kJmol™!

is accepted, based on a recalculatich AppendixA) of the value reported by Goud-
iakas, Jemine and Fug&J]GOU/JEM from measurements of the enthalpy of solution
of the solid in 1 M HCI.
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14.3.2 KNp2O+(cr)

Judge, Brown and Fuger, as cited by FuggHUQ, measured the enthalpy of solu-
tion of KoNp20O7(cr) in agueous HCI (1 M). From this and auxiliary data discussed in
AppendixA, the standard enthalpy of formation 0§ Mp>O~7(cr) is calculated to be

AfHS (KoNp2O7, €r, 29815 K) =  —(2932+ 11) kImol ™t

This value is accepted in this review.
No data orS;, and A¢Gy, of KoNp2O7(cr) appear to be available.

14.4 Neptunium rubidium compounds

14.4.1 RbNp2O7(cr)

Judge, Brown and Fuger, as cited by Fu@&aHU(Q, measured the enthalpy of solution
of RbpNp207(cr) in aqueous HCI (1 M). From this and auxiliary data discussed in
AppendixA, the standard enthalpy of formation of p,O7(cr) is calculated to be

AfHL(RIpNp2O7, €r, 29815 K) = —(2914+12) kJmol~*

This value is accepted in this review.
No data orfS;, and A¢Gp, of RbpNp2O7(cr) appear to be available.

14.5 Neptunium caesium compounds

14.5.1 CsNpOy(cr)

The value
AfH(CNpOy, cr, 29815 K) = —(17881+5.7) kJmol~1

is accepted, based on a recalculaticih AppendixA) of the value reported by Goud-
iakas, Jemine and Fug&JGOU/JEM from measurements of the enthalpy of solution
of the solid in 1 M HCI.

14.5.2 CsNp20O7(cr)

Judge, Brown and Fuger, as cited by FuggsHU(J, synthesised a solid that was
primarily C3Np,O7(cr), but between 9 and 21% of the neptunium was Np(V). The
measured enthalpies of solution were not reported, and no thermodynamic values are
available for this compound.
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Chapter 15

Elemental plutonium

15.1 Plutonium crystal and liquid

15.1.1 Crystal structure and phase transitions

Plutonium is unigue among the metallic elements in having six allotropic modifications
stable at atmospheric pressure. Above 30 kbar, only the two monoclinic, most highly
f-bonded phasesx(and 8), and the liquid are stable. The crystal structures, given
in Table15.], are based on studies by Zachariasen and Elling@ AC/ELL], Jette
[G5JET], and Ellinger B6ELL]. The lattice parameters are those selected by Weigel,
Katz and Seaborg 6 WEI/KAT], pp. 600-601), from which the densities have been
recalculated.

There is little uncertainty in the transition temperatures. Earlier work has been
summarised by Oetting al. [760ET/RAN, but the preferred values are those sugges-
ted by Oetting and Adam8BOET/ADA] which incorporate more recent calorimetric
work by themselves and data measurements by Rolon and Gallgge®O[/GAL].
These are also very close to the further data measurements given by RBAIROL].

15.1.2 Heat capacity and entropy

Early work on the low-temperature heat capacity of plutonium were plagued with the
effects of self-heating and radiation damage. Work up to 1975 has been summarised by
Oettinget al. [7T60OET/RAN. Subsequently, Gordaet al. [7T6GOR/HAL made meas-
urements on botR*Pu and?*2Pu, with good agreement. The derived heat capacity
and entropy for-Pu are:

Com(Pu @, 29815 K) (31.49+ 0.40) JK~t-mol*
S (Pu«,29815K) = (54.46+ 0.80) JK 1.mol™!

Oettinget al. [7T60ET/RAN have summarised the work on heat capacities of the
various allotropes (mainly due to EngéMENG and Kay and Loasbyg4KAY/LOA)),
where there were disagreements of the order of 10%. The recent study from 330 to
700 K (Oetting and Adams8BOET/ADA]), using very pure?>*Pu in an adiabatic
calorimeter, merge well with the low-temperature data of Goel@h [76 GOR/HAL
and the high-temperature data of Eng&llENG, and have been preferred to the earlier
values. The coefficients of the expressteffy,, = a+ b(T/K) are given in Tabld.5.2
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Table 15.1: Allotropy of plutonium

Phase Stability Structure type Lattice 4 Density
range/K and space group  parameters .cng3
1010m
o below 397.6 monoclinic a=6.183 16 19.85
P2;/m b =4822
c=10963
p =10179
at 294 K
B 397.6t0487.9 bc monoclinic a=9.284 34 1771
12/m b =10463
c=7.859
B =9313
at 463 K
y 487.9t0593.1  orthorhombic a = 3.159 8 17.15
Fddd b =5.768
c=10162
at 508 K
s 593.1t0 736.0  fc cubic a=46371 4 15.92
Fm3m at 593 K
8 736.0to 755.7  bctetragonal a=3.34 2 16.03
14/mmm c=4.44
at 738 K
€ 755.7t0913.0  bc cubic a=236361 2 16.51
Im3m at 763 K

Table 15.2: Plutonium allotropes: Heat capacity coefficients and transformation data

Phase C§py/JK 1mol™t TysK — AusHg/Imol~t

=a+ b(T/K)

a b x 103
a 18.1258 44.820 397.6 (37064 100
B 27.4160 13.060 487.9 (4784 20)
y 22.0233 22.959 593.1 (713440
8 28.4781 10.807 736.0 84+ 20
8 35.560 0 755.7 (18414 100
e 33.720 0 913.0 (28244 100

liquid 42.248 0 - -
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The concordant transition temperatures and enthalpies measured by Oetting and
Adams B3OET/ADA], who found very sharp inflections in their curves, and by Rolon
and Gallegos§1ROL/GAL] are preferred over the earlier measurements summarised
by Oettinget al. [7T60ET/RAN with which the agreement is in any case good. For
consistency, the values recommended by Oetting and Ad2B&H T/ADA] have been
taken for the temperatures and enthalpies of transition, with increased (usually) uncer-
tainties. Their values for the enthalpies of the §’, § — ¢ ande—liquid transitions
are in any case those recommended by Oetiral. [760ET/RAN.

15.2 Plutonium ideal monatomic gas

Less than 300 energy levels were known when BersdBEN and Feber and Herrick
[65FEB/HER made the first statistical-mechanical calculations of the thermal func-
tions of Pu(g). In subsequent calculations, Oettahgl. [760ET/RAN used 1075
levels up to 40000 cmt provided by Fred J5FRH; Glushkoet al. [82GLU/GUR

used the levels (including estimates of some unidentified levels, see below) for 11 so-
called valence state configurations (plus two others), while \&igat [86WAR/KLE]

used the 98 levels up to 20000 ctingiven by Brewer $4BRH, based on listings
provided by Fred and Blais888FRE/BLA]. Blaise and Wyart $2BLA/WYA] have
recently published a comprehensive listing of the known energy levels of all the actin-
ide gases, which contains 1190 levels for Pu(g). These are in fact identical with the
1192 levels given by Blaise and Fre25BLA/FRE] except for the deletion of two high
energy levels from the list given by the latter authors. These 1190 levels include all
those expected up to at least 20000 ¢rfi84BRH, so as pointed out by Brewer, the
uncertainty in Gibbs energy functieh{Gm — Hn (29815 K)/ T} at low temperatures
(<1000 K) is little greater than that from the uncertainties in the Fundamental Constants
and the atomic mass of plutonium. However, Ra8@RAN] has pointed out that there

is a very large number of unidentified energy levels for Pu(g), and showed from the
approximate calculations that their effects need to be considered ea®@00 K.

The revised values of the thermal functions have been calculated from the
1190 levels tabulated by Blaisst al. [92BLA/WYA]; the Gibbs energy functions
begin to differ from those given by Oetting and RanéQET/RAN by more than
0.005 JK~1.mol~! at about 2000K.

The values at 298.15 K for th&%Pu isotope (molar mas39.0522 gnol!
[86BRO/FIR) are:

Com(Pug.29815K) = (20.854+0.010 JK “mol™*
S,(Pug,29815K) = (177.167+ 0.005 JK 1.mol™!

The following equations represent the heat capacities of Pu(g) from 298.15 to 2000 K:

Com(Pug. T) = (2052—9.3914x 10T +2.57547x 107°T?
+7.512x 10°T ) JK L mol?!
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from 298.15 to 500 K, and

Com(Pug.T) = (4592+3.31521x 10 °T —5.64466x 10 °T?
+7.0159x 10°T2) JKL.mol™*

from 500 to 1100 K, and

Com(Pug. T) = (—9.588+4.60885x 10 °T — 8.63248x 10 °T?
+5.01446x 10°T ) JK Lmol?!

from 1100 to 2000 K.

15.2.1 Enthalpy of formation

Work on the vapour pressure prior to 1976 has been summarised by Cettthihg
[760ET/RAN. There has been one additional study since then (Bradbury and Ohse,
[79BRA/OHY) which was carried out at higher temperatures (giving pressures up to
1303 Pa), partially to test the upper limit of the Knudsen effusion regime. The vapour
pressure equations from the five studies, and the derived second- and third-law values
for AfHp, (298.153 K), are given in TablEs.3 there is a good agreement between the
second and third law analyses and between the five studies, probably because, unlike
the earlier actinides, the monoxide gas is only a minor species in the evaporation of
oxygen-contaminated plutonium. The selected value for the enthalpy of formation is:

Table 15.3: Vaporisation of Pu(g) and the enthalpy of formation at 298.15 K

Reference TIK logio(p/ban@  A¢HS,/(kImol~1)
A B 2nd-law  3rd-law
[56PHI/SEA 1392-1793 -—-17587 5.020 355.2 347.6
[66MUL] 1133-1792 —-17420 4.919 352.1 347.8
[69KEN| 1426-1658 —17420 4.871 352.0 349.0

[75ACK/RAU] 1210-1620 —-17120 4.598 346.2 351.0
[79BRA/OHY 1724-2219 -17066 4.666 343.5 349.4
Selected valuet349.0 + 3.0) kJ-mol—1

@ Jogyo(p/ban = A(T/K)~1 +B

AfHS (Pu g, 29815K) = (34904 3.0) kImol!
The calculated Gibbs energy of formation thus becomes

AfGS (Pu g, 29815 K) = (312415+ 3.0) kImol~?
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Plutonium agqua ions

Plutonium in agueous solution can exist in the oxidation states, IlI, 1V, V, VI, and VII. In
acidic solution, the reduction potentials of the'PPU**, PuGj/Putt, PUGT/PUt,

and PUC§+/Puq couples lie relatively close to each other, and multiple oxidation
states can coexist in solution. Thus, the determination of molar enthalpies, Gibbs ener-
gies and entropies of reaction may be hampered by the presence of plutonium in oxid-
ation states that are unrelated to the redox couple under investigation, and the presence
of the plutonium in these other oxidation states may remain undetected by the potential
measurements. In solutions less than 1 M in acid, tetravalent plutonium slowly un-
dergoes disproportionation to Pu(lll) and Pu(VI). Also, it is partially hydrolyzed even

in 1 M acid solution. Pentavalent plutonium disproportionates to Pu(lll), Pu(lV) and
Pu(VI) in acidic solutions, and if the acid concentration is of the order of 0.1 M or less,
Pu(IV) may also be precipitated. The selected thermodynamic quantities ot Pu
Pu, Pugl and Pug@" are strongly connected, and there is a minimum amount of
redundant information to provide confirmation for these values. The selection process
used in the present review relies primarily on values fot*Pderived from solubil-

ity and enthalpy of solution measurements. Values fdttPare based on potential
measurements of the PUPW* couple. Next, for Pu@*, the equilibrium constant

for the disproportionation reaction of Pu(IV) to Pu(VI) and Pu(lll) and values for the
Putt/PUt couple and the enthalpy of oxidation of Pu(lll) to Pu(VI1) are used. Finally,
values for Pug) are based on potential measurements of thesPIRUG; couple. It

is assumed, that the value of the enthalpy of a reactidn &t 0 is equal to that in

1 M HCIO4 within the uncertainties of the measurements. This approximation leads
to the differences between values of the formal potentials in 1 M H@§) and the
standard potentials being assigned primarily to entropy differences. The assumption is
undoubtedly incorrect (and would actually be consistent with temperature-independent
activity coefficients) but, used consistently, in the absence of experimental informa-
tion, is probably subject to smaller errors than would be introduced by some of the
other possible assumptions.

16.1 Pu(VII) and redox potentials in alkaline solutions

Heptavalent plutonium is only stable in strongly basic solution. The formal potential in
1 M NaOH for the Pu(VIl)/Pu(VI) couple was measured by Kebal., [7OKRO/GEL
and by Peretrukhiet al. [72PER/KRQas E* = 0.95 V and 0.85 V, respectively, for
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the proposed reaction
PUQ(OH)3™ + 2H0() + € = PuQ(OH)3™ + 20H" (16.1)
Musante Y5MUY measuredE*' (1 M BusNOH) = 1.12 V for the proposed reaction
PuG™ +3H0() + & = PuQ(OH); + 30H" (16.2)

These measurements probably refer to the same reaction.

There are few thermochemical data available on plutoniumin alkaline solution. The
alkaline chemistry of transuranium elements was recently reviewed by Peretaikhin
al. [95PER/SH]. Table16.1gives the reported formal redox potentials for plutonium
in 1 M NaOH.

Table 16.1: Formal potentials for plutonium in 1 M NaOH(aq) at 298.15 K as reported
from the review of Peretrukhiet al. [95PER/SH].

Formal potential (Vivs. SHE)
VIVE VIV VIV IV

0.85 0.12 -0.67 -0.96

16.2 PuG"

Values for the standard molar enthalpy of formation, the Gibbs energy of formation,
and the molar entropy of the dioxoplutonium(VI) cation were extensively reviewed
in the IAEA review of Fuger and Oettingg fFUG/OET. Small deviations from the
values of Fuger and Oetting may occur in some instances due to the slightly different
new (revised §9COX/WAG) CODATA values used by this review. The average value
for A\HS,(16.3 = (3414 4+ 6.3) kImol~?

PUt + 2H0() — F>uo§+ +Ht + gHz(g) (16.3)

was derived by Fuger and OettinggFUG/OET from two independent calori-
metric determinations in aqueous (0.5 and 1.0 M) HCI@9EVA, 59AXE/IHL,
60IHL/AXE].  Using this, the value ofA{HS(PU*", ag, 298.15K) and the
CODATA value of AfH(H20(l), 298.15K), and with the assumption that
the heat of transfer to infinite dilution is negligible, they obtained the value
ArHS(16.4 = —(8222+ 6.7) kImol~1 for the reaction

a-Pu+2HT + 02(9) = PuG’ + Hz(g) (16.4)
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After incorporating changes in the auxiliary data, and using the selected value of
AfHS(PUT, ag, 298.15 K) ¢f. Section16.5), the present review accepts

AfHZ(PUuGT, ag 29815K) = —(8220+ 6.6) kJmol™!

We also adopt the approach of the IAEA review that based their standard
molar entropy value for Pugj on data of Connick and McVey5BCON/MCV|
and Rabideau §3RAB] for the Pud+ disproportionation equilibrium reaction,
ArGm(16.5 1 M HCIO4, 29815 K) = (11.684+ 0.54) kJ-mol~1,

3P +2H,0 = PuGt + 2P0t +4Ht (16.5)

and onE® (P /PU*t), andS;,(PU**, aq 29815 K) (cf. Sectionl6.5. Capdevilaand
Vitorge [92CAP/VIT, 95CAP/VIT] recently confirmed the disproportionation equilib-
rium constant and deriveld® = —(0.98840.020) V for the standard potential accord-
ing to Reaction16.6.

PuG™ +4H" +3e0 = PUt 4 2H,0 (16.6)

Because of the large uncertainty in this standard potential, this review prefers to derive
ArGm(16.6 1 M HCIOg4, 29815 K) = (29595 + 0.56) kJmol~! and logoK (16.6

1 M HCIQyq4, 298.15 K)= —(51.85+0.10) by combining the value of the formal Gibbs
energy of reaction for the Bt disproportionation equilibrium Reactiod&.5 with

the formal Gibbs energy of reaction corresponding to th& R redox potential
(0.9821V, see Sectioh6.4). The values are converted to molality units and extrapol-
ated to the standard conditioh,= 0, using the specific interaction theory (SIT). In
the absence of reliable values for the interaction coefficients féf Rod Pu(éJr with

ClO, , the values of the homologous iO”Sng(Nd%,uo;) = (0.49:+0.03) kg-mol~?

[83SPA 95SIL/BID], and UG, & 0+ i) = (0.4640.03) kg:mol are used, but

with the uncertainties of the interaction coefficients estimated by analogy raised to
0.05 kgmol~1 (values of several interaction coefficien82[ERE/FUG 95SIL/BID]
involving plutonium species have been revised in the present review for reasons dis-
cussed in footnotes to Appends.

The following selected values are obtained (the contribution to this potential of
conversion to a standard pressure of 1 bar (+0.00017 V) is within the uncertainty of the
value):

log1oK°(16.6 29815K) = (50.97+ 0.15)
E°(16.6 29815K) = (1.005+ 0.003) V
ArG:,(16.6 29815K) = —(29091+ 0.85) kImol!

E°(PuGt/P@) = (0.988 + 0.020 V for the reduction potential that was
derived by Capdevila and Vitorg®@2CAP/VIT] is consistent with the selected value
E°(16.6 29815 K) = (1.005+ 0.003) V. The Gibbs energy of reactionGy, (16.6
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298.15 K) =—(29091 + 0.85) kJmol1is used to calculate¢Gy, from the values
selected for P& and CODATA auxiliary values.

AfGL(PUGT, ag 29815K) = —(7624=+ 2.8)kJmol~!

Using the Gibbs-Helmholtz relation antl;H7, = —(8220 £ 6.6) kJmol—1,
ArSH(16.4 29815 K) = —(2002 + 22.1) JK~L.mol~t. From this number, the
standard molar entropy value of PifOis calculated as:

S,(PuG',aq 29815K) = —(712+221) 3K Lmol™™.

using S,(Pu &, 29815 K) = (54.46 + 0.80) JK~1.mol~! from this review and
CODATA auxiliary values.

Lemire and Campbeld6LEM/CAM] have used the results of their study of appar-
ent molar heat capacities of NpOlO4(aq) with values of the partial molar heat capa-
cities of other electrolyte8PHOV/NGU, 96LEM/CAM2] to estimate the variation of
the potential of the Pu(VI)/Pu(V) couple as a function of temperature. The apparent
molar heat capacities of P@O and Puq as a function of temperature were assumed
equal to those for U§7L and NpQ, respectively 89HOV/NGU, 96LEM/CAM].

The mean value proposed by Capdevila and Vitor@SJAP/VIT] for
ArCpm(16.8 is approximately—400 JK~1.mol~1. This was calculated by double
differentiation of a smoothed function &y, ,,(T) (based on experimental potential
measurements for temperature from 5 t6®ph and is much more negative than the
—70 JK~1.mol~! calculated by the method of Lemire and Camp@8L[EM/CAM].

The uncertainties in that method cannot accommodate the Capdevila and Vitorge value
[95CAP/VIT], and suggest the uncertainty in the entropy value proposed for that work
should also be increased. To a first approximation, this review accepts that the partial
molar heat capacities of all the agueous dioxoactinide(V) and dioxoactinides(VI)
ions can be assumed identical to those determined fcﬁ*LHDd Npq, respectively
[89HOV/NGU, 96LEM/CAM].

16.3 Pug

The standard Gibbs energy of formation of the dioxoplutonium(V) cation is calculated
by this review from the standard potential of the reaction

PUGT +e = Pug (16.7)

Several independent determinations of the g*ueuq potential in perchloric
acid solution are available. They are summarised in TaBl& The formal poten-
tials in 1 M HCIO at 25C were determined by Rabideab6RAB], and by Cap-
devilaet al. [92CAR 92CAP/VIT, 95CAP/VIT], as E* = (0.9164+ 0.0002 V, and
(0.912+£ 0.007) V, respectively.

The value of Riglet, Robouch and Vitorg89RIG/ROH, (0.941 4+ 0.0052 V,
was determined at 2C, and not at 25C, the standard temperature. They derived
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Table 16.2: Experimental formal potentials in 1 M HGl@erived standard potentials,
and temperature coefficients for the F%ZWPUOZ* couple at 298.15 K (at 1 atm. except
for the standard value selected in this review which is at 1 bar).

Method Formal potential Standard potential AE® /T Reference
(V. vs. SHE) (V.vs. SHE) (VK1

Redox couple: PU@L/Puq, according to Pu@F + %Hz(g) = Puq +HF

pot (0.9164+ 0.0002) -0.0003 §6RAB]

rev (1.016:0.050/@ [76FUG/OET

sol (0.956+0.025) [84RAI]

emf 000065 B4BLA/MAD]®

vit (0.941+0.005®  (0.954+0.010® [89RIG/ROH

vit (0.912+0.007) (0.93840.010 (0.00019+0.00004 [92CAR@
[92CAP/VIT]@

vit (0.913+0.005) (0.938+0.010) expansion functiof?  [95CAP/VIT](@

rev (0.913+0.005) (0.9364-0.005) (0.0000+£0.0002 this review

(@ Estimated correction of RabideauSgRAB] E®’ value by 0.1 V F6FUG/OET.

® value at 20C.

© Expansion about a reference temperatlife E(T) = E(T°) + (AS(T®)/F) x (T — T°) +
(ACp(T®)/2T°F) x (T 71—0)2’ AS°/F = (0.00034£0.00004 vK-1 andACB/F = —(0.00404t
0.00090 V-K~1.

@ same experimental data set.

© JE°/0T
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E° = (0.954 + 0.010) V by applying the SIT to data from cyclic voltammetry
measurements at 0.5, 1, 2, and 3 M ionic strengths. B4&RAI] reported E°

= (0.956 + 0.025) V from solubility measurements. Capdevila’s valueEf =
(0.938 + 0.010) V was also derived by applying the SIT treatment to their data.
They calculated the ion interaction paramet®s = (0.22 + 0.03) kg-mol!
(similar to the values for the reactions involving the corresponding uranium and
neptunium species (AppendR)). Although these three values for the standard
potential lie within their combined uncertainties, we do not select the data because
the measurements of Riglet, Robouch and Vitorge were hampered by experimental
problems ¢f. AppendixA) as was pointed out in a later publicatioB5[CAP/VIT)|

by one co-author of the initial investigation. Rai's value was derived solely from
solubility measurements and carries, therefore, the large uncertainty of 0.025 V.
Because the value of Capdevilaal. also has a relatively large uncertainty of 0.010 V,
we derive the formal potentidt®’ (16.7, 1 M HCIO4, 29815 K) =(0.913:0.005) V,
0910K (16.7, 1 M HCIO4, 29815 K) = (15.43+ 0.08) and A;G(16.7, 1 M HCIOq4,
29815 K) = —(88.09+ 0.48) kJmol~1 by combining the raw data of Capdevila and
Vitorge [95CAP/VIT] and Rabideaud6RAB]. These data are corrected to standard
conditions using the SITAe (= (0.22 4+ 0.03) kg-mol~1) value of Capdevila and
Vitorge [95CAP/VIT]. The following values are obtained:

E°(16.7.29815K) = (0.936= 0.005 V
logioK°(16.8 29815K) = (15824 0.09)
ArGS(16.8 29815K) = —(90.294 0.51) kJmol~?
for the reaction
1
PuG" + SHa@ = Pugl +H* (16.8)

The correction to the standard pressure of 1 bar lies within the uncertainty of the
values. The estimate of Fuger and OettifigfUG/OET, E° = (1.016+0.05) V, ap-
pears to be too high in light of these results, and the less positive \Etue,0.936 V,
is used here. Therefore,

AGi(PUQ!, ag 29815K) = —(8526+ 2.9) kImol*

is derived fromA,G;,(16.8 298.15 K) and the selected value AfGﬁ’n(Pu@ﬁ aq,
298.15K).

The change in enthalpy for Reactidk6(8 is obtained from the temperature coeffi-
cient of the potential. Figurg6.1shows the temperature variation of the derivative with
respect to temperature of the PET(ZPuq couple formal potential (1.0 M HCIg) for
Rabideau’s $6RAB] and Capdevila and Vitorge’®pCAP/VIT] data. Because of the
conflicts in the trends in temperature variatiohE¢’/dT) = (0.0000+£0.0002 V- K1
is selected by this review. This is consistent with the variation of the temperature coef-
ficient between the different investigators listed in Tab&2 Rabideau $6RAB]
reported a very small negative coefficient, whereas Capdevila and Vitorge, as well as
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Blanc and Madic 4BLA/MAD], reported positive values. The uncertainty, though
smaller than the experimental scatter, is selected to maintain consistency with entropy
differences for analogous reactionag(, [92GRE/FUQG).

Figure 16.1: Temperature variation of the derivative of the formal potential (1.0 M
HCIOy) of the Pu@+/Puq couple with respect to temperature. The data are taken
from [56RAB] and 95CAP/VIT]. The values used to construct the dotted line are
based on values for Uiﬁ and NpQ in perchlorate medis®BLEM/CAM].
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We calculate the change in enthalpy for Reacti®f6.§ 1 M HCIO4) from E*’
anddE® /3T with the Gibbs-Helmholtz relation, neglect the small heat of transfer
to infinite dilution [Q4CAP/VIT, 95CAP/VIT] (however, an extra uncertainty equal to
30% of the uncertainty idE®' /3T was incorporated), and obtain

ArHp(16.8 29815 K) = —(88.09+ 6.0) kJ-mol~t
Using AfHg, (PuC%“L, aq, 298.15 K)¢f. Sectionl6.2 the selected value
Aer‘;(Puq, aq 29815K) = —(9101+ 8.9)kJImol™!

is derived.
The standard molar entropy value is derived frawS;,(16.8 29815 K) =
(7.4 + 20.3) JK~L.mol~! that is calculated from the Gibbs-Helmholtz relation,
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%(Pu@ﬂ ag 29815 K), cf. Sectionl6.2 and CODATA auxiliary data

S,(PuGh, aq 29815K) = (1430 3K tmol™t

16.4 Pu+

The standard Gibbs energy of formation of the plutonium(IV) cation is calculated by
this review from the standard potential of the reaction

Pt +e = PO (16.9)

and the standard Gibbs energy of formation of P(cf. Section16.5. Eight inde-
pendent experimental determinations of thé#But potential are available: six in
perchloric acid and two in hydrochloric acid solutions. The results are summarised in
Table16.3

Riglet, Robouch and Vitorge8PRIG/ROHB determined the formal potential of the
PUut/PUt couplein 1 M HCIQ at 293.15 K by cyclic voltammetry, using a platinum
electrode, a€£'(293.15 K) = (0.959+0.005) V. Using the same method, Capdev-
ila, Vitorge and Giffaut p2CAP/VIT], Capdevila P2CAH and Capdevila and Vit-
orge P5CAP/VIT] derivedE® = (0.973+ 0.007) V, E” = (0.978+ 0.007) V, and
E° = (0.9784 0.005) V, respectively. Connick and McVeybLCON/MCV] and Ra-
bideau and Lemons$[LRAB/LEM] determined for the Pt/Put couple the formal
potentials ofE®’ = (0.982+0.002) V and E*’ = (0.9821+0.0005 V, respectively. The
data of these investigators are derived from junction potential-free emf measurements
which are precise and accurate. To compare the non-standard (293.15 K) formal poten-
tial of Riglet, Robouch and Vitorge8PRIG/ROR to the potentials derived at standard
temperature, this review appliesEHT )isotherm= (0.00149+ 0.00004 V-K 1, which
is the selected value for the temperature coefficient of the potential. The correction
for the temperature change of the formal potential from 293.15 to 298.15 K gives
Riglet, Robouch and Vitorge’s formal PtyPu3+ potential at standard temperature,
E° = (0.966+ 0.005 V. This potential is 16 mV smaller than Connick and McVey'’s,
and Rabideau and Lemons’ potentials. Itis 7 and 12 mV smaller than the potentials
reported by Capdevilet al. and Capdevila, respectively. This discrepancy in the value
of the formal potential reported by Riglet, Robouch and Vitorg@RIG/ROB was
traced to experimental problem@9CAP/VIT] (also,cf. AppendixA). Therefore the
value is rejected in the present review.

Based on the consistency of the data of Connick and McVey and of Rabideau and
Lemons, this review selects” = (0.98214- 0.0005 V given by Connick and McVey
and accepts the identical value for the 1 bar standard state (the difference is within the
assigned uncertainty). Within its relatively large uncertainty limit, Capdevila and Vit-
orge’s potential is in agreement with the selected value. Rabid&d@RAB] obtained
E® =0.9817 V in 1 M HCIQy/1 M LiClOg4 solution atl = 2. In 1 M HCI, Rabideau
and Cowan $5RAB/COW measurede® = (0.97014 0.0118 V which is signific-
antly lower than the selected value due to chloride complexing. The potential given by
Schwabe and NebebPSCH/NEB was determined in 0.1 M HCI. They calculated the
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Table 16.3: Experimental formal potentials in 1 M HGIQunless otherwise noted),
derived standard potentials, and temperature coefficients for the g+ couple at
298.15 K. (at 1 atm. except for the standard value selected in this review which is at
1 bar)

Method Formal potential Standard potential 9E /0T Reference
(V, vs. SHE) (V,vs. SHE) V-K™ 1
Redox couple: Pt /PU3*, according to P + $Ha(g) = PU* +HY

emf (0.982+0.002) (0.00125:0.00004 [51CON/MCV]
emf (0.982140.0005 [51RAB/LEM]
emf (0.9701:+0.0118@ (0.00117:0.0000) [55RAB/COW
emf (0.9817® (0.00147:0.00012 [57RAB]
pol (1.006+0.003 @ [62SCH/NER
emf (0.0019:0.0004  [84BLA/MAD]™M
vit (0.959+0.005@  (1.010+0.010)@ [89RIG/ROH
(0.966+0.005)(© (1.017+0.010/©
vit (0.973+0.007) (1.044+0.010) (0.00184:0.00010 [92CAR®
[92CAP/NVIT]®
vit (0.978+0.005) (1.044+0.010) (0.00147:0.00013) [95CAPNVIT]D
rev (0.9821:+0.0005 (1.006+0.003) [76FUG/OET
rev (0.982140.0005 (1.047+0.003) (0.00149£0.00008 this review9)

@ Measured in 1 M HCI.

() Measured in 1 M HCIQ/Z M LiCIO4, | = 2 M.

(© Measured in 0.1 M HCI and corrected for HCI activity.

@ value at 20C.

(® Corrected to 25C by this review.

® same experimental data set. The heat capacity was neglectédGAP, 92CAP/VIT]. It was
fitted with a constant value iPpCAP/VIT].

(@ 1 bar standard state.

Mt 5E° /8T



310 16. Plutonium aqua ions

standard potential using an activity correction for 0.1 M HCI, but no correction was
made for the formation of hydrolyzed plutonium(lV) species. For these reasons, the
data are not considered. The SIT treatment is used to correct the selected formal poten-
tial to standard conditions with the SWe(16.9 29815 K) (= (0.33+0.04) kg-mol~1)

value of Capdevila and Vitorg®CAP/VIT]. The selected value in this review for the

PUM /Pt couple is the standard potential obtained from the extrapolatibr=d®

E°(16.929815K) = (1.047+0.003 V
log10K°(16.9 29815K) = 17.69+0.04

The conversion of this potential from a standard pressure of 1 atm to 1 bar
(—0.00017 V) is within the uncertainty of the value. The value agrees with
Capdevila and Vitorge's value but has a much smaller uncertainty. It also agrees
with E° = (1.046 + 0.011) V, that can be derived by applying the correction
E° — E® = (0.0644 0.011) V to the selected formal Bti/Pu*t potential, which was
determined by Riglet, Robouch and Vitorge for the*\fNp®+ couple.

From the selecte&®, we calculate for Reactior16.9, A;Gp,(16.9 29815 K) =
—(1010 + 0.3) kImol~1. Using the selected values faGg, (PU**, ag, 298.15 K)
we calculate

AfGE(PU, ag 29815K) = —(4780+2.7) kdmol™!

ArSn(16.91 M HCIOy) is calculated from the temperature coefficient of the
PU /Pt potential. The data are summarised in Tat#e3 Four independent data
sets were measured by (1) Connick and McVe¥@ON/MCV] in 1 M HCIO4 from
9.41 to 35.01C; (2) Rabideau and Cowa®m$RAB/COW in 1 M HCI from 6.32
to 45.1FC; (3) Rabideau§7RAB] in 1 M HCIO4/1 M LiCIO4 at| = 2 M from
14.90 to 34.36C; and, (4) Capdevila and Vitorg8$CAP/VIT] in 1 M HCIO4 from
5to 65°C. The data are shown in Figui®.2 The potentials of Connick and McVey
are raw data from an electrochemical cell containing81x 103 M Pu(ClOy)4
and 350 x 10~3 M Pu(CIOs)3. No correction to unit concentration was made here
because it will only offset the potential and not change the temperature coefficient.
Rabideau and Cowans’s measurements in 1 M HCI were not considered because it is
possible that the temperature coefficient in chloride solution might differ from that in
perchlorate solution due to chloride complexation.

This review selects the data of Capdevila and Vitorge which covers a much wider
temperature range than Connick and McVey’s measurements, and combines it with
Rabideau’s dateb[/RAB] assuming a negligible change of the temperature coefficient
due to the increased ionic strength of 2 M.

Through linear regression analysis, the selected values for this reE&WoT =
(0.00149+ 0.00008 V-K~1 and A;Sn(16.9 1 M HCIO4, 29815 K) = (1438 +
7.7) 3JK~1.mol~! are obtained. From this ant;Gn(16.9 1 M HCIO4, 29815 K) =
—(94.76 £+ 0.05) kJmol~1, the value ofA;Hny is derived. We assume that the
enthalpy change to standard conditions is negligible (however, an extra uncer-
tainty equal to 30% of the uncertainty IBE*’/0T was incorporated) to obtain
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Figure 16.2: Formal potential of the P/Pw?t couple as a function of the tem-
perature. The data are taken froBLCON/MCV], [55RAB/COW, [57RAB] and
[95CAP/VIT].
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ArHS,(16.1029815 K) = —(51.9+ 2.4) kJmol1,
1
PUt + SHa@ = PUT + HT (16.10)

The review by Randg6RAN] derived AfHm(16.1Q 0.5 M HCIOy4, 29815 K) =
—50.2 k3mol~! from Evans’ B9EVA] calorimetric measurements of the oxidation of
both P#+ and F&* in 0.5 M HCIOy, which is in closer agreement with the value
calculated by this review than with values based on temperature coefficigi®a $ +
2.1) kJmol~1) used previouslyg6RAN]. Using the value based ohE®'/dT and
AfHS, (PUPT, ag, 298.15 K), we determine

AfHS (P, aq 29815K) = —(5399+ 3.1) kImol™!

The standard entropy of Reactidit(1( is derived from the standard enthalpy and
the Gibbs energy\,S, (16.10 298.15 K) =(164.68+8.12) J.K~1.mol~1, from which
we obtain the selected

S, (PU, ag 29815K) = —(4145+102) JK 1mol™?

usingS;, (PU**, aqg, 298.15 K) and the auxiliary data.

The irreversible redox potentials were recently reviewed by Capde&32@AH.
Rabideau $6RAB] reported for the Pu(VI)/Pu(lV) potential in 1 M HCLCE® =
1.0433 V. Capdevilat al. [92CAP/VIT] obtained this potential from their measure-
ments of the reversible plutonium couples (I%Eﬁﬂ;’uq, PU/PUt) and the equi-
librium constants for the respective disproportionation reactions 6f Rnd Puq.
Their values ar€e®’ = (1.03340.022) V and E®" = (1.0224- 0.030) V depending on
the use of the disproportionation constaniB® or K(16.11J), respectively.

3Pug +4H" = 2PuG" 4+ PU*t 4 2H,0 (16.11)

Using the SIT treatment, the authors obtainedidoi§°(16.10)) = 2.6 & 0.5 for
the disproportionation equilibrium of P@Oat infinite dilution and the interaction
coefficientAe = (0.09 + 0.10) kg-mol~1. From their data, they then calculated
E° = (0.965+ 0.035 V. Using the potential values’EL6.6) and E(16.9 as selected
above,we obtained for the Pu(VI)/Pu(lV) redox couple

E° = (0.983+0.009 V

which agrees within the uncertainty limits with Capdevila’s value. Capdevila obtained
for the Pu(V)/Pu(lV) potential in 1 M HCIQ) E® = (1.154+ 0.050 V orE” =
(1.134+ 0.050 V using their K{L6.5 or K(16.1) values, respectively, ang°® =
(0.991+ 0.060) V. From the selected values of this review,

E° = (1.031+0.010 V

is calculated for the reaction

1
PuQ +3H" + SHa(@) = PU + 2H0(1) (16.12)
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16.5 P&+

The values of the standard molar enthalpy of formation, the Gibbs energy of form-
ation, and the molar entropy of the plutonium(lll) cation were very thoroughly re-
viewed by Fuger and Oetting §FUG/OET. Their selected valué\tHp, (PUt, aq,
298.15 K) =—(5920 + 2.1) kJmol~1, was derived from calorimetric measurements
of the enthalpies of solution of Pu and Pyg(cl) in HCl(aq) [f6FUG/OET. Their
analysis used the value of Robinson and Westrd&ROB/WE$ for the enthalpy of
solution of PuG4(cr) in 6 M HCl(aq)X—(92.68 + 0.42) kJmol~1) and the result of
the extrapolation of the enthalpy of solution of Pg(l) in HCl(aq) to infinite dilu-
tion (—(13347+ 0.84) kJmol~1) by the same authors. For the enthalpy of solution of
Pu(crg) in 6 M HCI(aq) Akhachinskij's f6AKH] value of —(592044+1.67) kJmol~1

was accepted. Using revised auxiliary datfa $ection18.7),

AfHS (PPT, ag 29815K) = —(5918+ 2.0) kImol!
Based on the Gibbs energy and enthalpy values for the dissolution reaction,
PuChk-6H,O(cry — PU* + 3CI~ + 6H0(1) (16.13)

(—(30.125 + 0.840) kJmol~! and —(34.60 + 0.64) kJmol~1, as discussed in
Sectionsl18.1.3.3.aand18.1.3.3.), A(S;,(16.13) = —(15.01+ 3.53) JK~L.mol™2.
From this value and using new CODATA auxiliary data and values from
this review for S, (CI-, ag, 298.15 K) =(56.60 + 0.20) JK~1.mol~! and
S, (PuCh-6H20, cr, 29815 K) = (4204 5) JK~1.mol~1, cf. Section18.1.3.3

S (PU, aq 29815 K) = —(1845+ 6.2) JK~L.mol 2.

Then, usingS;, (Pu, cr, 298.15 KX (54.46 4+ 0.80) JK~1.mol~ as selected by
this review €f. Section15.1.3, ArS;, (16.14)= —(42.95+ 6.21) JK~1.mol~* was
calculated.

a-Pu+3Ht = PP+ :—;Hz(g) (16.14)
From this and the selected valuesfHy,, the selected value
AfGS (PP, ag 29815K) = —(5790+2.7) kImol™t
is calculated. The standard potential for th®u/P3+ couple,E°(16.15,
PU*t(ag) +3€ = a-Pu (16.15)
is then calculated as
E°(16.15 = —(2.000+ 0.009 V.

For the value of the Pu(VI)/Pu(lll) redox couple, Capdevi@2CAPR, 92CAP/VIT,
95CAP/VIT] obtainedE® (16.6 1 M HCIO4) = (1.013+0.017) V from K (16.5, and
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E°’(16.6 1 M HCIO4) = (1.00640.017) V from K (16.11). From theseE°(16.6) =
(0.988+0.020) V is obtained. Rabidea®pRAB] calculatedE®’'(16.6 1 M HCIO,) =
1.0228 V. These values can be compared with the standard potebtid6.6 =
(1.005+ 0.003 V, selected in this reviewcf. Section16.2, and the value of the
formal potential E®'(16.6 1 M HCIO4, 29815 K) = (1.022+ 0.002) V, that is calcu-
lated from the selected values of the formal potential for Pu(IV)/Pu(lll) couple and the
disproportionation constant of Pu(I\Vi(16.5.

Similarly, Capdevila reportedE® = (1.063 + 0.030 V, and E*
(1.053 4+ 0.022 V and E° = (1.014 4+ 0.025 V from K(16.5 and K(16.1)
for the Pu(V)/Pu(lll) potential. From the selected values of this review, we calculate
for

PuG; + Ha(g) + 2H" — PU* + 2H,0(1) (16.16)
E®(16.16 1 M HCIO4, 29815K) = (1.077+0.004 V
E°(16.16 = (1.0404+ 0.005) V

16.6 Summary

Table16.4summarises the NEA selected thermodynamic constants for the plutonium
aquaions.

Table 16.4: NEA selected chemical thermodynamic values for plutonium aqua ions.

AfHg, AtGp, S
(kImol™1) (kJmol™1) (JK1.mol1)
PuGt(ag) —(8220+6.6) —(7624+28) —(71+22)
PuOj(ag) —(9101+8.9) —(8526=+2.9) (1+30)

Pit(aq) —(5399+3.1) —(4780+27) —(4145+10.2)
PBt(agq) —(5918+20) —(5790+£27) —(1845+6.2)
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Figure 16.3: Standard potentials£ 0, 25°C) for plutonium, in units of Ws. SHE.
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Figure 16.4: Formal potentials (1 M HCIO25°C) for plutonium, in units of Ws.
SHE.
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Chapter 17

Plutonium oxygen and hydrogen
compounds and complexes

17.1 Aqueous plutonium hydroxide complexes

17.1.1 Plutonium(VI) hydroxide complexes

Even the earliest studies on this syste#@’C, 49KRA/DAM2] reported experimental
problems caused by the slow kinetics of some of the hydrolysis reactions in neutral and
basic solutions. This has been confirmed in later potentiomé&&8CH and spec-
trophotometric p3OKA/RER studies, and means results from most of these studies
cannot be used to determine equilibrium constants without some reservations. The situ-
ation has been well summarised by Pashaktle. [93PAS/KIMZ: “In solutions that

are initially more basic than pH 5 and have total Pu(VI) concentration3 t®I-dm—3

or greater, the time dependent reactions preclude the use of thermodynamic calcula-
tions unless there are inordinately long time intervals between consecutive additions of
base.”

In addition, radiolysis is caused by thedecay of plutonium in solution. This
leads to species that cause the reduction of Pu(VI) (initially to Pu(V)) in perchloric
acid solutions. The extent of radiolytic reduction depends on the isotope of pluto-
nium used, the effects decreasing with increasing half Ii@@@(tl/g = 87.74 a);
23%Puty, = 24100 a);>*?Puty; = 376000 a) TOSHI/LED]). The extent of ra-
diolytic reduction increases with increasing concentrations of plutonium solution spe-
cies and also depends on the medium. Thus, reasonably concentrated plutonium in
aqueous perchlorate solutions near neutral pH cannot be left long enough for equilib-
rium to be established without the solutions also undergoing autoreduction. Although
other types of studies exist, the bulk of the information concerning Pu(VI) hydrolysis
comes from solubility, spectroscopic and potentiometric experiments.

The stable hydrolytic solid containing Pu(VI) is probably B@OH)2-H,O
(see Section17.2.2.). There are at least four solubility studies in the literature
[62MOS/ZAl, 65PER 73MUS/POR 84KIM/BER], that report hydrolysis constants
for Pu(VI). The study of Perez-Bustaman&PER was restricted to strongly basic
solutions. Based on the published hydrolysis constants for Pu(VI) (Figutd and
solubility product, it appears the solubilities of Musante and Porthault must have been
similar to those of Kimet al. (within about an order of magnitude, although the pH of
the minimum solubility differs somewhat).

317
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Figure 17.1: Comparison of experimental solubilities of hydrated Pu(VI1) oxide solids
from studies to determine hydrolysis constants of Pu(¢f) (AppendixA for the
source of the value plotted for BMUS/POR).
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The solubilities of Moskvin and ZaitseveZMOS/ZA| are several orders of mag-
nitude higher at all overlapping values of pH. Although their reported solubility product
based on a solution at low pH may be reasonable, it is clear that their equilibration times
were too short to provide usable equilibrium solubilities (and hydrolysis constants) at
high pH values.

The data of Kimet al. [84KIM/BER] were reanalysed in the present review using
a non-linear least squares treatment (AppeJixA set of four equations was derived
relating the solubility product and five hydrolysis constants. From the solubility data
alone, it is not possible mathematically to distinguish contributions to the solubility by
different species having the same total charge. Thus, the ratios of the equilibrium con-
centrations of Pug¥™ to (PuQy)2(OH)3™ and PUQOH" to (PuQy)x(OH)J, _, remain

constant at all values of pH. If the dimeric specGIéHOz)z(OH)%Jr is a major speciesin
equilibrium with the solid at some pH, the valuesofp, andg; 2 cannot be separated

in the absence of other data. In their calculations, l€iral. [84KIM/BER] used fixed
values forKs o and g1 [86LIE/KIM]. The set of equations must be used with qualit-
ative and quantitative information from potentiometric and spectrophotometric studies
to derive hydrolysis constants and a solubility product consistent with the solubilities.

The spectrophotometric and potentiometric hydrolysis studies lead to the conclu-
sion that, compared to the uranium spe¢l&©2)2(OH)§+ and(UOz)g(OH)g, the first
polymeric hydrolysis species formed for plutonium are relatively unstable. Thus, these
species do not extensively enhance the dissolution of a stable solid. The results of
Okajimaet al. [900KA/REH and Pashalidist al. [93PAS/KIMZ underscore the slow
nature of the secondary hydrolysis reactions. The solubility studies, suggest the spec-
trophotometric and potentiometric studies were all (or almost all) done using solutions
supersaturated with respect to RUOH)2(s).

Debate has continued over the years as to whether, in solutions containing Pu(VI) at
concentrations greater thanfomol-kg—1, the first hydrolysis species is the monomer
or the dimer. Much of the spectrophotometric and potentiometric data in the literat-
ure can be equally well interpreted in terms of either FOB™ or (Pqu)g(OH)gJ“,
and assuming the other species to be absent. Okafimla[910KA/REH interpreted
their UV spectroscopic data in terms of PA@HT, but reinterpreted them in terms of
(PuOZ)Z(OH)g+ in a later paperd3OKA/REH. Even the data from extensive poten-
tiometric study of Schedin/fbSCH is ambiguous as to whether significant quantities
of the monomeric hydrolysis species is formed.

The most direct evidence that the initial hydrolysis species of%l‘-*’d@polymeric,
at least at high solution concentrations of plutonium, comes from the Raman study of
Madic et al. [B4MAD/BEG]. No modification of the band for PL@ was found for
a solution 0.1 motim~2 in aqueous plutonium for pH values below 3.77. The first
hydrolysis species was tentatively identified(Eesmoz)z(OH)gJr (log,gB22 = 8.01),
both by analogy Witf(UOg)z(OH)§+, and because the shift between the %ﬁ(band
and that of the first hydrolysis species was approximately the same in both systems.
The band from a second plutonium hydrolysis species was assigl(1léd(tb)4(OH);L
(log,gf7,4 = —29.32) rather than an alternative 5:3 species, but the stoichiometry
of the species was not firmly established (see Apperdix Using the spectra for
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0.1 M Pu(VI) in a 1.0 M ionic strength medium (0.26 M CjQadjusted with NaCl,
apparently room temperature measurements), formation constants were calculated for
the 2:2 and 7:4 species. No evidence for a 1:1 hydrolysis species was found in these
rather concentrated solutions.

Only the potentiometric study of Cassailal. [72CAS/MAG provides evidence
that PUQOH™ and(PuOg)z(OH)gJr coexist, although the solubility study of Kiet
al. [84KIM/BER] was interpreted as being consistent with that conclusion.

It appears the higher polymeric species deduced from the potentiometric
studies, (PuQy)3(OH)Z and (Pu®)4(OH)F, are metastable if they exist at all
[93PAS/KIMZ, although other polymers may exist. The existence of both P
and (PuOg)z(OH)gJr seems reasonable, although even the dimer may be metastable
[95PAS/KIM]. If log 4381 and log 3B2,2 have values near5.5 and—7.5, respectively,
much of the spectroscopic and potentiometric data can be rationalised. One of the
exceptions to this would be the solubility data of Katral. [84KIM/BER].

The results of Pashalidigt al. [95PAS/KIM] lead to a formation constant for
Pu®(OH)z(aq) of Ioglgﬂgl = —(13154 0.18) at 22C (AppendixA). This would
mean the species is more stable than predicted in other wortfg3PAS/KIMZ), and
would be consistent with the polymeric Pu(VI) hydrolysis species being metastable
except under very specific conditions.

Woodset al. [78WOO/MIT] reported Pu(VI1) solutions, 1¢ to 104 M, 0.15 M
in NaClOy were stable at a pH value of 11.4 for as long as two months. However, the
nature of the hydrolysis species formed at high pH (13.3) was not established in the
Raman study of Madic and Begu84MAD/BEG. From NIR spectroscopy, Tanan-
aev BITAN] suggested there was evidence for the existence oszmIEl)ﬁ‘ (in1Mm
LiOH) and PuQ(OH)3 in less basic solutions, however, no values were proposed
for the hydrolysis constants. Moskvin and Zaitse®@aNIOS/ZAl|, Perez-Bustamante
[65PER, Kim et al. [84KIM/BER] and Musante and Porthault all reported evidence for
increased solubility of plutonium(VI) in basic solutions. None of these authors tried
to interpret their data by including polymeric anionic species in their models. Such
species have been proposed for the U(VI) systeBGRE/FUG. With the possible
exception of the last two studies, no useful thermodynamic information was reported
in these papers (see Appendix

This review recommends

log, 381 = —(5.5+0.5)
(essentially identical to the value of Pashalidisl. [95PAS/KIM]) and
logy 35 , = —(7.530)
For the neutral monomeric hydrolysis species, R@M)»(ag), the 22C value
from Pashalidist al. [95PAS/KIM] is accepted at 2%, but with increased (and un-

symmetrical) uncertainties,

logy 65, = —(13.2793)
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The data for the the anionic species in basic solutions, are too uncertain for hydro-
lysis constants to be recommended at this time.

AfGS,(PUQOHT, aq 29815K) = —(9681+4.0) kJmol™*
AfGL((PUQ)2(0H)3T, aq 29815K) = —(19562153) kdmol~?
AfG(PUGy(OH)2, ag 29815K) = —(11613739) kdmol!

Based on the work of Rizkallat al. [94RIZ/RAQ], but with an increased un-
certainty €f. AppendixA), the valueAHn(AppendixA, EquationA.76,a = 1) =
(28+ 15) kJmol1is accepted. Hence:

AfHS (PUQOHT (ag)) = —(1080+ 16) kJmol !

17.1.2 Plutonium(V) hydroxide complexes

There are few studies of the hydrolysis of the Pu(V). This is due to problems associated
with possible disproportionation or precipitation in the pH range where hydrolysis is
likely to occur. One series of studieddKRA/DAM, 48KRA/NEL, 49KRA/DAM,
56KRA] provides a limiting value of logg; = —9.7 for the first hydrolysis constant:

Pugl + Ho0 = PuQOH(ag) +H* (17.1)

A recent thesis and pape8(BEN 92BEN/HOH proposes logs;7(298 K) ~
log*B1(296 K, 0.1 M) is — (9.73 £ 0.10), but for reasons outlined in Appendix
entry for [Q0BEN], this value probably reflects an upper limit for the stability of this
complex. The selected upper limit

log* 85 (17.1, 298 K) < —9.73

from [90BEN 92BEN/HOH is consistent with the value selected for the analogous

Np(V) species (logp7(8.1) = —(11.3+0.7)). If a value is required for logy*s7 (17.1)

rather than a limit, a value equal to that for the corresponding neptunium reaction but

with an increased uncertainty, Iggs; (17.1) = —(11.3 £ 1.5), would be reasonable.
Recently Peretrukhin, David and Maslennik @APER/DA determinedE® =

—0.6 V for the reduction on Pu(V) to Pu(lV) in 1 M LiOH, indicating Pu(V) is unlikely

to disproportionate in basic solutions. Their work also suggested possible formation

of an anionic Pu(V) hydrolysis species in strongly basic solutiocn96 M LiOH),

but provides no quantitative evidence of the stability of this or these species. Further

work is required on the stability of Pu(V) hydrolysis products. Peretrukhin, David

and Maslennikov94PER/DAV and Neuet al. [94NEU/HOH, have concluded that

significant solution concentrations of Pu(V) species can be found in basic and neutral

aqueous solutions of plutonium.
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17.1.3 Plutonium(IV) hydroxide complexes

There have been a number of potentiometrElRAB/LEM, 57RAB], sol-
ubility [90PAZ/KUD], extraction [f4SOL 76MET/GUI and spectroscopic
[50KRA/NEL, 60RAB/KLI, 96NIT/SIL] studies of the first hydrolysis constant of
Pu(lV). These are discussed in AppendixMeasured values may be time dependent
because of slow oxidation, disproportionation, radiolysis, or polymerization reactions.
Therefore, the hydrolysis constant can be found only from studies in which the
electrochemical potential was carefully controlled, or in which the equilibrium total
plutonium(lV) in solution was measured, or the measurements were carried out
rapidly.

The values of*84 for reaction:

PUM +HO() = PuOH* +H?" (17.2)

reported from the two extraction studieg{SOL, 76 MET/GUI|, are in relatively good
agreement, but the source of Solovkin’s valug$3OL] is not clear (see AppendiX).
Metivier and Guillaumont’s value7BMET/GUI| differs by an order of magnitude

from the value found potentiometrically in a similar mediuf1RAB/LEM]. Con-
versely, the spectrophotometric results of Rabideau and KGA&RAB/KLI] are al-

most half an order of magnitude larger than the value reported from potential measure-
ments by RabidealbfRAB]. In this complicated system, spectrophotometric meas-
urements are probably less prone than extraction or potentiometric measurements to
some of the possible systematic errors that can originate from slow disproportionation
of Pu(lV). There is only one study in chloride solution. Even for perchlorate solutions
there are insufficient data, and the data are too badly scattered, to calculate an inter-
action As term for the hydrolysis reaction. An estimated values @0+ cio;) =

0.50 kgmol~1 was used to calculatae = —0.18 kgmol~! and used with the ex-
perimental logy"81 values from the three spectroscopic studies in perchlorate media
[50KRA/NEL, 60RAB/KLI, 96NIT/SIL] (equally weighted) to obtain the selected

log, £85(17.2 29815 K) = —(0.78+ 0.60)

The uncertainty has been increased to overlap with the values from the potentiomet-
ric studies p1RAB/LEM, 57RAB]. Within the uncertainties, the value is the same as
those selected for corresponding reactions involving uran2G RE/FUG and nep-
tunium (SectiorB.1.9 species. Hence,

AtGS(PUOHT, ag 29815K) = —(7107+4.4) kJmol*

Two studies $7RAB, 60RAB/KLI] provide information on the temperature de-
pendence of the first hydrolysis constant of-Pu The reported values ok Hp, for
the reactiornl7.2are (30.5+ 2.1) [57RAB] and (35.6+ 3.8) [(0RAB/KLI], both de-
termined in perchlorate media of approximately 2 M ionic strength. Both these values
were obtained from changes in equilibrium constants over quite small temperature dif-
ferences, and the actual hydrolysis constants reported in the two studies are only in
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marginal agreement. However, the values are in moderately good agreement with the
value of (46.9 & 9.0) kJ-mol~* recently selected for the enthalpy of reaction in the
corresponding uranium syste®@AGRE/FUG. For the sake of consistency, the value

ArH2 (17.2 29815 K) = (36+ 10) kJmol ™,

based on the spectrophotometric stuB9RAB/KLI], is selected in the present review.
The uncertainty is an estimate. From this,

S (PUOHY, ag 29815K) = —(239+37) JK L1.mol .

None of the available studies provide good thermodynamic data for higher hydro-
lysis species of Pu(lV). Equilibrium measurements are difficult to obtain, and radiolytic
reactions can be important. The study of Metivier and Guillaumont is probably the best
available. It is probable that in moderate to weakly acidic solutien.l my+), in
a 1 M perchlorate medium, disproportionation relegates the higher cationic hydrolysis
species of Pu(lV) to being minor components (subject to constraints imposed by slow
reaction kinetics and possible radiolysis reactions) in the absence of a holding reduc-
tion/oxidation agent. For reasons discussed in Appefdike values from the solubil-
ity study of Yamaguchét al. [94YAM/SAK] were not found to be useful. The studies
of Rai and coworkers§ORAI/SER2 80RAI/SER 81RAI/SWA, 82RAI/RYA] estab-
lished that at near neutral pH similar total plutonium concentrations were found re-
gardless of whether the initial solid wa&®Pu(OH)4(am)” or 23°PuQy(cr). The stable
solution plutonium species over this solid (designated by the authors as “less crystal-
line") tended to be Pu(IV) or Pu(V) species — approximately 1% of the plutonium was
found to be Pu(lV) plus Pu(lll). Rai concluded that, near neutral pH, measurements
of Ep, for plutonium solutions were unreliable because the potential in the system was
unpoised. Therefore, at best, only a limiting value can be calculated from these studies
for the stability 0f23%Pu(OHY(aq). Calculations indicate that for an unpoised system
with respect to potentiaB4RAI], using the selected value fa;G;, (hydrated Pu@,
aged, 298.15 K)df. Section17.2.2.3, the value

AfGS(PUOH)4(aq), 29815K) = —1387kJmol™t

is compatible with the results of the experimental study.
If this is accepted, the values of lgf for the reactions

M**(ag) + 4H0(1) = M(OH)a(ag) + 4HT

with M = U, Np and Pu are-4.5 [92GRE/FUG, —9.8 (cf. Table3.1) and—6.9 re-
spectively (after this review was completed, a more negative valuel0, was repor-

ted [99RAI/HESZ for the plutonium reaction). It might be expected that the hydrolysis
constants for these ions would be similar (within 1-2 orders of magnitude). If the sta-
bility of U (OH)4(ag) was less than th®@PGRE/FUG estimate by about four orders of
magnitude (as suggested by work of Rai, Felmy and RgaRAI/FEL] and Yajima,
Kawamura and Ueta9bYAJ/KAW], but see also the discussion i@2GRE/FUG),
logioK for the uranium reaction would be8.5. This appears to be a more reasonable
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value, and the remaining spread of almost three orders of magnitude is possibly within
the experimental uncertainties.

The Gibbs energies of reaction of*Mions (M = U, Np, Pu) with water to form
the corresponding Mgxrystalline oxides (26.1, 55.7 and 45.8thdl 1, respectively),
show a large variation that is much greater than the accepted uncertainties. This vari-
ation is reflected in the values of lggk for the reaction

MOa(cn) + 2H0() = M(OH)4(ag)

Values for M= U, Np and Pu are-9.4 [92GRE/FUG (or —13.4 estimated from
[90RAI/FEL]), —19.6 (cf. Table3.1) and—14.9 respectively. It would be expected
that this same variation of 5-10 orders of magnitude should be reflected in actinide(IV)
“solubilities” measured in near-neutral, reducing solutions over “amorphous” or “hy-
drated” MG (cf. Sections8.2.5.2and17.6). The observed restricted range of solubility
values (or similar “solubility limits” e.g., [85RAI/RYA], [90RAI/FEL] and also the re-
cently published99RAI/HESY) is most likely due to inadequate detection limits, but
is also possibly due to the differences in important experimental variables, one of which
could be the nature of the solid phases.
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Figure 17.2: Spectroscopically determined,gyvalues POKRA/NEL, 60RAB/KLI,
96NIT/SIL] of the first hydrolysis constant for Btite), and the SIT plot £) with
estimated uncertaintigs-) (€<PuoH3+,C|o;) estimated as 0.50 kgol~1). Values from
the potentiometric studieSIRAB/LEM, 57RAB] (x) and the extraction study of Met-
ivier and GuillaumontT6MET/GUI (A) are shown for comparison.
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pot 1M NaClQ 571 [49KRA/DAM2]
1:2 —11.42
1:1 pot RT 0.186 mMMHNG@ —3.33 [59KRE/NIK]
2:1 —-7.38
11 sol 25 1M (Na)ClQ —-3.39 [62MOS/ZA||
2:1 —8.64
3:2 -17.77
5:2 —3150
5:2 sol var. KOH —29.4 [65PER
2:2 pot 25  3M(Na)ClQ —8.21@ [71SCH
1:1 pot 25 1M (Na)ClQ —5.97 [72CASIMAG]
2:2 —851
5:3 —2216
2:2 pot 25 3 M (Na)ClQ —-8.24 [75SCH
7:4 —2913
1:1 tc 23 self0.0005 M -6.3 [83SCH/GOR
1:1 sol RT 0.1 MNaClQ (log;g K1 = 8.26)® [84KIM/BER]
2:1 (log1pB2,1 = 14.91)
31 (log1p 83,1 = 16.90)
2:2 (logrp B2,2 = 21.98)
5:3 (log Bs5,3 = 56.28)

(logygKso = —23.00/®

2:2 Raman RT 10MCI/CIO, -801 [8B4MAD/BEG]
7:4 —2932
5:3 —21.33)©@

(Continued on next page)
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(logjg K1 = 8.82)®
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(logyoKs o = —213)®

— (/.55 U.UY) [IOURA/IRED

—(7.73£0.08)
—(4.76£0.3) [93PAS/KIMZ]
—(5.48+0.15) [95PAS/KIM]
—(1315+0.18)

log,§Ks0 = (6.3+0.1)

(@Reanalysed by the author ii§SCH with additional data.
®The values of these parameters were fixed for the purposes of the calcul@tams/KIM]. See AppendiXA.
(©This alternate species with the noted value was reported by the authors.

@This value was repudiated by the authorsa8QKA/RER.

(®Recalculated in this review (see Appendix
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Table 17.2: Hydrolysis and solubility data for PuD

n:m Methods t lonic strength Iog(";ﬁn,m Ioglgﬁﬁ’m Reference
(°C)  (medium)
sol RT  var. CI (log10 Ks0 = —8.6) [48KRA/NEL]
sol RT  self CIQ (log1gKso = —9.3) [64GEL/ZAI]
[68ZAI/ALE]
1:1 pot RT 3x103M  -97 -97 [49KRA/DAM]
Clo,
1:1 LPAS 23 0.1 M Clq —9.73 —-9.73 [92BEN/HOHR

17.1.4 Plutonium(lll) hydroxide complexes

Pu(lll) is unstable in agueous solutions towards oxidation by air and becomes less
stable as the pH increases. Excluding air and/or adding a reductant will lead to rather
stable Pu(lll) solutions in the absence of species that can form strong complexes with
Pu(1V). Solvent extraction with strongly complexing extractants (like HTTA), will shift
the equilibrium towards the IV state.

Tablel7.4summarises th& Pu(lll) hydrolysis data for the reaction

PP +H0 = PuOH* +H" (17.3)

There are really only six experimental studies (although two different values
are reported on the basis of one of the®GKRA/DAM2, 49KRA/DAM3]).

There are three kinds of data: (i) potentiometric titrations done at Oak Ridge
and Los Alamos ¢6KRA/DAM2], [49KRA/DAM3], [50BUS/COW) during

the U.S. Manhattan Project, (ii) a potentiometric titrati@R2INAI/CHA] done at
Trombay, and (iii) studies done using the radio-tracer solvent extraction technique
([75HUB/HUS 76HUB/HUS).

The potentiometric measurements by Kratial. were carried out using Pu solu-
tions in< 0.002 M NaCl or NaCIQ at (probably) room temperature. Kragtsal. also
studied the hydrolysis (and complexation) of plutonium in all oxidation states, so this
group was familiar with problems resulting from oxidation state changes, precipitation,
as well as possible polymerization during hydrolysis at these Pu concentrations (see
AppendixA). The titrations were carried out with a protective atmosphere, avoiding
carbonate in the titrant, and using spectrophotometry to control the relative concentra-
tions of Pu(lll) and Pu(IV) species. The experiments seem very reliable up to pH
when precipitation began to occur. With modifications, the experiments were repeated
several times with the same result. Studies of Am(lIl) suggest such solutions may
be supersaturate®$SIL/BID]. The potentiometric titrations byBPNAI/CHA] were
carried out in an inert atmosphere up to pH 6, when the solutions became opalescent
due to “oxidation and precipitation” of Pu(lV). The Pu concentration was rather low,
0.04 mM, which would required high precision in order to yield reliable hydrolysis
data up to a ligand number of 0.7. When the derivedJ6g = —(5.55+ 0.03) is
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Table 17.3: Hydrolysis data for Pt

329

n: Methods  t lonic strength login,m  Reference
(°C)  (medium)
11 sp 25 0.5 M Na/HCI —-1.66 [48KRA/NELZ2]
[50KRA/NEL]

1:1 sp 25 05MNa/HCIQ  —1.60 [48KRA/NELZ]
—1.80®  [50KRA/NEL]

1:1 pot 251 1.0MNaHClp —151 [51RAB/LEM]

1:1 pot 149 2.0MLIHCIQ —141 [57RAB]

11 pot 25.0 —-1.26

11 pot 34.4 —1.06

1:1 sp 154 2.0MNa/HClp  —1.77 [BORAB/KLI]

11 sp 25.0 —-1.70

1:1 sp 154 2.0MNa/DClp  —2.17 [BORAB/KLI]

1:1 sp 25.0 inBO —-1.93

11 ext RT 1 M H/LICIOy —0.45 [72MET/GUI]

2:1 -0.75 [73MET]

31 -33 [76MET/GUI

4:1 —6.3

1:1 exttheor ~RT  0.5-4.5MND —0.67 [7asoy®

2:1 —0.01

31 08

41 ext/theor 0 [80SOL/ZAK]®

11 sol RT 3 M H/NaCIQ —-152 [90PAZ/KUD]

2:1 —-3.72

31 —6.47

4:1 —9.58

1:1 sp 22  05MNaHCIQ  —157 [96NIT/SIL]
—1.84@

@ Recalculated in the present review.

® The authors reported values f@° (for 1=0) and indicate they used K =
1.27 x 10~ in their calculations (for 22C). However, at 22C, Ky = 8 x 10-15
[59ROB/STQ. The values tabulated here for lggi8°were calculated using the
value for Ky indicated by Solovkin 74SOL].
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Table 17.4: Data for the Pu(lll) hydroxide systeri; refers to P& + H,O =
PUuOH* + H*.

t (°C) Method Medium logsp1®  log 5%  Reference
room?  pot (gl) 0.069 MNaClp  —712  —6.73 [46KRA/DAM2]
[48KRA/NELZ]
[49HIN/AME]
room?  pot (gl?) 0.069 M NaClp —-7.22 —6.83 [49KRA/DAM3]
room?  pot (gl?) 0.024 M NaCl —737  —7.06@ [49KRA/DAM3]
room?  pot (gl?) 0.040 M NaCl -7.25 —6.86@  [50BUS/COW
23 dis (hydrazine)  0.20 M LiCI@ —-3.80 —-3.26 [75HUB/HUY
23 dis (red?) 0.10 M LiCIQ —-3.80 -3.36 [76HUB/HUY
25 pot (gl?) 1.00 M NaCIQ —555  —474 [B2NAI/CHA]

@ |ncluding corrections for Ct complexation (0.05 and 0.08, respectively).
® For discussion of uncertainties see text

used to calculate the titration curve, systematic deviations occur from the experimental
points. It is not possible for the reviewer to explain the discrepancy, as too many ex-
planations are possible. If Pu(lV), which hydrolyses much more easly §t a lower

pH), was present, this would account for the difference between the calculated and
observed experimental values and yield too large a value fogfa@f Pu(lll).

The third group, using radio-tracer solvent extraction with the extractant HTTA,
obtained even larger hydrolysis constants than groups (i) and (ii), indicating that the
hydrolysis starts at much lower pH values when using this technique (as compared to
using potentiometric titrations). There should be no such discrepancy between the two
techniques, but in this kind of study there can be many difficulties with radio-tracer
solvent extraction. The results if§JHUB/HUY are discussed in Appendik. The
main difficulty is to avoid the oxidation of Pu(lll) to Pu(IV); the reviewer believes that
Pu(IV) was present and interfered with the results, even though care was taken to avoid
oxidation (excluding air and adding hydroxylamine as a reductant). The plutonium
concentration was quite low, 18to 10-8 M, and the amount of Pu(lV) was not meas-
ured during the experiments, which also showed unexpected kinetics. Hatilart
[76HUB/HUY did a slightly different experiment, carried out at lower ionic strength
(0.1 instead of 0.2 M LiCI@) and in the presence of citrate, which gave approximately
the same equilibrium constant. In both cases, the statistical treatment of the data was
unsatisfactory. Tabl&7.4 shows that it would be unwise to try to estimate by a
SIT plot. However, usinghe = (0.04 + 0.05) kg-mol~! estimated by analogy with
lanthanide system9$SIL/BID], would yield a log 387 (17.4 1 = 0) = —7.0.

PU* + H20 = PUOH* + H* (17.4)

The average value of the potentiometric measurements (excluding the result from
[82NAI/CHA]) is —6.73 atl < 0.05 M after corrections for temperature and chloride
complexation. In this review

log,585(17.4 1 = 0) = —(6.9+ 0.3)
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is recommended where the uncertainties have been expanded. This is consistent with
the value expected considering the value of the first hydrolysis constant of Am(lIl)
selected by Silvat al. [95SIL/BID] is —(6.4 4+ 0.2). Hence,

AfG,(PUOHY, ag 29815K) = — (7767 + 3.2) kImol ™t

17.2 Solid plutonium oxides and hydroxides

17.2.1 The plutonium-oxygen system
17.2.1.1 Phase diagram

The phase diagram and the non-stoichiometry of the oxide phases will not be dealt with
in any detail in this volume, but the broad outlines of the system will be summarised.
Despite a number of studies, the phase equilibria are not well established. This may be
because the truly stable system shows many of the complexities of some of the lanthan-
ide oxide systems at low temperatures, but the stable phase behaviour is disturbed by
the inevitable radiation damage found in plutonium compounds. Fiiu&shows a
diagram which is consistent with most of the observations, particularly those by Chi-
kalla et al. [64CHI/MCN], Gardneret al. [65GAR/MAR], Sariet al. [68SAR/BEN,
Roullet [71ROU, and Boivineau T6BOI. The two well defined oxides are the fcc
dioxide and the hexagonal sesquioxide. In addition there are two bcc phases, one with
a composition close to, and perhaps extending to, the sesquioxide composition, and one
usually designated Pu@; stable only abovea. 600 K, with a composition extending
from PuQ g1 probably to Pu@7o. Aboveca. 1000 K the fluorite dioxide phase can
exist, presumably with oxygen vacancies, dowrdoPuQ 71, but as seen on the fig-
ure, there are miscibility gaps and diphasic regions below this temperature. The phase
boundaries above 1200 K are not well defined; although RoullEROU suggested
that boundaries of the Pu@; and Pu@_x move to much lower O/Pu values at higher
temperatures, the studies of Messi@8IE] and to a lesser extent Ohse and Ciani
[680OHS/CIA seem to confirm that the lower phase boundary of Psihase is not
lower than Pu@go from 2000 to 2300 K. The lower phase boundary of the sesqui-
oxide is also certainly less than Pu&at high temperature (TetenbauBB[TET] and
Besmann and Lindeme8B3BESI/LIN).
The solid monoxide reported in the earlier literature was in fact an oxy-carbonitride;
the maximum oxygen content of the oxy-carbide is aboutd2@g 7 [65MUL/ELL].
Stakebake, Larson and HaschREETA/LAR] reported the reaction of plutonium
with water vapour at 20 Pa to form an oxidised surface film, determined by photo-
electron spectroscopy (XPS) to have a composition neap Pu®was suggested this
phase may have a field of stability below’25



332

'K

17. Plutonium oxygen and hydrogen compounds and complexes

Figure 17.3: The phase diagram of the Pu-O system
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17.2.1.2 PuQ (cr)
17.2.1.2.a Crystal structure

PuQ has the fluorite fcc structure (space group Fm3m) with 5.396x 10-19m; the
X-ray density is 146 gcm 3. As noted in a detailed discussio®7] AE], the lattice
parameter increases with time owing to radiation damage.

17.2.1.2.b Heat capacity and entropy

Early measurements of the low-temperature heat capaci8?%®fuQy(cr) suffered

from problems associated with radiation damage, and it was not until Flet@alv
[76FLO/OSB made studies using oxides of the much less radioactive isofdpRs
(down to 12 K) and®*/Pu (from 4 to 25 K) that reliable values & ,, and S,
(298.15 K) were obtained. Even so, the values below 25 K are uncertain by about
10-20%. Their most reliable measurements, extending from 12 to 347 K give:

Com(PuQz, cr,29815K) = (66.25+ 0.26) JK~*mol*
S (PuQy, cr,29815K) = (66.134 0.26) JK 1.mol™!

High-temperature enthalpy increments, usifPuQy(cr), have been measured by
Kruger and SavagéBKRU/SAV] from 298 to 1404 K, Ogard0OGA from 1500 to
2715 K, and Oetting and Bixby8ROET] from 353 to 1610 K. Ogard’s measurements
suggest a rapid increase@j ,, above 2370 K, but this is almost certainly because the
sample was partially molten due to interaction with the tungsten container. Their values
above 2370 K have been given zero weight. These measurements have been examined
by Fink [82FIN] who fitted the enthalpy measurements to an expression representing
two heat capacity contributions — a lattice contribution (taken to be a classical Einstein
harmonic oscillator) and a term proportionalTo representing the contribution from
lattice expansion and anharmonic terms , subject to the constraift,of29815 K) =

66.25 JK~1.mol~1 as given by Flotovet al. [76FLO/OSB. Fink’s values have been
refitted to the extended Kelley polynomial (with a slightly relaxed constraint), to give:

Com(PuQ, cr, T) = (84.4950+ 10.6390x 10737

—6.1136x 107 /T2 — 19.00564x 10°T ~2) JK 1.mol~t
(T = 29815— 2500 K)

The corresponding enthalpy expression fits all the experimental data below 2370 K
to better than 3% (standard deviation). The thermal functions are close to those as-
sessed by Glushka al. [82GLU/GUR, which predate the study by Oetting and Bixby
(1982).

Since stoichiometric Puflcr) loses oxygen before melting, the melting point is
not well defined, and the enthalpy of fusion is estimated. We have accepted the values
given by Glushket al. [B2GLU/GUR but increased the uncertainty:

Ts = (26634 40) K
AtusHm = (672 15) kImol~?t
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These are based on measurements by RII®R[L] in 1 atm oxygen, Lyon and
Bailey [67LYO/BAI], Chikallaet al. [64CHI/MCN], and comparison with urania. We
have also taken for the value of the heat capacity of liquidPuO

Com(PuQ. ) = 131 JK tmol™*

as suggested by Glushlab al. [82GLU/GUR. It should be emphasised again that
PuG will only melt congruently at very high pressures of oxygen.

17.2.1.2.c Enthalpy and Gibbs energy of formation

There is very good agreement between the several values for the enthalpy of com-
bustion of plutonium in oxygen by Popov and Ilvan@®7POP/IVA (—(10560 +

4.0) kJmol~1), Holley et al. [S8HOL/MUL] (—(10580 + 1.6) kJ}mol~1) and John-

sonet al. [69JOH/DEV] (—(105570+ 0.71) kJmol~1). We select the value:

AfHL(PuQ, cr, 29815K) = —(10558+1.0) kJmol~t

given by Glushkaet al. [82GLU/GUR, which is biased towards the appreciably more
precise value by Johns@hal. [69JOH/DEV\. The derived Gibbs energy of formation
of PuG(cr) is thus

AtGp(PuQ, cr, 29815 K) = —(9981134+ 1.031) kJmol~!

17.2.1.2.d Solubility measurements

The ratios of the solubility products of Pu(@r) and hydrated Pugcr) found in the
studies of Kim and Kanellakopulo89KIM/KAN2] and Raiet al. [BORAI/SER appear

to be similar. The value from Rat al. [BORAI/SER is subject to the same problems as

the value for hydrated Pydrom the same study8fRAI] (cf. Sectionl7.2.2.3. The
solubility product reported by Kim and Kanellakopul@@KIM/KAN2] for PuOy(cr)
appears to be a good measurement for a batch experiment on a radioactive solid. How-
ever, it is not surprising that the value KE ¢ is greater than the thermodynamic con-
stant based on bulk (rather than surface) properties of the crystalline material (see Sec-
tion17.2.2.3.

17.2.1.3 PyOg3 (cr)
17.2.1.3.a Crystal structure

PwOs(cr) has the hexagonal type-A rare earth sesquioxide structure (space group
P3m1) witha = 3.841x 1071%m, ¢ = 5.958 x 101 m and a calculated density

of 11.47 gcm~3. As discussed inq7IAE], there is some evidence for the occurrence

of a disordered variant of this structure in some samples gORar), but it is not
known whether this is due to the presence of impurities or a change in composition.
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17.2.1.3.b Heat capacity and entropy

Flotow and TetenbaunB8LFLO/TET have measured the heat capacity of a sample
of 242P,03(cr) from 8 to 350 K. A fairly sharp.-type anomaly in the heat capacity
occurs at 17.65 K, associated with an anti-ferromagnetic transition. The derived ther-
modynamic values at 298.15 K are:

Cp.m(Pe0s, cr, 29815 K) (11704 0.5) JK~L.mol™?
S,(PwOg, cr,29815K) = (16304 0.6) JK~1mol™!

There are no measurements of the thermal properties@ifocr) at high temperatures,

but estimates ofg ,, have been given by[/IAE], Glushkoet al. [82GLU/GUR, and
Besmann and LindemeB88BES/LIN. The values from the last two estimations are
very similar, since both used the known value at 298.15 K as a starting estimate. Since
the equation given by Besmann and Lindemer does not reproduce the tabulated values
of the Gibbs energy function (and leads to an unusual expressidgffgy we have
preferred the values from Glushkbal. [82GLU/GUR:

Com(PwOs. cr, T) = (169466—79.98x 10°3T

—25.459x 10°T %) JK Lmol?!
(29815 to 350 K

Com(PwOs, cr, T) = (122953+ 28548x 10T
—15.012x 10°T~?) 3K 1.mol™?
(350 to 2358 K

Although it is not known whether or not POs(cr) melts congruently, the melting
point and enthalpy of fusion given by Glushéioal. [82GLU/GUR are accepted here:

Ts = (23584 25) K
AtusHm (113+ 20) kdmolt

17.2.1.3.c Enthalpy and Gibbs energy of formation

There are no direct measurements of the enthalpy of formation@$and the value

has been derived indirectly from the partial molar Gibbs energies and enthalpies of
oxygen in the single phase oxides and diphasic fields betweepdfeipand Pu®(cr).

Markin and Rand §6MAR/RAN] and [67I1AE] presented a thorough analysis of the
oxygen potential measurements of Markiral. [64MAR/BON], giving a consistent
analysis of the thermodynamic data and the phase diagram as envisaged at that time
and giving values of the integrated enthalpy and entropy of the reaction:

2PypOs(cr +02(g) = 4PuQ(cr)
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Although further oxygen potential measurements have been made since then,
notably by Atlas and SchlehmaBgATL/SCH, Woodley B1WO(, and Tetenbaum
[83TET], none of these covers the whole region from RPg@o PuQ. However,
the partial molar enthalpies of solution of oxygen presented by Cheeeal.
[77CHE/DEA indicate that the partial molar enthalpies and entropies derived
from the EMF measurements by Markin and Rar@BNIAR/RAN], although
broadly correct, need some adjustments. This is also indicated by the appreciable
difference in the integrated entropy for reactidiv § given by Markin and Rand,
ArSn(1150 K) = —180 JK~1-mol~1 and that calculated from the thermal functions,
ArSn(1150 Ky = —224 JK Lmol~l. Clearly an extensive reoptimisation of
all the thermodynamic and phase diagram data, using appropriate models for the
non-stoichiometric phases, is required. Until this considerable work is undertaken, the
approximate treatment in the following paragraph must suffice.

Although, as noted above, some of the enthalpies and entropies given by Markin
and Rand §6MAR/RAN] may be somewhat in error, their values of the oxygen po-
tentials have been in general substantiated by subsequent studies, even those at higher
temperatures than the measurements reported by Markih [64MAR/BON] (see
Tetenbaum3TET], for example). We have therefore used the Gibbs energies, but
not the enthalpies given by Markin and Rand, as items to be input into the assessment
of the enthalpy of formation of P®3(cr). Since data for the diphasic equilibrium
PwOs(cr) + PuQyg1(cr, bco are an important part of the overall assessment, values
for the enthalpy of formation and entropy of the Ru@cr, bco phase at 298.15 K
are also derived from the analysis, as noted below in the discussion of this phase. The
final values chosen for B@3(cr) and Pu@g1(cr, bco are those which provided the
best compromise between the experimental values given in Tabfefor the three
reactions:

2Pw0O3(cn + 02(g) = 4PuQ(cr) (17.5)
100/11Py0Os(crn + O2(9) = 200/11PuQ g1(cr, bco (17.6)
0.39Py0O3(cn) + 0.22PuQ(cr) = PuOgi(cr, bco 7.7)

Considering the many approximations made in this brief analysis, particularly the
neglect of the non-stoichiometry of the Py§a(cr, bco phase and the simplifications
in the phase diagram inherent in using Markin and Rand’s original analysis, the agree-
ment between the data is thought to be quite good. The derived value for the enthalpy
of formation of PuO3(cr) is:

AfHS (P03, cr, 29815 K) = —(16564 10) kkmol~t

This is identical with that selected by Besmann and Linder@8BES/LIN who
used the oxygen potentials assessed by Markin and REMAR/RAN] to estimate
AfHy, (PwOs(cr)). This value is consistent within the given uncertainties, with the
approximate enthalpy of formation of Pugy(cr, bcc) derived from the measurements
by Chereatet al. [77CHE/DEA of the enthalpies of combustion of two uncharacter-
ised oxides of composition Py@s(cr) and Pu@s7(cr), as discussed briefly below.
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Table 17.5: Thermochemical properties for interconversion reactié@sy( (17.69,
and (L7.7) between plutonium oxides

Quantity Value (kdnol_l) Reference
Experimental Assessed
ArGm(17.5 (1150 K) —6248 —6395 [66MAR/RAN]
ArHm(17.5 (1373 K) —8756 —8792 [77CHE/DEA
ArHm(17.6) (1373 K) —-8265 —8241 [77CHE/DEA
ArGm(17.6) (2250 K) —5478 —5480 [83TET]
ArGm(17.6) (1600 K) —6238 —6192 [66MAR/RAN]®@
ArGm(17.6) (1100 K) —687.8 —6600 [66MAR/RAN]
ArGm(17.7) (573 K) -0.2 ca. 0 [65GAR/MAR]

(phase diagram)

@ adjusted

The derived Gibbs energy of formation of #g(cr) is thus

AtGL(PwOg, cr, 29815 K) = —(1580375+ 10.013 kJmol~!

17.2.1.4 PuQs; (cr, bee)
17.2.1.4.a Crystal structure

This phase probably has a range of homogeneity with O/Pu extending from less than
1.61 to about 1.70; it exists only above 573 K. As summarisedMAE], the true
structure of this phase is not known, but it is certainly closely related to the bcc C-
type rare-earth structure, but with a smaller lattice parameter than thgsR@e© bco

phase.

17.2.1.4.b Heat capacity and entropy

Lacking experimental data, we have estimagdl, to be approximately the weighted
sum of PgaOs(cr) and Pu@(cr):

Com(PuOre1.bcc T) = 6591+ 1385x 10 °T — 8.757x 10°T 2 JK~1.mol*
(29815— 2300 K)

The entropy, as deduced in the analysis described und€fur), is slightly higher

than that for 0.5 PiOg3(cr), as expected for a phase which is stable only at higher

temperatures:

$,(29815K) = (830+5.0) JK 1mol™!
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17.2.1.4.c Enthalpy and Gibbs energy of formation

There are no direct thermodynamic measurements ofi L€, bco) but values have
been deduced in the analysis described unde®©glar):

AfHS,(29815K) = —(87554+ 10.0) kJmol~?
The derived Gibbs energy of formation of Pug(cr, bco) is thus

AtGp,(PuOLey, cr, 29815 K) = —(834771+ 10.113 kJmol~t

17.2.1.5 PuQs2 (cr, bee)

There are no thermodynamic measurements on this phase, except for enthalpies of
combustion by Chereaat al. [77CHE/DEA of uncharacterised samples of Pugy(cr)

and PuQ@ s7(cr), which may have been rich in this phase. If the latter is assumed to be

a mixture of Pu@s>(cr, bco) and PuQ(cr), the measured values correspond to an en-
thalpy of formation of about-(845+ 10) kJmol~1 for PuQysx(cr, beo), which within

the given uncertainties, is reasonably consistent with the assessed valug®g(dPu

Other approximate values of its stability can be calculated from the (rather uncertain)
phase diagram information, but since this phase is not of major importance for our
considerations, this has not been attempted.

17.2.2 Hydrated plutonium oxides and hydroxides
17.2.2.1 Plutonium(VI) hydrated oxides and hydroxides

Cleveland YOCLEZ characterised the solid precipitated by ammonia from aqueous
Pu(VI1) as Pu@(OH)2-H20, and prepared a similar compound (less well character-
ised with respect to the extent of its hydration) by precipitation with pyridine. There
are at least five solubility studies in the literatuB MOS/ZAl, 65PER 73MUS/POR
84KIM/BER, 95PAS/KIM], although the study of Perez-Bustamar@BPER was re-
stricted to strongly basic solutions. In none of the solubility studies was the solid
thoroughly characterised, and in this review we have assumed the solid in each case
was Cleveland’s PugdOH)2-H>O(cr). Musante and Porthault3MUS/POR repor-

ted logoKgy = —(24.04 £ 0.19), but did not provide details as to how this was
determined. The value of Moskvin and Zaitse@2IOS/ZAl|, log,oKgq = —22.7

was apparently based on a single solubility measurement for “ammonium diplutonate”
after equilibration for four to six hours at room temperature. The value fromd{im

al. [B4KIM/BER], is apparently not an experimental value at 86I[LIE/KIM], but is

an estimated value selected to be consistent with hydrolysis constant values calculated
from the solubility study (see Appendix). Pasalidiset al. [95PAS/KIM] found that
PuGCOgs(cr) was converted to a solid, presumably ByQH)»(cr), and spectroscopic
measurements were used to determine the concentration and extent of hydrolysis of
Pu(V1) over this solid (pH values from 4.8 to 6.0,°22 0.1 M NaClQ). After correc-

tionto | = O (AppendixA), the value logg Keo = (6.3+0.1) is calculated. Based

on the published hydrolysis constants and solubility product, it appears the solubilities
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of Musante and Porthault must have been similar to those oféiah (within about

an order of magnitude, although the pH of the minimum solubility differs somewhat).
The solubilities of Moskvin and Zaitseva are several orders of magnitude higher at
all overlapping values of pH. However, the short equilibration period probably lim-
ited changes to the solution caused by radiolysis. Therefore, their reported solubility
product (obtained from experiments at low pH where hydrolysis was unlikely) is prob-
ably toward the high end of the range of possible values. The solubility data of Kim
et al. [84KIM/BER] are inconsistent with any value smaller than that of Moskvin and
Zaitseva (see Appendi). This is possibly indicative of problems with the Kiehal.

study at low pH rather than a larger solubility product. However, the value from Pashal-
idis et al. [95PAS/KIM] suggests a somewhat lower stability for the solid even though
the results were obtained after allowing for hydrolysis, and though the oxidation state
of the plutonium in solution was carefully checked. This value could be consistent with
the lower pH value measurements for Katral. In the present review we select

log;gKgp = (6.5+ 1.0)
for the reaction
PUG(OH)2-H20(cn + 2HT = PuGt 4 3H,0()
and hence,
AtGp(PUG(OH)2-H20, cr, 29815K) = —(14424+6.4) kJ-mol~!

There are no reports in the literature of experimental values for the entropy or
enthalpy of formation of PugdOH)2(cr) or its hydrates. For the neptunium
NpOz(OH)z(cr) S, = (129 + 27) JK~1mol~! has been calculatecf( Sec-

tion 8.2.3.2 with the note that the value might actually be somewhat larger.
If the contribution of 447 JK~1l.mol~l for an extra water of hydration is
considered $2GRE/FUG, S, becomes(170 + 38) JK~L.mol™l. The value
S,(U03-2H,0(cr) = (18854 + 0.38) JK~1.mol~! was reported by Tasker and
O’Hare [B8TAS/O’H]. By analogy, we select

S,(PUO(OH)2-H20, cr, 29815 K) = (190+ 40) JK~1.mol?

The heat capacity of Py@OH)»(cr) was estimated as 112-Ki1.mol~1 by
Lemire and Tremaine8ODLEM/TRE based on a Kopp’s law calculation as outlined
by Sturtevant $9STUY. If the solid were actually PugdOH)»-H>O(cr) (and these
materials were not distinguished in the earlier revi@OUEM/TRHE), the estimated
value would have been 148KJ1.mol~1. This value is markedly smaller than the
value UQ-H,0(cr), (17207 + 0.34) JK~1.mol™! [88TAS/O'H. However, in
general,experimental heat capacity values for actinide solids tend to be somewhat
greater than the Kopp’s law estimates, and in the present review

Cpm(PUO2(OH)2-H20, cr, 29815 K) = (1704 20) JK~“mol™*
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is accepted, based on the heat capacity of the plutonium compound being similar to
that for the uranium compound.

Bagnall and Laidler 4BAG/LAI] prepared a less hydrated compound with
the stoichiometry Pug0.8H,O by passing ozonised oxygen through a suspension
of Pu(lV) hydroxide at 90C and vacuum drying the resulting solid at 280 On
standing in air at room temperature, the compound took up water until it reached
the composition Pu@H,O. The X-ray diffraction pattern showed the compound
is not iso-structural with any known uranium trioxide hydrates or, so far as could
be determined, Np©H>0O [64BAG/LAI]l. On the basis of the infrared spectra,
Cleveland YOCLEZ suggested the compound of Bagnall and Laid&tBAG/LAI] is
probably structurally different from the compound precipitated from Pu(VI) solutions,
Pu®(OH)2-H20. This is also the case for the corresponding neptunium compounds
[75BEL/IL] (cf. Section8.2.3.3. No thermodynamic data have been reported for
PuG;-H20.

17.2.2.2 Hydrated PUQOH(am)

Kraus and Nelsor48KRA/NEL] reported a value of log Kso = —8.6, (log;jKso =

5.4), for the solubility product for hydrated PgOH(am) based on the data of Kraus
and Dam i6KRA/DAM]. This value may be somewhat suspect, as the authors found
considerable amounts of Pu(VI) and Pu(lV) in solution after redissolving the solids
from these experiments. Reported values of §d¢s o in their study ranged from-8.3

to —9.5 (but see also Appendi&). Zaitsevaet al. reported a solubility product of
log;gKso = —9.3, (log,jKso = 4.7), based on the initial pH of precipitation from a
2.1 x 1073 M Pu(V) solution. In the present review, we recommend a value of

log;oKso = (5.0+0.5)
for the reaction
PuQOH@m +H" = PuQ + HyO()

for 298.15 K. This value is similar to the values selected (Se@&i@m.2 for the sol-
ubility products of “fresh” and “aged” Np&DH(am). From the selected solubility
product value

AfGS (PUQOH, am 29815K) = —(10612+ 4.0) kJmol™?

S, (PuQOH(am), 29815K) = 87 JK~1.mol~! was estimated§OLEM/TRE as
the sum of5;,(PuG) and an entropy contribution for an OHyjroup attached to a singly
charged metal ion. With the value for the entropy contribution given in Appendix D of
the uranium reviewJ2GRE/FUQG, the value would b&;,(PuG0OH(am), 29815K) =
97 JK~L.mol~1. Hence, in the present review,

S (PUQOH, am 29815K) = (97415 JK 1mol™!

is accepted.
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The heat capacity of Pu@H(am) was estimated as 86KJ31-mol~1 by Lemire
and Tremaine§OLEM/TRE based on a Kopp’s law calculation as outlined by Stur-
tevant p9STU. In the absence of any experimental value, this is accepted in the
present review with an estimated uncertainty of 20-3-mol~1.

Cpm(PUQOH, am 29815K) = (86+20) JK tmol™*

17.2.2.3 Pu(OH)(am) (PuO;- x H20)

As shown in TableX7.6, there have been a number of reports on the solubility of solids
resulting from hydrolysis of plutonium(IV)49KAS, 65PER 67DAV, 80RAI/SER
84PER/SAR84RAI, 86LIE/KIM, 86EWA/HOW, 89KIM/KAN , 92EWA/SMI]. Some

of these studiese(g., [65PER 67DAV, 84PER/SAP have been done under poorly
defined conditions, others are based on limited dat,([49KAS]). Even in this
early study of Kasha, it was recognised that, except in strongly acidic solutions, only
a small percentage of the total plutonium in aqueous solution at equilibrium over a
plutonium(1V) hydrolytic solid would be plutonium(lV) species. This problem has
apparently been ignored in some later studieg.([65PER 67DAV, 84PER/SAR
90PAZ/KUD]).

Table 17.6: Solubility data for plutonium(IV) oxide and hydroxide

Solid Methods  t lonic strength logp Ks o logigKg,  Reference
(°C)  (medium) (recalc.)
Pu(OH), sol RT ? —555 [49KAS]
Pu(OH), sol RT 0.062 MHCI —-551 [49KAS]
Pu(OH), sol RT  1MHCIQ —55.2 [49KAS]
Pu(OH), sol RT —47310 [65PER
-56.3
Pu(OH), sol RT  ads. +ultfi  —502 [67DAV]
Pu(OH), sol RT ultrafil. —54.7 [67DAV]
Pu(OH), sol RT  0.0015M -50.2 [BORAI/SER
CaCb
PuG, sol RT  0.0015M —-522 [BORAI/SER
CaCb —-518 (ex [BOKIM/KANT])
Pu(OH), sol RT —530 [B4PER/SARP
PuQ,(hyd) sol RT corrl =0 —56.85 -57.4 B4RAI]
Pu(OH), sol RT —537 [86LIE/KIM]
Pu(OH), sol 20 comrl =0 —57.85 -58.8 BOKIM/KAN ]
PuQOy(cr) sol 20 corrl =0 —60.20 -61.2 BOKIM/KAN ]
Pu(OH), sol 25 —514 [90PAZ/KUD]
Pu(OH), est. 25 —(58+1) this review
(hyd, aged)
PuQOy(cr) calc. 25 —(64.0+0.5) this review

Radiolytic effects influence the solubility experiments. The crystalline dioxide,
239y, when contacted with water over a period of time, is slowly converted to



342 17. Plutonium oxygen and hydrogen compounds and complexes

(or coated with a small amount of) a less crystalline form. The hydrated, amorph-
ous form of Pu@-xH,0 is gradually converted to a similar, slightly crystalline, form,
but the “Ostwald ripening” apparently does not continue past this s&iRAI/RYA].

If 238PuQ is contacted with water, the crystalline solid is converted to the amorphous
solid [82RAI/RYA]. Also, moderately acidic plutonium(lV) solutions frequently con-
tain a colloidal plutonium species, probably finely dispersedPxi»0. This material

can complicate solubility studies, leading to high apparent solubilities.

The total solubilities of plutonium agueous species at a series of comparable pH
values were reported by Perez-Bustama®®PER (perchlorate medium) and Rai
[84RAI] (nitrate medium). These values differ by one to two orders of magnitude.
The lower experimental solubilities in the earlier study might indicate the use of a
more stable form of the hydroxide or hydrous oxide, but more likely were the result
of the slow dissolution kinetics and a shorter equilibration time — the calculated solu-
bility products (logo K¢ o) reported by Rai are more negative than those reported by
Perez-Bustamante only because Rai treated activity coefficient effects differently, and
also allowed for hydrolysis and complexation. The pH independence of this solubility
difference suggests it is not simply the result of different oxidation state distributions.
Kasha's value (perchlorate mediurdpKAS] is comparable to those of R&84RAl],
even though Kasha reported some colloid formation before the end of the experiment.

This so-called “plutonium(IV) polymer” or “plutonium hydrous polymer”has been
found [78LLO/HAI] to consist of small (approximately 0.2 nm) colloidally dispersed
particles which can be either crystalline or amorphous. As is normal for a polymeric
colloid, it has a distinctive absorption spectrum. The colloid is stabilized by anions
such as nitrate or chloride when the molar ratio of the stabilizing anion to plutonium
is between 0.8 and 4. The colloid can be prepared by partially acidifying precipitated
“Pu(OH)4”, by allowing Pu(lV) to form hydrolytic polymersin 0.1 M nitrate solutions,
by heating moderately acidic solutions of Pu(IV), or by removing HMOm aqueous
Pu(NGs)4-HNO3 solutions by extractiond6WEI/KAT]. It also appears to be formed
by auto-radiolysis of38PuGy(cr) [82RAI/RYA] in aqueous suspension. When condi-
tions are altered such that the colloid is destabilized, the particles may form insoluble
aggregates that are primarily crystalline Bu@lthough there is at least one attempt
in the literature to calculate a value a§Gp, (“plutonium polymer”) per mole Pu(1V)
[83SIL], this is not a meaningful (equilibrium) thermodynamic quantity.

Kim and Kanellakopulosd9KIM/KAN ] reported solubilities of Pu(OHjam) and
PuQ(cr) in 1 M HCIO4. Their values are markedly lower than those of REIRAI],
or even those of Perez-Bustamar@8PER. Kim and Kanellakopulos attributed this
to unfilterable colloidal materiak{1 nm) suspended in the solutions of Rai and Perez-
Bustamante, however, Rai determined his Pu(lV) solution concentrations by extraction
with TTA, and did not rely strictly on the grossanalysis. On the other hand, Kim and
Kanellakopulos also verified their spectroscopically determined solution concentration
of Pu(lV) by TTA extraction. The concentration determined by extraction was about
50% greater than the value from spectroscopy.

In view of the difficulties in establishing equilibrium, measuring the concentrations
of PU* (especially considering possible sorption effects) and maintaining constant
temperatures while equilibrating and sampling the solutions, the results B4RA]
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and Kim and Kanellakopulo8PKIM/KAN2] are actually in quite good agreement.
The tendency of Pu(lV) to disproportionate under the experimental conditions was
carefully taken into consideration. On the basis of these two studies, a value of

logigKgg = —(58+1)

is recommended for the solubility product of well aged hydrated Py6r
Pu(OH)(am)).

2H0(1) + Pup(hyd, aged = 40H + PU**

Because the solid itself is not a thermodynamically stable solid that can be prepared
reproducibly, any value fon{Gy, can only be approximate. Based on the selected
solubility product A¢Gp, (hydrated Pu@, aged 298 15K) = —(9637+6.3) kJmol~1
for hydrated oxide. This value is accepted for the precipitated solid, aged for several
months near room temperature. The valueAeB;, for freshly precipitated material
may be 10 to 20 kdnol~! more positive.

As this review was being completed, a preprint was received of a spectrophoto-
metric study by Capdevila and Vitorg@§CAP/VIT] in which the concentrations of
plutonium aqueous species in 0.1 M HGl@q) over Pu(OH)am) were measured at
different ionic strengths. From the behaviour of the equilibria between the ions in dif-
ferent oxidation states, the authors calculated the concentratiorfof @species that
could not be detected spectrophotometrically in these solutions, and determined the
solubility product of the Pu(lV) solid. Though it was not used in the present evalu-
ation, the reported value for the solubility productllglgg0 = —(583+05)isin
good agreement with the value selected in this review.

17.2.2.4 Pu(OH)(s)

Experimental studies on the solubility products of the actinide(lll) hydroxides are very
sparse. It is not obvious how the often cit&®[ AT, 56KRA] value for the solubil-

ity product of Pu(OHj(s) was calculated from the original data of Busey and Cowan
[50BUS/COW (see AppendiXd), nor is it clear the data are adequate for useful re-
calculations. Certainly no systematic study*sp (the acidic solubility product) as

a function of temperature has been done. Based on a recent study by &ediny
[89FEL/RAI the value

log;¢Kso0 = (15.8 + 1.5)
is accepted in the present review for the reaction
PUOH)3(cn +3HT = PU" + 3H0()
Hence,
AfGS(PUOH)3,5,29815K) = —(1200+ 9) kJmol~!

This solubility product is consistent with the values select@8SJL/BID]
for Am(OH)3(s), logKso = (170 £ 0.6) for the amorphous form and
log, ¢Ks0 = (15.2+ 0.6) for the crystalline form.






Chapter 18

Plutonium group 17 (halogen)
compounds and complexes

18.1 Plutonium halide compounds

18.1.1 Introduction

There are experimental data for the enthalpies of formation at 298.15 K of some of
the more important plutonium halides, but those of some technologically important
compounds, such as Puknd Puls have still to be estimated from non-calorimetric
observations, and thus are relatively uncertain. The only halides for which low temper-
ature heat capacity measurements (and thus reliable standard entropies) are available
are Puk(cr) and Puk(cr), so that the entropies of all the other halides have had to be
estimated. The lack of a precise value for the standard entropy of Puarticularly
noteworthy.

There are precise determinations of the vapour pressures ef Puks, PuCk and
PuBr. The derived entropies of sublimation and vaporisation of the first three are in
excellent accord with those predicted from the thermal functions (often estimated), but
those of PuBg are appreciably higher than anticipated, for reasons which are not clear.

18.1.2 Plutonium fluoride compounds
18.1.2.1 PuF(g) and Puf(q)
18.1.2.1.a Enthalpy of formation

Kent [68KEN] has studied the equilibria involving Pu(g), PuF(g), P{gy and Puk(g)
evaporating from a tantalum Knudsen cell, containing a mixture ogRuE electro-
refined plutonium metal, attached to a mass-spectrometer. Th}é iBofvas formed

from both Pulz(g) and Puk(g) present in the vapour, but the fractions arising from the
two species were estimated by making measurements at different accelerating voltages.
The ion current analogues of the equilibrium constants for the two reactions

PuRs(g) + 2Pug) = 3PuKg) (18.1)

2PuR(9) + Pug) = 3PuRk(9) (18.2)
were plotted as a function of reciprocal temperature to give the enthalpies
of these reactions: A;Hn(18.1,1414 K = (979 + 19.2) kJmol~! and

345
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ArHm(18.2 1417 K) = (1200 + 10.0) kJmol~l. The corrections to 298.15 K
using the thermal functions discussed in the next section, are respectively +34.1 and
+23.7 kdmol1, giving ArHS,(18.1, 29815 K) = (1320 4 20.0) kJmol~! and
ArHR,(18.2 29815 K) = (1437 + 11.0) kdJmol~1. With the relatively precise
values of AtHp,(Pu g,29815 K) = (3490 £ 3.0 kdmol~1 (Section15.2 and
AfHS(PuRs, g, 29815 K) = —(1167.8+£3.7) kJmol~1 (Section18.1.2.3, these give

the selected values

AfHS (PUF, g,29815K) = —(11264 10.0) kJmol™?
AfHS (PuR, 9,29815K) = —(6143+ 6.0) kImol™?

where the uncertainties have been increased to allow for uncertainties in the thermal
functions and in the fraction of the overall chh?on due to the parent Pyfg) and
PuRs(g) species.

18.1.2.1.b Standard entropy and heat capacity

The thermal functions of PuF(g) and P\§) were calculated assuming the molecu-
lar parameters discussed in Rand and FUgebPRAN/FUQG. These are essentially
those suggested by Hildenbraedal. [85HIL/GUR], namely values similar to those
estimated for UF(g) and Ufg) by Glushkoet al. [82GLU/GUR, but with no elec-
tronic contributions. The Pu-F interatomic distances were taken ta8e>210-10
and 210 x 1019 m respectively for PuF(g) and Px(g). These assumptions give

S (PUF. g,29815K) = (251+5) JK 1.mol?
Com(PUF g, 29815K) = (335+3.0) JK tmol?
S (PuR, g,29815K) = (297+10) JK L.mol!
Com(PUR. g, 29815K) = (515+5.0) JK™*mol*

Full tables of the estimated thermal functions of these species up to 2000 K are
given by Rand and Fuge2)OORAN/FUQ.

18.1.2.2 Puk (cr)
18.1.2.2.a Enthalpy of formation

The enthalpy of formation of Pufcr) is based on the enthalpy of precipitation of (hy-
drated) Pugfrom 1.5 M HCI by HF- 1.925H0 (—(30.1+ 1.2) kJmol~1), measured
by Westrum and EyringOQWES/EYR. The precipitate is assumed to contain G,@H
based on the detailed study by Jong3JON. The value for the integral enthalpy of
formation of the precipitating solution HFL.925H0, was interpolated from the data
of Johnsoret al. [73JOH/SM] by a quadratic function of f?, for the range 2 =
5.0—5.6 for m'/2 = 5.3699 to be-320.11 kJmol~1. As noted by Parke6PAR], no
correction is required for the fact that the value foHy, (HF, aqg, 298.15 K) used by
Johnsoret al. [73JOH/SM], —(33564+ 0.29) kJmol~1, was slightly different from
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the CODATA Key Value 89COX/WAG —(335354+ 0.65) kJ-mol~1, the difference
being accommodated in the enthalpies of dilution from the lowest concentration used
by [73JOH/SM] and infinite dilution.

Hence, for the reaction

Pu(cr, @) + 1.5F(g) + 0.4 HoO(l) = PuRz-0.4 H2O(cr)

AHS,(29815K) = —(158293+ 3.00) kJmol™!

The enthalpy of dehydration of PgB.4H,O(cr) has been taken to be

ArH(dehydration = —(3.84 2.1) kJmol(Pufs)~?
as discussed by Fugetral. [8B3FUG/PAR.
Hence,
AfHL(PuRs, cr, 29815K) = —(158G67+3.7) kJmol~t

18.1.2.2.b Standard entropy and heat capacity

The standard entropy and heat capacity at 298.15 K are taken from the low-temperature
heat capacity measurements of Osbatrat. [740SB/FLQ, using a sample containing
nearly isotopically puré4?Pu, to minimise problems from self-heating at very low
temperatures.

S(PuRs, cr,29815K) = (12611+0.36) JK 1.mol™!
Com(PURs, cr, 29815K) = (9264+0.28) JK tmol*

18.1.2.2.c High temperature heat capacity

There are no measured values of the heat capacity above 350 K. Values have been
estimated to be similar to those of LlEr), assessed by Grentbal. [92GRE/FUG,

with the constraint that they merge smoothly with the experimental values from 298.15
to 350 K from [f40OSB/FLQ:

Com(PuRs.cr,T) = (104078+0.707x 10 °T — 10.355x 10°T~%) JK 1:mol™*
from 298.15 K to 1700 K.
18.1.2.2.d Fusion data

The melting point is taken to be (17@03) K, corrected from the experimental value

of (1699+ 3) K (assumed to be on the IPTS68 Temperature scale) given by Westrum
and Wallmann $1WES/WAL]. The enthalpy of fusior((35.4 + 5.0) JK~1.mol™1)

and the heat capacity of the liquitl30+ 20) JK~1.mol~1) have been estimated and
given by Rand and Fuge2)OORAN/FUQ.
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18.1.2.3 Puk (9)
18.1.2.3.a Enthalpy of formation

There are three Knudsen effusion studies of the vapour pressure gfcPufEon-
tained in tantalum cells, by Phipgs al. [SOPHI/SEA, Carniglia and Cunningham
[55CAR/CUN and Kent p8KEN], with excellent agreement. These have all been
corrected to the 1990 Temperature scale and 1986 Fundamental constants. In addition
small corrections have been applied to the first two measurements for conversion to the
current recommended half-life 6#°Pu (24110 y) §6BRO/FIR. The amount of effus-
ate in the experiments by Kert@KEN] was determined by weighing, so no half-life
corrections were required.

The least square fits to the data give forlg@/ban = a/T + b andAsuS;, are
summarised inJOOORAN/FUQ.

Third law treatment of all data using thermal functions estimated below gives

AsypHm(29815K) = (4189+0.5) kJmol~1
and hence,

AfHS (PURs, 9,29815K) = —(116784+3.7) kJmol™!

18.1.2.3.b Standard entropy and heat capacity

The thermal functions of Pufg) were calculated assuming the molecular parameters
given by Rand and Fuge2)O0ORAN/FUQ, using the rigid-rotator, harmonic oscillator
approximation. The molecule is assumed to be pyramidal, withs@mmetry. These
give

S, (PuRs, g,29815K) = (33611+10.00) JK 1.mol™?
Copm(PURs. 0, 29815K) = (7224+5.00) JK~tmol™?

18.1.2.4 Puk (cr)
18.1.2.4.a Enthalpy of formation

This has been estimated from two experimental observations and one correlation.
Johns, #5JOH measured the equilibrium constants for the reaction

PuGy(cr) + 4HFQQ) = Puk(cr) + 2H20(g) (18.3)
at 673 and 873 K, giving the Gibbs energies of reaction:

A(G3,(18.3673K) = —1.736 kJmol™!
ArG:(18.3873K) = 10461 kdmol ™t

The entropy of reaction calculated from the thermal functions for the
reaction is very different from the experimental value, and the third law
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values for A(Hg(29815 K) are —1612 and —1987 kJmol~l.  With
AfHS (PuQp, cr, 29815 K) = —(10558 + 1.0) kJmol~! from [82GLU/GUR
and the current review and CODATA value3[COX/WAQG for HF(g) and BO(g),
the first derived value for the enthalpy of formation of R{dF), the mean of the two
third-law values, is:

AfHS (PURs, cr, 29815 K) = —(18443+ 30.0) kJmol?

from [45JOH.
Dawson and Elliott$4DAW/ELL] measured oxygen pressures close to equilibrium
values at 783 and 1073 K for the reaction

4PuR(cr) + 02(g) = 3Puk(cr + PuG(cr) (18.4)

which gives

ArGS (18.4 783 K) —30.25 kdmol™?
ArGS(18.41073K) = —20.54 kimol™?

Again, there is a considerable difference between the third law en-
thalpies for AHR (29815 K) of the reaction calculated using estimated
thermal functions,—1824 and —2233 kJmol~l. With the mean value and
AfHL(PuQ, cr, 29815 K) = —(10558 + 1.0) kJmol~1 from [82GLU/GUR and
the current review and our current value for B(df), the second derived value for the
enthalpy of formation of Puftcr) is:

AfHS (PUFy, cr,29815K) = —(183134 20.0) kJmol™?

from [54DAW/ELL], where the uncertainty is increased to allow for the possible lack
of true equilibrium.

The third estimate is derived from the correlation between the difference
of the enthalpies of formation of the actinide tetrahalides and the aqueous
M#t jons and the ionic radius of the M, as discussed in detail by Fuger
al. [83FUG/PAR and Rand and Fuger2p00RAN/FUQ. The extrapolated
value of AfHf (PuRk,cr, 29815 K) — AfHﬁq(PU‘Hl, ag 29815 K) therefrom
is —(13195 + 130) kJmol™t, which with AfHS(Pu™, ag 29815 K) =
—(5399+ 3.1) kJmol~1 gives finally

AfHS (PURs, cr, 29815 K) = —(18594+ 13.4) kJmol !

from the correlation.
The selected value from these three fairly consistent estimate8443 + 30.0),
—(18313+ 20.0) and— (18594 + 13.4) kIJmol1is

AfHS (PURs, cr, 29815K) = — (1850 20) kdmol!

but this can only be regarded as a provisional value. This value is consistent with the
observation of Johnsos al. [61JOH/FI$ that Skz(g) does not reduce Puyfer) to
PuRs(cr) at 773K, which implies thaA¢Hy,(PuF, cr, 298.15 K) is more negative than

ca. —1815 kdmol 2.
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18.1.2.4.b Standard entropy and heat capacity

The standard entropy and heat capacity at 298.15 K are taken from the low-temperature
heat capacity measurements of Osbatrat. [750SB/FLQ, using a sample containing
nearly isotopically puré4?Pu, to minimise problems from self-heating at very low
temperatures.

S (PuFy, cr,29815K) = (147.25+0.37) JK L.mol™?
Com(PURs. cr,29815K) = (11619+0.29 JK tmol*

18.1.2.4.c High temperature heat capacity

Osborneet al. [750SB/FLQ estimated the heat capacity of Pyjér) above 350 K, and
we have accepted this estimate with a minor change to reproduce their experimental
Cp m(29815 K):

Com(PUR.cr. T) = (12753+3.114x 10T — 1091 x 10°T %) JK tmol™*
from 298.15 K to 1300 K.

18.1.2.4.d Fusion data

The melting point(1300+ 20) K, the enthalpy of fusiori47 & 10) kJ-mol~! and the
heat capacity of the liqui(165+ 15) JK~1 . mol~1) have been estimated by Rand
and Fuger2000RAN/FUG.

18.1.2.5 PuR (9)

As noted by Randg6RAN], the early work on the behaviour of Pyt high tem-
peratures is unsatisfactory, due either to the use of unsuitable container matgrial (
tantalum) or, probably, the presence of Bugither as an initial impurity or from ad-
ventitious reaction with air or water vapour. The presence of Fagdmits the auto-
reduction reactioncf. Dawsonet al. [S4DAW/ELL] noted above).

3PuR + PUO = 4PuRk+ 02(Q)

With the selected data for Pgland Pulk, the pressure of oxygen generated by this
reaction is calculated to bex3102 bar at 1100 K and % 10~ bar at 1200 K, so that
reaction would be rapid in a vacuum system at these temperatures. Work by Chudinov
and Choporov]0OCHU/CHO2, noted in more detail below, has clarified some of these
aspects. They were able to measure reproducible vapour pressures, consistent with an
enthalpy of sublimation similar to that of YFup to about 1100 K, but above that
temperature, the pressures fell, possibly in steps, to those shown By Phis was
attributed to the possible formation of oxyfluorides; they postulate Pu(®&B&an in-
termediary species. There are no known oxyfluorides of Pu(lV), but it is possible that
PuOR; (for which there is some thermochromatographic evide@QU/LEQG), or



18.1 Plutonium halide compounds 351

less probably PuQfor PuGF,, could be formed. These higher oxyfluorides would
give a mixture of Pug{g) and Puk(g) in the vapour, (with total Pu-bearing pressures
intermediate between those of Buknhd Pul) and would in turn decompose to con-
densed phase Pglnd oxygen,

3PuQuFh(cn = nPuRs(cr) + (3—n)PuO(cr) + (1.5m— 34+ n)O2(Q)

when the Pu-containing vapour pressure would be the same as that of pure PuF
Clearly additional work is required on the stability of condensedsFatFhigh tem-
peratures in the strict absence of BuO

18.1.2.5.a Enthalpy of formation

There are three studies which purport to measure the vapour pressurejoftHitwi~

ever, as noted by Ran8§RAN], the study by Mandleburg and Daviegl][MAN/DAV]

has to be discounted, since they used a tantalum effusion cell, which would certainly
reduce Puk-to Puks. It also seems likely that reduction (or other reactions as noted
above) occurred in the measurements by Berger and GaurbaBiR/GAY, from

1038 to 1308 K using a platinum cell, with a large orifice, since their measured pres-
sure at 1038 K is close to that of Mandleburg and Daved$JAN/DAV], and although

the pressures at higher temperatures increase more rapidly, the entropy of sublimation
(ca. 109 JK~1.mol1) is still too small to correspond to a sublimation process.

The more detailed data in the first three runs up to 1125 K by Chudinov and Cho-
porov [70CHU/CHO2, discussed above, however, seem more reliable, since the en-
tropy change is reasonable for a sublimation process, and the vapour pressures are
slightly larger than, rather than a small fraction of, those of /s noted below, we
have not included any electronic contribution to the entropy o4R3)Fsince this gives
acceptable agreement between the calculét8d.4 JK—1.mol~1) and experimental
(1784 JK~1.mol™1) entropies of sublimation at 960 K (see below). A third-law treat-
ment of the 54 acceptable data points from Chudinov and Chop@tsvyHU/CHO2
then gives, with our selected thermal functions for the crystal and gas:

AsuHm(PuRs, cr,29815K) = (3018 + 3.6) kJmol~1
and thus, when rounded
AfH(PUuR, 9,29815K) = —(1548+22) kJmol~1

where the increased uncertainty includes that associated with the molecular paramet-
ers of the vapour. A plot of the experimental and calculated vapour pressures data
for PuRs and Puk is given by Rand and FugeRQOORAN/FUQ. This enthalpy of
sublimation of 3018 kJmol—! at 298.15 K is somewhat smaller than those for NpF
(3155 kImol1) and UR (3130 kd3mol™1).

18.1.2.5.b Standard entropy and heat capacity

Following the work of Koningst al. [96KON/BO(, which has demonstrated that
the URy(g) molecule almost certainly has tetrahedral symmaetfySection9.1.2.5,
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we have adopted their molecular parameters of(gffor the Puk(g) molecule, ex-

cept for a small decrease in the M-F distance fro®52 x 1019 m for UF4 to

2.05 x 1071 m for PuR(g). The ground-state energy level was assumed to have a
statistical weight of 3, as for Uffg). Since acceptable agreement with the measured
entropy of sublimation was achieved without any higher electronic levels, none were
included. Clearly other combinations of molecular parameters and electronic contribu-
tions could provide as good agreement, but the current relatively simple set should be
acceptable until detailed electronic spectra are measured. The calculated values for the
entropy and heat capacity of P4(§) at 298.15 K are

S (PuFy, g,29815K) = (3590 10.0) JK~1.molt
Com(PUF:. 9. 29815K) = (924+5.0) JK tmol™*

and these are the selected values. The input data used and a complete table of thermal
functions up to 2000 K are given by Rand and FU@&QORAN/FUQG. The input data

are very similar to those suggested by Konings and Hildenbi@8iQN/HIL], which
appeared after the current assessment was completed.

18.1.2.6 Intermediate fluorides and Puk (g)

No solid fluorides between Pyfer) and Puk(cr), analogous to the well-established
uranium compounds AF17, UsFg and UFs have been found, despite numerous at-
tempts to identify them.

Jouniauxet al. inferred the formation of Puftg) in their tracer thermochroma-
tographic study 79JOU/LEQG, and Kleinschmidt $6KLE/WAR] also interpreted his
results when Puffg) was leaked into the ion source of a quadrupole mass spectrometer
in the presence of alumina in terms of this molecule. Kleinschmidt’s suggested uncer-
tainties in the bond energy values (246 and 59%nkd~1) from 19 to 145 kdmol~1, so
these measurements are not suitable for defining thermodynamic data of any precision.

18.1.2.7 Pul(cr)
18.1.2.7.a Enthalpy of formation

This has been calculated froxyHg,(PuFs, g) and the enthalpy of sublimation, calcu-
lated from vapour pressure. There are three consistent studies of the vapour pressure,
by Florinet al. [56FLO/TAN] from 273 to 336 K, Mandlebergt al. [S6MAN/RAE],
from 243 to 294 K, and Weinstoadt al. [SOWEI/WEA] from 273 to 350 K. There is
good agreement between these three studies, and since theM&EIJWEA] is the
most complete description, we have based our analysis on their data.

However Weinstoclet al. [SOWEI/WEA fit their experimental points to a three-
term function of T which implies AsuCp , = +29.09 JK~L.mol1. This value
seems very unlikely, when compared to the experimental value8a8 JK~1.mol~!
for UFg(cr) [92GRE/FUG and —38.4 JK~1.mol~1 for NpFs(cr) (see this review) at
298.15 K. The average value s fCpm from 273 to 324 K from the selectdth
data for the crystal and gas discussed below88.93 JK~1.mol~1, and a refit of
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their experimental data [S9WEI/WEA] to an expression implying this value gives only
slightly greater deviations, but of course with a small trend. Fortunately, the mid tem-
perature of the measurements of Weinstethl. is very close to 298.15 K, so that
the derived value of\sypnS;, at this temperature is not very sensitive to the value of
AsulCp m assumed, as shown iBQOORAN/FUQ, in which fits of the vapour pressure

to the expression

logig(p/ban = a+b/T+clogT

are compared.

Combining the suggested value faxspS;, (29815 K) = (1471 + 0.3)
JK~Lmol~lwith Ag,gG3,(3247 K) at the triple point and the selected thermal
functions of Puk(cr) and Puk(g) (see below) gives finally

AsuHS (PUFs, 29815K) = (48654 1.00) kJmol™?
AfHS (PuRs, cr, 29815K) = —(186135+ 20.17) kJmol™!

where the additional significant figures are retained to reproduce the correct vapour
pressure from thermodynamic calculations.

18.1.2.7.b Standard entropy and heat capacity
Combination of the selectetls S, (298.15 K) ands;,(PuFs, g, 29815 K) gives

(PuFs, cr, 29815K) = (2218+1.1) JK 1mol?!
Sh

The heat capacities of Pgfer and I) have been estimated by Rand and Fuger
[2000RAN/FUG; the value for the solid at 298.15 K is (168+12.0) JK~1.mol~1.

18.1.2.8 Puk (9)
18.1.2.8.a Enthalpy of formation

The equilibrium constants for the reaction

PuR(cn + F2(g) = Puks(g) (18.5)

have been measured by Flognal. [5S6FLO/TAN], from 440 to 873 K, Weinstock and
Malm [S6WEI/MAL], from 298 and 493 K, and by Trevorrowt al. [61TRE/SH],
from 423 to 668 K. The results are rather disparate, which is not surprising in view
of the high reactivity of Pug{g) and the fact that it decomposes slowly due to self-
radiation damage. However, the results of the first and third studies are in reasonable
agreement, and our analysis is based on the most complete and precise investigation,
by Trevorrowet al. [61TRE/SH].

The calculated entropy of reaction from the estimated thermal functions is some-
what different from that derived from the least square fit to these data. A third law
calculation gives

AHS(18.529815K) = (37.3+2.4) kImol?
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With our selected value for the enthalpy of formation of R@F), we have

AfHS (PuFs, 9, 29815K) = —(18127+20.1) kJmol™!
where the uncertainty is dominated by thatifH,(PuF, cr, 29815 K).
18.1.2.8.b Standard entropy and heat capacity

The thermal functions of Pykg) ideal gas were calculated assuming the molecular
parameters given by Rand and Fug2@(ORAN/FUQ, using the rigid-rotator, har-
monic oscillator approximation. The molecule is taken to be octahedral wity®-
metry. Thus,

S (Puks, g, 29815 K) (36890+ 1.00) JK t.mol™?t
Com(PUFs, 9. 29815K) = (12932+1.00) JK~tmol™?

The heat capacities have been fitted to the expression
C;,m(PuFe, g, T) = (1439884 2.32109x 1072 T
—1.076413x 10°°T? — 1.83427x 10°T %) JK L.mol!
from 298.15 to 1000 K.

18.1.2.9 PuOF(cr)

Plutonium (Il) oxyfluoride is not well characterised, but it was apparently formed
during the attempted reduction of Pyf€r) by atomic hydrogen (quoted by
Cunningham and Hindman54CUN/HIN]); its thermodynamic properties can
however be estimated reasonably reliably. Following Fu@arqg, the differ-
ence (AfHp,(PuOF cr, 29815 K) — AfHf (PuRs, cr, 29815 K)/3) is estimated

to be —(609 + 20) kJmol~1, from the corresponding values for the chloride
—(6111) kImol~! and bromide—(6058 kJmol™!). The selected enthalpy of
formation of PuOF(cr) is thus calculated to be

AfHS,(PUOF cr, 29815K) = —(11404 20) kJmol?

The standard entropy is estimated from the values for the other trihalides and oxyhal-
ides:

S,(PUOFcr,29815K) = (96+10) JK~1mol™!
The heat capacity is estimated to be close to the sum of (1B3PUBPyO3):
Com(PUOFcr, T) = (720+1.6x 107°T
—33x10°%T?-6.2x 10°T"?) JK Ltmol™?t
(29815 K to 1500 K
and thus
Cpm(PUOF cr,29815K) = (69.4+100) JK tmol™*
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18.1.3 Plutonium chloride compounds
18.1.3.1 PuCi (cr)
18.1.3.1.a Enthalpy of formation

Westrum and Robinsod9ROB/WE$ measured the enthalpy of solution of Pg(Clh)
in 6 M HCI to be—(92.67 + 0.42) kJmol~1. From the data in Table.5 6 M HCI
is calculated to correspond to a molality of 6.8508, slightly larger than that used in the
assessment by3BFUG/PAR. The value of the partial molar enthalpy of formation of
HCI in this solution, interpolated from fits of the enthalpy of solution data given by
Parker p5PAR is correspondingly more positive by 0.031-tabl~1 at —(153400+
0.11) kJ}mol~1 [2000RAN/FUG.

With the additional data of the enthalpy of solution of Pu¢grin the same solution
—(59204+ 1.67) kImol~—! (assessed by Fuger and Oettii§ FUG/OET), the final
value for the enthalpy of formation of Puf{¢r) becomes

AfHS,(PuChk, cr,29815K) = —(9596+ 1.8) kJmol™?

18.1.3.1.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity of(&uCl
and the standard entropy is derived from four consistent estimates: Latimer’'s
method, the spin-only contributions, and by comparison with similar compounds
[2000RAN/FUQGQ. From these four, not entirely independent, estimates of 162.1,
161.5,162.4, and 168 JK~1.mol1, the selected value is

S,(PuCh, cr,29815K) = (1617+3.0) JK tmolt

18.1.3.1.c High temperature heat capacity

Lacking experimental data, the heat capacity of B(6Z) is assumed to be close to that
of UCI3(cr)([92GRE/FUG, correctedy. The suggested values for Py(r) are:

Com(PuCk.cr. T) = (9135+240x 10T 4+ 2.4 x 10°T~%) JK :mol™*
from 298.15 to 1041 K, and hence

Com(PuCk, cr,29815K) = (1012+4.0) JK™*mol™*

1t should be noted that the coefficient Bfin the equation forC,‘;’m(UCIg) given by Grentheet al.
[92GRE/FUG is too small by a factor of 4.
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18.1.3.1.d Fusion data

The melting point is taken to be (1044 2) K from Bjorklundet al. [59BJO/REA,
corrected to the 1990 Temperature scale. The enthalpy of fusion is calculated from the
vaporisation data for the solid and liquid by Phiggsal. [SOPHI/SEA, corrected to

Tius = 1041 K (see Sectioh8.1.3.2for further details).

AfusHS (PUCk, cr, 1041 K) = (55.0+ 5.0) kJmol™?

The heat capacity of the liquid has been estimated by Rand and Fuger
[2000RAN/FUQG, based on that estimated for &{lj by Glushkoet al. [82GLU/GUR
and comparison with lanthanide chloride83pDWO/BRE 71DWO/BRH, to be
Co.m(PUCh, I) = (1454 15) JK~1.mol1,

18.1.3.2 PuCi (g)
18.1.3.2.a Enthalpy of formation

The Knudsen effusion measurements of vapour pressure in tantalum from 879 to
1224 K by Phipp&t al. [50PHI/SEA, which have very little scatter, have been correc-

ted to the 1990 Temperature scale and the 1986 set of Fundamental constants. These
authors interpreted their data to give a melting point of 1008 K, appreciably lower
than the value 0f1041+ 2) K directly measured by Bjorklundt al. [59BJO/REA

(see Sectiorl8.1.3.1.)l However, if the two relevant points are moved to refer to
sublimation of the solid rather than vaporisation of the liquid, the least square fit for
the sublimation pressures becomes

logyo(p/ban = 9.3677— 154726/ T

from 879 to 1034 K.
Third law treatment of the data for the sublimation using the thermal functions for
PuCk(g) estimated below gives

AsutHS(29815K) = (3122+0.5) kImol™!
and hence,
AfHS,(PuCh, g, 29815K) = —(647.4=+2.0) kImol™!

The least-square fit for the vapour pressure of the liquid from 1051 to 1136 K,
subject to the constraint that the vapour pressures of the solid and liquid be equal at the
melting point, defines the enthalpy of fusion given above.

18.1.3.2.b Standard entropy and heat capacity

The thermal functions of Pugllg) were calculated assuming the molecular parameters
given by Rand and Fuge2QOORAN/FUQG, using the rigid-rotator, harmonic oscillator
approximation. These molecular parameters give

S, (PuCh,g,29815K) = (36862+ 10.00) JK 1.mol™?
Com(PuCk, g.29815K) = (7847+5.00) JK t:mol™*
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18.1.3.3 PuC} -6 H,O(cr)
18.1.3.3.a Enthalpy of formation

The enthalpy of solution in water to give an approximately 0.001 molal solution was
measured by Hinchey and Cobbi&HIN/COBH] to be —(33.70+ 0.63) kJ-mol~1; the
further enthalpy of dilution to infinite dilution is estimated to+b€0.9+0.1) kJ-mol—!
from the similar enthalpies of dilution of Lng&b0000H0O(cr) to infinite solution (Ln
= Sm, Nd, Pr, Ce, La) from the assessments of Wagehah [82WAG/EVA].

Hence AgnH°(PuCk-6H20, cr, 29815 K) at infinite dilution = —(34.60 +
0.64) kJmol~1, which with CODATA values (Tablé.1) for Cl—(aqg) and HO(l),
gives,

AfHS (PUCK-6H20, cr, 29815K) = —(27734+ 2.1) kJmol™?

18.1.3.3.b Standard entropy and heat capacity

The standard entropy is estimated from that of the iso-structural and isoelectronic
samarium compoung,(SmCk-6Hz0, cr, 29815 K) = (41404 3.0) JK~1.mol~?
[82WAG/EVA] by addition of 15R In(AM (Pu)/AM (Sm)) to allow for the difference

in atomic masses (AM). The selected value is

S, (PuCh-6H,0, cr, 29815K) = (420+5) JK 1.mol™?

Hinchey and Cobble70OHIN/COHB also measured the solubility of this salt in water.
The average of their three measurements (4.47kgot), leads (with estimates of the
activity coefficientgy+ = 9.30, a(H20) = 0.365, [fOHIN/COH corrected) based on

the data for SmGlaqueous solutions) to the standard Gibbs energy of the dissolution
reactionAsinG°(PuCk-6H,0, cr, 29815 K) = —(30.1254 0.840 kJmol~1.2 This
value is a key component in the derivation of the standard entropy df(), see
Sectionl16.5

2The uncertainty inAgnG°(PuCh-6H,0) is the same as the uncertainty assigned/BHUG/OET, and
mainly reflects the scatter in the original solubility measurements. A case could be made for increasing
this value to allow for the uncertainties in the water activities and activity coefficients, but the effects of
doing so would have only a marginal effect on the uncertainties assigned to values for other species
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18.1.3.4 PuCj (cr)

The gaseous tetrachloride Py(@) is well established, but the condensed phase is not
stable with respect to decomposition to Pyi&@hd Ch(g) at normal pressures, Abraham

et al. [49ABR/BR({; however reliable estimates of the thermodynamic data for the
solid can be made, particularly as enthalpy data for the Pu(lV) complelu@(cr),

are available. Thermodynamic functions have been estimated and they are given in
[2000RAN/FUQG. The estimated values are:

AfHS,(PUCl, cr, 29815K) = —(9687+5.0) kJmol™*
S (PuCl, cr,29815K) = (201+10) JK~1mol™!
Cpm(PuCk, cr,29815K) = (1214+4.0) JK *mol™*

High temperature heat capacity values, the melting point, enthalpy of fusion
and liquid heat capacity are estimated and they are also given by Rand and Fuger
[2000RAN/FUQG. The calculated pressure of chlorine gas required to give condensed
phase PuGlfrom PuCk(cr) is about 1200 kbar at 800 K for Pufdr) and about
130 kbar at 1200 K for Pug{l).

18.1.3.5 PuCj (9)

18.1.3.5.a Enthalpy of formation

This has been calculated from a third-law analysis of data for the Gibbs energy change
from 674 to 1024 K for the reaction

PuCk(cr) + 0.5Cl(g) = PuCh(9)

given by Benz $2BEN], using the thermal functions for Pugftr) and PuCi(g) es-
timated here. As noted below, the electronic levels in R{glare designated semi-
arbitrarily so as to reproduce the correct entropy of this reaction, thus ensuring agree-
ment of the second and third law enthalpies. This gives for the above reaction,

ArHM,(29815K) = (167.6+1.0) kJmol~1
from which the selected value is calculated

AfHS,(PUCh, 9,29815K) = —(7920+10.0) kJmol?

The uncertainty has been increased substantially to include that from arising from
the molecular parameters.
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Gruen and DeKockd7GRU/DEK made similar measurements for the reaction in-
volving PuCk(l) from 1052 to 1187 K, using the optical density of the principal band
in the spectrum of Pu@{g) as a monitor of the pressure. There is some confusion in
the reporting of the equilibrium constants for the reaction in both the table and figure,
but the tabulated values, when divided by 100, (as required to correspond to the given
Gibbs energy of the reaction) agree excellently with the extrapolation of the data of
Benz 2BEN], using the selected fusion data for PeCA comparison of the experi-
mental and calculated equilibrium constants is given in the report by Rand and Fuger
[2000RAN/FUQ. The values for the stabilities of Pufer) and PuCj(g) give a hy-
pothetical enthalpy of sublimation of 176kJmol~1 at 298.15 K, somewhat smaller
than those for NpGland UC}, which are both close to 200 Jdol 1.

18.1.3.5.b Standard entropy and heat capacity

The thermal functions of Pugllg) were calculated using the rigid-rotator, harmonic
oscillator approximation. Following the work of Haalaetdal. [95HAA/MAR] on the
electron diffraction and infrared spectroscopy of W@), the molecule was assumed

to be an undistorted tetrahedron, with a Pu-Cl distance% 8 10~1%m, cf. r(U-Cl)
=2.503x 10~1%m in UCl4(g) [95HAA/MAR]. The vibration frequencies were taken

to be very similar to those determined for U@@) by these author®pHAA/MAR].

The electronic contribution to the entropy was adjusted to reproduce fairly closely the
experimental entropy of the reaction

PuCk(cr) + 0.5Cl(g) = PuCh(g)

derived from the measurements of the equilibrium constant from 674 to 1024 K
by Benz p2BEN. In fact with the first five electronic levels of Ugh) sugges-
ted by Hildebrandet al. (which are a simplified version of those suggested by
[73GRU/HEQ from their the spectral measurements), the calculated entropy of reac-
tion (1207 JK~1-mol1) is very close to the experimental value, 198K ~1.mol~1,
and these electronic states were used. The full data used are given in the report
by Rand and Fuger2DOORAN/FUQ. They are very similar to those suggested by
Konings and Hildenbran®BKON/HIL], which appeared after the current assessment
was completed. Clearly other combinations of molecular parameters and electronic
contributions could provide as good agreement, but the current set has the merit of
being consistent with the broad corpus of other data adopted for the gaseous actinide
halide species.

The selected data give

S, (PuCl, g, 29815 K) (4090 + 10.0) JK~L.mol*
Com(PuCh,g.29815K) = (1034+5.0) JK tmol™*

where the uncertainties include that arising from the molecular parameters.
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18.1.3.6 PuOCI(cr)
18.1.3.6.a Enthalpy of formation

Westrum and RobinsodPWES/ROB have studied the dissolution in 6 M HCI. Their
enthalpy of dissolution-(10113 + 0.42) kJmol~! gives with auxiliary data (see
PuCk(cr) section), the following selected value

AfH(PuOClcr, 29815K) = —(9310+1.7) kJmol~!

18.1.3.6.b Standard entropy and heat capacity

The standard entropy has been calculated from the equilibrium constants for the reac-
tion

PuOClcr) 4+ 2HCI(gy = PuCk(cr) + H20(g)
measured by Sheft and Davidsef¥®FHE/DAV] from 816 to 969 K and Weigedt al.
[77WEI/WIF from 736 to 885 K, with excellent agreement. With the above enthalpy

of formation and estimated heat capacities for PuOCI(cr), the Gibbs energies measured
in these studies require

ArS,(29815K) = —(12890+ 1.95) JK~1mol™?
from [49SHE/DAV], and
ArS,(29815K) = —(12870+0.50) JK~1mol!

from [77TWEI/WIS.
The weighted mean is (128714 0.49) JK~1.mol~1, which gives

S (PuOClcr,29815K) = (1056+3.0) JK 1mol™!

where the uncertainty is dominated by that in the (estimated) standard entropy of
PuCkg(cr).

This value is slightly greater than that for UOCL025 + 8.4) JK~1.mol-1
[92GRE/FUGand that estimated from the revised Latimer method2@ —1-mol~1
[93KUB/ALC].

18.1.3.6.c High temperature heat capacity

These have been estimated from those for UOCI@2)JRE/FUG and from the sum
of C5 (P03 + UCl3)/3 [82GLU/GUR 47GIN/COR

Com(PuOCler, T) = (7303+17.1x 10°3T —5.83x 10°T~%) JK t:mol™!
from 298.15to 1100 K, and hence,
Cpm(PuOClcr,29815K) = (71.6+4.0) JK tmol™*
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18.1.3.7 CsNaPuCls (cr)
18.1.3.7.a Enthalpy of formation

Morss [f1MOR has measured the enthalpy of dissolution of this complex salt in
0.001 M HCI (final molality of Ptr® = 0.004) to be—54.06 kJmol~1, with an un-
known uncertainty. This has been corrected to infinite dilution by considering two
effects.

The enthalpy of dilution of Pu@lsolution from 0.004 molal to infinite dilution has
been estimated by comparison with enthalpy of dilution of lanthanide trihalides from
MCI3-13875H0 (M = Gd, Sm, Nd, Pr, Ce, LaBRWAG/EVA],

AgiH = —(1.6+0.4) kJmol™®

There is an additional enthalpy term to be included, namely that resulting from the
change in complexing resulting from additionaldbns; this will increase the con-
centration of PuGt ions in a solution of CeNaPuC} over that in a solution of Pugl

with the same concentration of ®u From the data in Sectiob8.2.2.1 the equilib-

rium constant of the aqueous reaction

PPt +ClI- = PuCkt

at the relevant ionic strengths of 0.024 an®32 molkg~—! are calculated to be
6.2 and 5.2 respectively. The fractions of P&iCFormed will thus be 0.068 and
0.11 respectively. Since the enthalpy of the complexing reaction is410)
kJ-mol~1(Section18.2.2.}, the additional complexing will give an additional enthalpy
of dilution amounting to—(0.8 & 0.5) kJmol~1. The total enthalpy of dilution from
0.004 molal to infinite dilution is thus taken to be(2.4 + 0.7) kJmol~%, giving
AsinH (CNaPuC$, infinite dilution) = —(56.4 + 2.0) kJmol~1, and with the
accepted values for the aqueous ions, [this review, 89COX/WAG]

AfHS (CeNaPuCh, cr, 29815K) = —(22942+ 2.6) kJmol?

This corresponds to an enthalpy of formation-88.7 k3mol~! from the constituent
chlorides.

18.1.3.7.b Standard entropy

The standard entropy has been estimated by two independent methods
[2000RAN/FUG. From the two estimates of 436.2 and 44&3J3'mol~%, the
selected value is

S (CeNaPuCh, cr,29815K) = (4404 15) JK~tmol™t

18.1.3.8 CsPuClg (cr) and CsPwCl7 (cr)
18.1.3.8.a Enthalpy of formation and standard entropy

Williamson and Kleinschmidtg3WIL/KLE] have studied the Csintensities (1) (as
a monitor of the CsCI(g) pressures) over the three diphasic regions: i) CsCl(cr,bcc) +
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CsPuCk(cr), from 603 to 735 K; ii) CsPuCk(cr) + CsPuCly(cr), from 667 to 769 K;

and iii) CsPuCly(cr) + PuCk(cr), from 722 to 846 K, using a platinum effusion cell
attached to a mass-spectrometer. Since the absolute pressures of CsCl(g) were not
determined, but the experiments were all carried out successively in the same Knudsen
cell, the best way to treat these data is to consider the totally condensed phase reactions

0.4CsPuCk(cry = 0.2CsPuClz(cr) + CsClcr, bco (18.6)
CsPuCl7(cry = 2PuCk(cr) + CsClcr, bco (18.7)

The Gibbs energies of these reactions can be derived by subtracting the log(IT) val-
ues given by93WIL/KLE] for region i) from those for regions ii) and iii) respectively:

AGS(18.6T) = ((23586+ 2950 — (4.00+4.13)T) Jmol!
from 667 to 769 K, and
AGS(18.7T) = ((37869+ 3160 — (0.57+4.12)T) IJmol™!

from 722 to 846 K.

The small differences in the temperature ranges in three series have been ignored,
since the small error introduced is very much within the uncertainty of the Gibbs en-
ergies. These have then been reduced to give the enthalpies and entropies of these
reactions at 298.15 K, using the heat capacities of the ternary halides estimated below.
In fact, since these estimates are based g2f ,, ~ 0 for the formation from CsCl and
PuCk, the corrections from the mean temperature of the measurements to 298.15K are
essentially zero and we have

ArHS,(18.6 29815 K) (23584 2.95) kJmol~?
ArS,(18.6 29815K) = (4.00+ 4.13) JK 1molt

ArHS,(18.7, 29815 K) (37.87+ 3.16) kdmol?
ArS,(18.7,29815K) = (0.57+4.12) JK 1 molt

For reaction 8.6, we have also ignored the transition ing@siCk(cr) at 683 K
noted by Benz and DouglasSIBEN/DOU. Since the crystal structure is not known
for either the low- or high-temperature phases, it is difficult to estimate the enthalpy
of this transition. A correction should therefore be applied to this treatment when the
relevant data become available.

The above values give, after rounding, the selected values

AfHS (CgPuCh, cr, 29815 K) —(2364+ 8) kdmol™?
S (CssPuCh, cr, 29815K) = (455+11) JK 1mol™?

AfH? (CsPyCly, cr, 29815 K) —(2399+ 6) kdmol™?
S (CsPuCly, cr,29815K) = (4244 7) JK 1mol™?
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where the data for CsCl(cr,bcc) have been taken from the assessment by Giehko

[82GLU/GUR.

18.1.3.8.b Heat capacity

The heat capacities of these ternary halides have been estimated by assuming there
is no change in heat capacity in the formation reaction from the binary halides. The
resulting values are represented closely by the expressions

Cpm(CssPuCh, cr, T)

(256.6 + 3.46 x 10°°T — 7.40 x 10°T %) JK L.mol!

Com(CsPuCly,cr.T) = (237.845.15x 10 °T + 1.55x 10°T %) JK tmol*

(T =29815—- 900 K)

and thus the values

Com(CsPuCk, cr,29815K) = (2586+10.0) JK *mol™*
Cp.m(CsPuClz, cr, 29815K) = (2549+10.0) JK~:mol™*

18.1.3.9 CsPuClg (cr)

18.1.3.9.a Enthalpy of formation

Fugeret al. [83FUG/PAR have analysed the results of the calorimetric study by Fuger
and Brown f1FUG/BRQ, who reported a value of (74.22+ 0.21) kJmol~1 for the
dissolution of this complex salt in 1 M HCUKO We have reworked this analysis, with

the following enthalpy values:

AfHR(CsCl cr) = — (442314 0.16) kJmol~1 [82GLU/GUR

compatible with $9COX/WAG
AglnHm(CsCl cr, 1 M HCl or HCIOy,) = (16.69 £ 0.08) kJ-mol—1 (see Sectiod.1.3.9

AfHS(PUuCh, cr) = —(9596 + 1.8) kJ-mol—1 (see Sectioni8.1.3.1
AsinHm(PUCh, cr, 1 M HCIO4) = —(126.8 + 1.3) kJmol~! [83FUG/PAR
AfHm(PWBH, 1 M HCIOs) — AtHm(PU, 1 M HCIO,) = —(51.9 + 2.4) kJmol~1

assumed to be the same as in standard conditions (see Skg:#pand

AtHm(CI=, 1 M HCIOy, partiah = — (16437 + 0.10) kJmol~1

assumed to be the same as in HCI of the same mol2@9GRAN/FUG

The calculated value for the enthalpy of formation of the complex salt thus becomes

AfHS (C3PuCk, cr, 29815 K) from 1 MHCIO; = —(197594+3.3) kJmol~!

Fuger and Brown also reported measurements of the enthalpies of dissol-
ution of the salt in 1 M and 6 M HCI, as-(57.20 + 0.79) kJmol~! and
—(0.75+ 0.13) kJmol~1, respectively, and calculations similar to the above can
be made using the values affHm(PU*, in HCI) and AfHm(CI~, in HCI, partial)
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[2000RAN/FUQG, and AsinHm(CsCl cr, 6 M HCI) = (11.88+ 0.13) kJmol1, and
AsinHm(CsCl cr, 1 M HCI) given above. The results are:

AfH2 (CPUCk, cr, 29815 K) from 1 M HCI —(19868+ 3.8) kImol™*
AfHS,(CPUCE, cr, 29815 K) from 6 M HCl = —(19868+ 4.5) kJ-mol™?

The weighted mean of the three measurements-ig9820 + 2.2) kJmol 1,
which, with an increased uncertainty, is the selected value

AfHZ (CPUCk, cr, 29815 K) = —(19820+5.0) kJmol™!

This corresponds to an enthalpy of formation-af287 kJmol~! from CsCl(cr)
and the unstable Puggtr), so that, unlike the latter, @BuCk(cr) is easily precipitated
from Pu(IV) solutions.

18.1.3.9.b Standard entropy

The standard entropy has been taken to be the mean of two estimates (407.3 and
4172 3IK~1.mol~1) given by Rand and FugeDOORAN/FUQG. The selected value
is

S (CPuCk, cr,29815K) = (412+15) JK~tmol™?!

18.1.4 Plutonium bromide compounds
18.1.4.1 PuBsg (cr)
18.1.4.1.a Enthalpy of formation

Westrum B9WES has measured the enthalpy of solution of Pi(Br) to be
—(12908 + 0.42) kJmol~! in 6.0 M HCI and Brownet al. [77BRO/HUR
reported measurements of (16359 + 0.59) kJmol~l in 0.1 M HCI and
—(157.614 0.59) kJmol~1in 1.0 M HCI. The partial molar enthalpy of formation of
HBr in HCI solutions is assumed to be the same as in HBr solutions of the same mo-
lality, which have been recalculated from the enthalpy of dilution data given by Parker
[65PAR, and are —109554, —120713, —119395 kJmol~! [2000RAN/FUQG.
These, with the corresponding values for Gn [2000RAN/FUG, the enthalpies of
solution of PuCl(cr) in the same solutiongipROB/WE$ and the currently assessed
value for AtHy,(PuCk, cr, 29815 K) = —(9596 + 1.8) kJmol~1, give values of
—(7917 £ 2.0) kImol1, —(7922 + 2.0) kIJmol~! and— (7938 + 2.0) kJmol~1

for the AfHg, (PuBms, cr, 298.15 K) from these solutions. The selected value is the
weighted mean

AfHS,(PUBrs, cr, 29815K) = —(7926+2.0) kJmol™t
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18.1.4.1.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity of(éhBand

the standard entropy is derived from two reasonably consistent estimates: Latimer's
method and the spin-only contributioAJOORAN/FUQG. From these two estimates of
205.3 and 19@& JK~1.mol~1, the selected value is

S (PuBr, cr,29815K) = (198+6) JK 1.mol™?

18.1.4.1.c High temperature heat capacity

Lacking experimental data, the heat capacity of B(@} is assumed to be similar to
UBrs(cr). The suggested values for PyRr) are:

Com(PuBm,cr.T) = (1045+150x 10°T — 6.38x 10°T ) JK t:mol™*
from 298.1 to 935 K, and hence

Com(PuBr, cr,29815K) = (1018+6.0) JK :mol™!

18.1.4.1.d Fusion data

The melting point is taken to k®354 10) K from the analysis of the vaporisation data

for the solid and liquid measured by Phipgisal. [S0PHI/SEA, as discussed in Sec-

tion 18.1.4.2 As noted there, this and the derived enthalpy of fusion have been given
quite large uncertainties because of the unexplained differences in the vaporisation data
for PuRs, PuCk and PuBs. The selected values are:

Tus = (935+10) K
AfusHS (PuBmR, cr, 935 K) = (47.14 10.0) kImol™?

The heat capacity of the liquid has been taken t¢15®+15) J-K~1.mol1, based
on the values for lanthanide trichlorides and tribromides.

18.1.4.2 PuBg(9)
18.1.4.2.a Enthalpy of formation and standard entropy

Phippset al. (50PHI/SEA) have measured the vapour pressure of faBstal and

liquid from 795 to 1084 K, using a tantalum effusion cell. As with their studies of PuCl
and Puk, these data are precise enough to warrant correction to the 1990 Temperature
scale and the latest values of the Fundamental Constants and half-lives of the plutonium
isotopes. The least-square fits to the corrected data are:

l0gig(p/ban = —150622/T + 10.256
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from 795 to 928 K, and
logyg(p/ban = —122037/T + 7.914

from 943 to 1084 K, for the solid and liquid respectively.

The resulting entropy of sublimationsypS at the mean temperature of 868 K
is 19635 JK~1.mol~1, which is appreciably higher than the corresponding values
for Puk and PuG4, which are 176.3 and 17® JK~1.mol~! respectively. The
value of AsypS(868 K) calculated from the estimated thermal functions of B(dB)y
and PuBsg(g), assuming the latter molecule has molecular parameters similar to
those estimated for UB¢g) by Hildenbrandet al. [85HIL/GUR], is also about
180 JK~L.mol~1. The reason for this sizeable difference betweengRuid PuGj on
the one hand and PuBon the other is not clear. Possible reasons could include:

e Substantial error i, (PuBr, cr).

e Substantial error in the data by Phipgisl. [SOPHI/SEA.
¢ Reaction with the tantalum container.

e Decomposition of PuBxg).

e Symmetry of PuBg(g) different from Gy (pyramidal).

e Substantial error irg;,(PuBn, g) due perhaps to lower bending frequencies or
an unexpectedly large electronic contribution.

None of these appears very plausible (except perhaps the last), and further work
is required to resolve this situation. Meanwhile, we accept the very careful work of
Phippset al. [S0PHI/SEA and process their data with a second-law analysis, accepting
that the derived values &, (PuBr, g) will be substantially higher than those calcu-
lated from the molecular parameters (see below).

The sublimation data givas,pH (868 K) = 28836 kJmol=1, As,pS(868 K) =
19635 JK 1mol~1, and correction to 298.15 K using the thermal functions
of PuBr(g) discussed below gives\syH(29815 K) = 3044 kImol1,
AsubS(29815 K) = 2252 JK~L.mol~1. These in turn give the selected values

AfHS,(PUBR, g, 29815K) = —(488=+ 15) kJmol™!
S (PuBm, g,29815K) = (423+15) JK 1mol™!

where the substantial uncertainties arise from the unexpectedly large entropy of sub-
limation, rather than the imprecision in the vaporisation data. A comparison between
the experimental vapour pressure data and those calculated from the selected data is
given in the report by Rand and Fug@0pPORAN/FUQ.

The data for the vaporisation of the liquid implhpH(1014 K) =
23364 kJmol™t, AyapS(1014 K) = 137.73 JK~1.mol~%, and the best agreement
with the data for the sublimation is obtained with a melting point@85+ 10) K,
AqsH(935 K) = (47.1 + 10.0) kIJmol~1. This melting point is appreciably lower
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than the direct measurement (54 + 5) K by Robinson i9ROH on a sublimed
sample of PuBy. However, this value, even with a substantially different enthalpy
of fusion, leads to much poorer agreement with the vapour pressures of the liquid
given by Phippset al. [SOPHI/SEA. Moreover, Robinson’s similar measurement
of the melting point of PuG@l was (1033 + 5) K, compared to the more recent
uncorrected values @040+ 2) K [59BJO/REA and 1042 K p1BEN/DOU, so his
uncertainties were probably appreciably too low. The valueggf= (9354 10) K
andAgnsH (935 K) = (47.1 + 10.0) kI mol~1 are the selected values.

Clearly further work on the vaporisation of PyBs desirable, preferably with a
mass spectrometer to identify the gaseous species involved.

18.1.4.2.b Heat capacity

The heat capacity of PuBig) was calculated using the rigid-rotator, harmonic oscil-
lator approximation, using molecular parameters similar to those suggested tfglBr

by Hildenbrancet al. [85HIL/GUR], but with somewhat smaller vibration frequencies
following the work on UCJ(g) by Haalandet al. [95HAA/MAR]. As noted in the pre-

vious section, such a model gives entropies which are appreciably smaller than those
required by the vaporisation data, so the electronic contribution to the thermal func-
tions was neglected until this discrepancy is resolved. The heat capacities up to 1500 K
have been fitted to the expression

Com(PuBr,g.T) = (83135+3.900x 10°°T
—1.3832x 10°T2) JK L.mol™?t
The full data used are given in the report by Rand and FUg@@qRAN/FUQG,
together with the calculated thermal functions and a plot of the vapour pressure data.
18.1.4.3 PuOBr(cr)
18.1.4.3.a Enthalpy of formation

The enthalpy and entropy of PuOBr(cr) have been calculated by a second-law analysis
from the equilibrium constants of the reaction
PuOBIKcr) + 2HBr(g) = PuBr(cr) + H20(g)

measured by Sheft and Davids@¥®BFHE/DAVY from 816 to 911 K and Weigetdt al.
[82WEI/WIF from 728 to 877 K, with good agreement; the latter are more precise
and have been given a higher weight. With estimated heat capacities fog(BW)Br
and PuOBr(cr) (see below), the derived second-law valuafbets,(298.15 K) for this
reaction is—(91.7 + 5.0) kJmol~1, giving finally

AfHS (PUOBE cr, 29815K) = —(8700+8.0) kJmol™!

where the uncertainty includes that of the enthalpy of formation of kaBr
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18.1.4.3.b Standard entropy and heat capacity
The entropy has been calculated from the equilibrium constants of the reaction
PuOBI(cr) 4+ 2HBr(g) = PuBr(cr) + H20(g)

as noted for the enthalpy of formation above. The derived second-law value for
ArS;,(298.15 K) for this reaction is-(137.3 + 5.0) JK~1-mol~1, giving finally

(PUOBI cr,29815K) = (127.0+10.0)JK L.mol?
S

where the uncertainty includes those in the properties of #uBr This value is close
to that from two estimates, 118.3 and 1203K —1.mol~1, [2000RAN/FUG. This
supports the value estimated f&,(PuBr, cr, 298.15 K) which is relevant to the dis-
cussion of the vaporisation data for PyBr

18.1.4.3.c High temperature heat capacity

These have been estimated to be consistent with those used for PuOCI(cr) and from
(PwO3 + PuBnR)/3 ([82GLU/GUR and this review).

Com(PUOBLCr,T) = (737+17.0x 10T - 5.15x 10°T %) JK tmol*
from 298.15K to 1100 K, and hence
Cpm(PUOBr cr, 29815K) = (73.0+8.0) JK tmol™?

18.1.4.4 CsPuBrg (cr)
18.1.4.4.a Enthalpy of formation

Fugeret al. [B3FUG/PAR have analysed the results of an unpublished calorimetric
study by Niffle and Fuger cited ivPFUQ of the dissolution of this complex salt in

1 M HCI, which gaveAgnH (C$PuBf, 29815 K) = —(75.55 4 0.22) kJ}mol~1.
We have reworked this analysis, with the following different enthalpy val-
ues: AfHn(CsBrcr,29815 K) = —(40560 + 0.25 kJmol~1 from

[82GLU/GUR, compatible with BOCOX/WAG; AfHf(Br=,1 M HCI, partia) =
—(11940+ 0.16) kJmol~! [2000RAN/FUQG.
The final calculated value for the enthalpy of formation of the complex salt becomes

AfHS (C3PUBI, cr, 29815K) = —(1697444.2) kImol™t

18.1.4.4.b Standard entropy

The standard entropy has been estimated te436+ 15) J-K—1.mol~1 by Rand and
Fuger ROOORAN/FUQ. The selected value is thus

S (CPUBR, cr,29815K) = (470+ 15 JK 1mol?
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18.1.5 Plutonium iodide compounds
18.1.5.1 Puj(cr)
18.1.5.1.a Enthalpy of formation

Brown et al. [77BRO/HUR have measured the enthalpy of solution of ffcn) in
oxygen free 1 M HCI to be-(1802 + 2.0) kJmol~—1. With the currently selected
AfHS,(PUCB, cr, 29815 K) and the auxiliary valuea¢Hg,(Cl~, 1 M HCI, partia) =
(—164.37+0.10) kJmol~1, AfHm(1~, 1 M HCI, partia)) = —(55.38+0.10) kJmol~1
[2000RAN/FUQ, the standard enthalpy of formation becomes

AfHS (Puls, cr, 29815K) = —(579242.8) kJmol !

18.1.5.1.b Standard entropy and heat capacity

There are no low-temperature measurements of the heat capacity gfcripul

and the standard entropy is derived from three reasonably consistent estimates:
Latimer's method, the spin-only contribution, and by comparison with similar
compounds Z000RAN/FUQG. From these three estimates of 235.6, 226.2, and
2261 JK~1.mol 1, the selected value is

(Puk, cr,29815K) = (2284 12) JK L.mol™?
Sh

18.1.5.1.c High temperature heat capacity

This has been estimated to be consistent with current estimates fog(BGind
PuBr(cr) and uranium trihalide®RGRE/FUG, (with minor corrections).

Com(Pul.cr. ) = (10404200 x 1073T) JK~Lmol~*
from 298.15K to 900 K, and hence

Com(Puls.cr,29815K) = (1100+8.0) JK " mol™*

18.1.5.1.d Fusion data

The melting point, enthalpy of fusion and heat capacity of the liquid are estimated from
the values for the lanthanide tri-iodides and PuBr

Trus (930+ 50) K
AtusH (50+ 8) kJmol™t
Com(Puk, ) = (150+10) JK~tmol™*
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18.1.5.2 Pu(g)
18.1.5.2.a Enthalpy of formation and entropy

There are no experimental data on the volatility of Pt the stability of Puw(g)

has been estimated by a comparison with the lanthanide trihalides. Myers and Graves
[77MYE/GRA] have summarised the vapour pressures of these compounds. The va-
pour pressure of PuBris about twice that NdBrand Pg, and the data for Py(g)

have been chosen to give a vapour pressure about twice thaaNdIPrg. Given the
uncertainty in the entropy of PuB(see Sectiori8.1.4.3, conversion the estimated
vapour pressure to provide the enthalpy and entropy of sublimation will be subject to
considerable uncertainty, but the selected values are:

AfHS (Pulg, g, 29815K) = —(305+ 15) kdmol~!
S (Puls, g,29815K) = (435+15) JK 1mol™t

18.1.5.2.b Heat capacity

The heat capacity function for Pyff) was estimated to be that suggested fog(t)
by Hildenbranckt al. [85HIL/GUR]

Com(Puk,g.T) = (8315+14x 10 °T —1.0x 10°T?) JK t:mol™*
from 298.15 to 1500 K and thus
Com(Pul.g.29815K) = (820+50) JK t:mol™!

18.1.5.3 PuOl(cr)

Hagemanret al. first obtained this oxyiodide as a by-product in the preparation of
Puls, [49HAG/ABR]. It can be prepared more readily by the reaction 0fGon
Pulz, Brownet al. [77BRO/HUR.

Following Fuger 83FUQG, the difference A¢Hp, (PuOl, cr, 298.15 K)— AfHp,
(Puls, cr, 298.15 K)/3) is estimated to be(609+ 20) kJmol~1, from the corres-
ponding values for the chloride6111 kJmol~! and bromide-6058 k3mol~1. The
selected enthalpy of formation of PuOl(cr) is thus calculated to be

AfHS (PUOL cr, 29815K) = —(802+ 20) kdmol~?

The standard entropy is estimated from the values for the other trihalides and oxy-
halides:

S,(PuOl cr,29815K) = (130+15) JK 1.mol™!

The heat capacity is estimated to be close to the sum @f(Ruk,cr) +
Cp(PwpO3,cn)}/3:

Com(PuOlcr, T) = (67.0+357x 10°°T

—12x10°T2-9.0x 10T %) JK Lmol?!
(29815 — 1000 K)
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and thus

C5m(PUOLCr,29815K) = (75.6+10.0) JK~-mol™

18.2 Aqueous plutonium group 17 (halogen) complexes

18.2.1 Aqueous plutonium fluoride complexes
18.2.1.1 Aqueous Pu(lll) fluorides

In two studies from the same grougdVAH/SAW, 93SAW/MAH], data were repor-
ted on fluoride complexation of Pt obtained by potentiometry using a fluoride ion
selective electrode. In the later studBBAW/MAH], the credibility of the earlier
result was questioned due to the evaluation method used then, which was unsuitable
if higher complexes were present. The results of the recent study, however, are very
surprising as they suggest that the 1:3 complex,sfRad), and other M§{aq) com-
plexes are by far more stable than the 1:1 and the 1:2 complexes. This is contrary to
the behaviour of Am(lIl) P2FUG/KHQ 95SIL/BID], and independent verification of
the results of Sawaret al. [93SAW/MAH] is required. AppendiA contains a more
detailed discussion of this paper. No data are selected for the Pu(lll) fluoride system.
Itis worth mentioning that the trivalent actinide ions exhibit a very similar complex-
ation behaviour, see for exampR2AFUG/KHQ, which resembles that of the trivalent
lanthanide ions, e.g8pCHQ 92MIL]. Hence, the stability constants of the Pu(lll) flu-
oride complexes are expected to be of magnitudes similar to those of other actinide(lll)
and lanthanide(lll) fluoride complexes.

18.2.1.2 Aqueous Pu(1V) fluorides

Experimental equilibrium data have been published for the following reactions

PU" + gHF(ag = PuR 9+ qgH" (18.8)

PU" +gF = PuRd (18.9)

Most experiments were carried out in strongly acidic solutions, and the relevant
equilibrium is thus ReactiorlB.8. The data reported irO DSAW/CHAZ are conver-
ted to refer to Reactionl.8 by taking the authors’ protonation constant of fef.
AppendixA). All reported constants are listed in Taldl@.1

The values for log, *81 are in good agreement, but an extrapolation te 0 by
linear regression is not reasonable, because the available data refer to only two different
ionic strength values. We uses(9.4 q = 1) = —(0.124+ 0.09) kg-mol~1 from the
corresponding Np(IV) system (the uncertainty increased by OdB5gection9.2.1.2



372 18. Plutonium group 17 (halogen) compounds and complexes

Table 18.1: Experimental equilibrium data for the plutonium(lV) fluoride system.

Method lonic medium  t(°C)  logyq*8q@ logsg *,Ba’(a) Reference

PU + HF(ag) = PuPt + HT

cix 2 M HCIOy4 25  (4.45+030® (559+0.36) [69KRY/KOMZ2]
1 M HCIO,4 25  (420+030®  (5.31+0.31)
cix 2 M HNO3 25  (4.64+0.40P9 (578+045 [69KRY/KOMA4]
1 M HNO3 25  (4.66+0.40)P9 (577+0.41)
dis 2 M HCIOy 25  (464+015® (578+025 [76BAG/RAM|
dis 2 M HCIOy 25 (464020 (578+0.28) [76BAG/RAMZ]
dis 2 M HCIOy 10 470 [77BAG/RAM|
cou 1 M HCIOy 25  (4.66+020® (577+£0.22) [79CHI/TAL]
dis 2 M HCIOy 25  (447+£020® (561+0.28) [84NAS/CLH
2 M HCIO,4 15 450
2 M HCIO,4 7.5 451
2 M HCIOy4 1 452
2M(Na,H)CIO; 25  (436+020®)  (550+0.29)
ise-F~ 1M (NaH)CIO; 23 4669 5.76 [90SAW/CHAZ

PUH + 2HF(ag) = PuB™ 4 2Ht

dis 2 M HCIOy 25  (7.62:030®)  (9.561+0.46) [76BAG/RAM|
dis 2 M HCIOy 25  (7.61+040® (9571052 [76BAG/RAMZ]
dis 2 M HCIOy 10 765 [77BAG/RAM]
cou 1M HCIgy 25  (7.324£0.400®  (9.1940.43) [79CHI/TAL]
dis 2 M HCIOy 25  (7.46:£0.20® (9.41+0.39) [84NAS/CLH

2 M HCIO,4 15 754

2 M HCIO,4 75 758

2 M HCIOy4 1 7.69

2M(Na,H)CIO, 25  (7.35:0200®  (9.30+0.39)
ise-F~ 1M (Na,H)CIO; 25 8.81% 9.90 [90SAW/CHAZ

PU™ + 3HF(ag) = PuF} + 3H*
ise-F~ 1 MHCIO,4 23 11.269 134 [90SAW/CHAZ
Pt + 4HF(ag) = PuRy(aq) + 4H+

ise-F~ 1 MHCIOq4 23 14.219 16.4 [90SAW/CHAZ

(@ Refers to the reactions indicated, the ionic strength and temperature given in the table.
logy*Ag is in molal units, at = 0 and 298.15 K.

® Yncertainty estimated in this reviewf( AppendixA).
© Corrected for the formation of NpN§J', cf. AppendixA.

@ The published values refer to Reactiot8(9 and have been converted to conform to the
reactions of this tablec{. AppendixA).
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to correct the constants to = 0. For the selection procedure, we use the values
published by §9KRY/KOMZ2], [69KRY/KOM4] (after correction for the formation

of PuN@*, see Appendid), [76BAG/RAM], [76BAG/RAMZ], and [79CHI/TAL].
From the study of Nash and Clevelar®MNAS/CLH we use the value determined
at 25C in 2 M HCIO4 and the average of the three determinations in 1 M HCGIO

1 M NaClQy solution,cf. Table18.1 On the other hand, we do not use the constant
published in POSAW/CHAZ (cf. AppendixA). The weighted average of the values
listed in Table18.1results in logy*8; (18.8 q = 1) = (5.66+ 0.10). We convert
this value to conform to Eq18.9 using our selected protonation constant of fluoride
[92GRE/FUQG. The resulting selected value is

logyo 85 (18.9 g =1, 29815K) = (8.844 0.10)

For the formation of the 1:2 complex, P%J*F, constants have been reported
in [76BAG/RAM, 76BAG/RAM2, 77BAG/RAM, T79CHI/TAL, 84NAS/CLE
90SAW/CHAZ. Except for the constant of Sawant, Chaudhuri and Patil
[90SAW/CHAZ, the values agree well. Again, the value GOBAW/CHAZ (cf.
AppendixA) is not included in the selection procedure; from the study of Nash and
Cleveland 84NAS/CLH we use one value in each of the two electrolyte media at
25°C. The values of log,*8; listed in Table18.1 are obtained by correcting the
reported constants to = 0 by usingA(18.8 q = 2) = —(0.18+ 0.15) kg-mol~1
from the corresponding U(IV) fluoride systemBJGRE/FUQG, after increas-
ing the uncertainty by 0.05. The weighted average of the four values is
log;0*"85; (18.8 g = 2) = (9.38 £ 0.19). We convert this value to conform
to Equation 18.9 using our selected protonation constant of fluorig2GRE/FUG.

The resulting selected value is

logy 85 (18.9 q = 2, 29815K) = (157 +0.2)

Data for the 1:3 and 1:4 complexes were published by Sawant, Chaudhuri and Patil
[90SAW/CHAZ. Due to the problems with this papeaf.( AppendixA) and the lack
of independent investigations at high fluoride concentrations, we cannot make any se-
lection for the formation constants of P:étllénd Puk(aq).

The Gibbs energies of formation of PifFand Pul%* are calculated using the
selected values for Pti and F.

AfGS(PUPT, ag 29815K) = —(8100+2.9) kJmol™!
AfGoL(PUBT, ag 29815K) = —(11307+3.2) kJmol™*

From the equilibrium constants of Nash and Clevela®diNAS/CLH at 1, 7.5,
15 and 25C (cf. Table18.1), the authors extracted enthalpies of reaction, see Ap-
pendixA. We prefer this determination to the one of Bagawde, Ramakrishna and
Patil [7/6BAG/RAM2, 77BAG/RAM] who had measurements at only two temperat-
ures (10 and 2%C). However, the temperature dependencies follow the same trend
in both studies. Reanalysis of the data of Nash and ClevelddNAS/CLH, cf.
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AppendixA, and combination with the enthalpy of protonation of the fluoride ion,
AfHS, = (12.240.3) kJmol~1, results in the following selected values:

AH2(189q=1, 29815K) = (9.1+2.2) kdmol™!
AHS(18.9q=2, 29815K) = (11+5) kJmol™!

From this value, we derive the enthalpies of formation and the entropies éf PuF
and PuB™:

AfHS,(PUPT, ag 29815 K) —(866.1+ 3.9) kIJmol™!
AfHG(PUBT, ag 29815K) = —(11996+ 6.0) kJmol™?

S, (PuP*, aq 29815K) —(229+ 13) kImol™*
S,(PuB™, ag 29815K) = —(105+20) kJmol~!

18.2.1.3 Aqueous Pu(V) fluorides

No fluoride complexes of Puphave been identified. Values for the N}‘)@omplexes
may be used as a guideline.

18.2.1.4 Aqueous Pu(VI) fluorides

As in the case of neptunium(VI), the investigation of fluoride complexation of plu-
tonium(V1) is complicated by the fact that reduction of l%ﬂf(lo Pu(lV) is favoured

in acidic medium and in the presence of fluoride ion. The constants reported in the
literature refer to either of the following reaction types,

PuG* + qHF(ag = PuQFg %+ qH* (18.10)
PuG" +qF~ = PuQF; ¢, (18.11)

depending whether the fluoride ion was protonated or deprotonated under the experi-
mental conditions. The constants are listed in Tdl@e2 As in the case of Np(VI),

the study published by Krylov, Komarov and Pushlenke®{RY/KOM?2] yields con-
stants that are unrealistically high, probably again due to reduction of Pu(VI) during
the experimentdf. AppendixA). The study of SavagerfiSAV] is a rather approx-
imate one reporting an even higher formation constant of JFtiQcalculated via the
formation of a hydroxide complex, and must be discarded as well. Since the results
of Patil and Ramakrishn& BPAT/RAM] are also discardedf AppendixA), due to

a very strong trend in the results, the only remaining data are those of Choppin and
Rao B4CHO/RAQ and Sawantt al. [B5SAW/CHA referring to Reaction8.17).
Correction of these constants to= 0 by usingAe(18.11, g = 1) = —(0.19+

0.10) kg-mol~1, as was done for the corresponding neptunium system above, yields
values that are not incompatiblef.( Table18.2. We select the weighted average of
these constants, but we increase the resulting uncertaint.df to+0.20 to reflect
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the fact that no reliable studies are available in acidic media, in which noticeably lower
constants were obtained in the case of Np(VI).

logyo 85 (18.11 q = 1, 29815 K) = 4.56+ 0.20

The only credible study reporting constants for the formation of the 1:2 com-
plex is by Sawangt al. [B5SAW/CHA] in 0.1 and 1 M NaClQ media €f. Ap-
pendixA). The constants are corrected to= 0 by usingAe(18.11 q = 2) =
—(0.50+0.10) kg-mol~—1 from the corresponding Np(VI) system. The resulting values
oflog,;o 85 are notin agreementf( Table18.2. Agreement could be reached by using
Ae(18.11 q = 2) = 0 kgmol~1 instead of—0.5 kg-mol~. However, this does not
correspond to the specific ion interaction coefficients commonly observed in such sys-
tems €f. AppendixB). More experiments are required to examine the ionic strength
dependence of this equilibrium. At this time, the unweighted average of the two values
is selected, with an uncertainty that covers the range of expectancy of the two values:

logi0B5 (18.11 g= 2, 29815K) = 7.25+£ 0.45



PUGT +F~ = PugF+ ®

cix 1 M HCIOy4 25 (2.11+0.04)
2 M HCIOy 25 (2.00£0.04)
pot 21M (Na,H)CIQ 25 30
dis 2 M HCIOy 25 108
ise-F- 1M NaCIOy 23
ise-F~ 0.1 M NaCIlQy 21
1 M NaClOy 21

PuGT + 2HRag = PuQFp(ag) + 2H+ @
PUGT + 2F = PuOFp(ag®

cix 1 M HCIOq4 25 (4.15£0.06)
2 M HCIO4 25 (3.82+0.06)
ise-F~ 0.1 M NaClQy 21
1 M NaCloy 21

(4.224:0.20)@
(4.1140.15)@
(3.8440.15)@

(6.9240.15)@
(6.3140.15)@

[68KRY/KOMZ]

[74SAV]

[76PAT/RAM]
(4.8240.23) [84CHO/RAQ
(4.53+0.15) [85SAW/CHA
(4.4440.18)

[68KRY/KOMZ]

(7.52+0.15) [85SAW/CHA
(6.98+0.18)

(Continued on next page)
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PUGt +3F = PugF; ©

Cix 1 M HCIO, 25  (6.08+0.07) [68KRY/KOM2]
2 M HCIO,4 25  (552+0.12)

ise-F~ 0.1 M NaCIQy 21 901 [85SAW/CHA
1 M NaCloy 21 773

(a)loglo *Bq refers to Reaction1@.10 and results from measurements in acidic solutions.
(b)loglo Bq refers to Reactionl.1]) and results from measurements in mildly acidic or neutral solutions.

(C)Ioglo B3 refers to Reaction18.1]). The experimental data have been correctet #o 0 in the present review and, when necessary, converted to
refer to Reaction¥8.11) by using the selected protonation constant of fluoride ion.

(@ Uncertainty estimated in this review.

soxa|dwod (usborey) /T dnoub wniuoinid snoenby z'8T

LLE
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Sawantet al. [B5SAW/CHA] also reported formation constants for the 1:3 com-
plex, NoQF;. Again, these constants reported for= 0.1 M andl = 1 M are not
compatible with the specific ion interaction coefficients in Apperli¥or the corres-
ponding U(VI) system we hav&s(18.11 q = 3) = —0.52 kgmol~1 [92GRE/FUG,
and by using this value to correct the data 86FAW/CHA to | = 0 we obtain
log;p 85 (18.11 g = 3) = 9.6 and 8.4 for the experiments carried out a 0.1 M
andl = 1 M, respectively. In order to obtain consistent Jgg; values from the
two determinations, we would have to use = +0.8 kg-mol~1, and this would be
incompatible with the commonly observed ionic strength dependence of comparable
equilibria. The formation of NpgF; needs closer examination, and no selection is
made at this time.

The Gibbs energy of formation values are derived from the above selected constants
using the selectedG;y, values for PU@Jr and F.

AfGL(PUOFY, ag 29815K) = —(10699+ 3.1) kJmol!
AfG: (PUQF,, ag 29815K) = —(13668+4.1) kJmol™?!

18.2.2 Aqueous plutonium chlorine complexes
18.2.2.1 Aqueous plutonium chlorides
18.2.2.1.a Aqueous Pu(lll) chlorides

Quantitative information on chloride complexation offPwccording to the equilibria
PW* 4+ qClI~ = PuCf ™ (18.12)

has been published by Ward and WelcB6\WAR/WEL], Martin and White
[58MAR/WHI] and Shiloh and Marcus6fSHI/MAR], and is summarised in
Table 18.3 The study of Ward and WelctbWAR/WEL] was carried out at ionic
strengths of 0.207, 0.5 and 1.0 M, respectivedfy (AppendixA). The formation
constant reported by Martin and Whit6égMAR/WHI] is not the result of an
independent measurement, but rather the result of an extrapolation of Ward and
Welch’'s B6WAR/WEL] value atl = 0.207 M (HCI) using the Davies equation.

This value was used to derive the enthalpy of Reactid12 g = 1) (see Ap-
pendixA and discussion below). The data of Ward and WekS\V/AR/WEL] reported
at “room temperature”, which Martin and White§MAR/WHI] reported as 2IC, are
thus corrected to = 25°C (cf. AppendixA), using the enthalpy of reaction selected
below. Shiloh and MarcuiSHI/MAR] used very high and variable ionic strengths
in their spectrophotometry experiments. These values cannot be used to select a form-
ation constant at = 0. Giffaut [94GIH noted that spectrophotometry is not a suitable
method to study chloride complexation of ¥y due to the very small changes in the
absorption spectrum up to a chloride concentration of 4 M. It is probable that this
complexation could equally well be described as activity effects. The number of avail-
able formation constants is insufficient for a linear extrapolatioh te 0. We adopt
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Table 18.3: Experimental equilibrium data for the plutonium(lil) chloride system.

Method lonic medium t(°C) logi0 ﬁéa) log1g ﬁa(a) Reference
PBt 4+ CI~ = Puckt+
cix 0.207 M HCl 21 (0.35+£0.200® (1.13+0.20) [56WAR/WEL]
0.5 M HCl 21 (0.24+020® (1.174+0.21)
0.5MH(CILCIOy) 21 (0.25+0.200@© (1,194 0.21)
1.0 M HCI 21 —(0.04+050® (0.95+0.52)
recald® 0.1 M HCI 25 Q57 [58MAR/WHI]
sp 1-13 M LiCl 25  —(243+0.098 [64SHI/MAR]
Pt +2CI~ = PuCl
sp 1-13 M LiCl 25  —(5.00+ 0.06) [64SHI/MAR]

(@ Refers to the reactions indicated, the ionic strength and temperature given in the tabipBgldg in
molal units, atl = 0 and 298.15 K.

(b The uncertainties are estimated in this reviest, AppendixA).

(© This value was measured[@l]; = 0.2 M.

@ This value is the result of a recalculation of the datsbiBWAR/WEL] by using the Davies equation.

a value ofAs = —(0.22+ 0.15) kg-mol~! from the corresponding Am(lll) system
[95SIL/BID] and we correct the single lggp1 values of BEWAR/WEL] to | = O (cf.
Table18.3. The agreement is good, and the weighted average of the four values of
Ward and Welch§6WAR/WEL] is log;g 87 = (1.194 0.12). This value is selected,

but we prefer to increase its uncertaintyt0.2 to reflect the fact that the value is based
on a single paper:

l0g;085(18.12q = 1,29815K) = 1.2+ 0.2,

This value is in agreement with the selected value of the IAEA reviewl8p =
(1.3£0.1) [92FUG/KHQ.

Martin and White $8MAR/WHI] reported AfH,(18.12q = 1,29815 K) =
19 kJmol~! from the difference between the enthalpy of solution of B(&}lin
0.1 M HCIOs [58MAR/WHI] and in 0.1 M HCI B9ROB/WES$ (cf. AppendixA).
However, Fuger and Cunningha®3FUG/CUN obtained a heat of solution value in
0.001 M HCIy/0.099 M NH;ClO4 which is virtually the same as the one in 0.1 M HCI
and would thus indicate that the enthalpy change of Reacti®i@ g = 1) is close to
zero. The reason for this discrepancy is unclear. Rather than due to a medium effect,
this discrepancy could be due to an effect of the acid concentration. Martin and White's
[58MAR/WHI] experiments at = 2.0 M (HCIO4/LiClO4) with HT concentrations of
0.1, 0.5, 1.0, 1.5 and 2.0 M showed a significant change in the heat of solution of
PuCk(s) between-1325 kJmol~1 (0.1 M Ht) and—1184 kJmol~1 (2.0 M H*).
On the basis of the available experimental information, we cannot recommend any re-
liable enthalpy value. However, the weakness of the complex®&iggests that the



380 18. Plutonium group 17 (halogen) compounds and complexes

complexation enthalpy should be much closer to zero than the val68fAR/WHI].
The formation value is calculated using the selected values for &ud CI:

A1GS (PUCPt ag 29815K) = —(717.1+2.9) kJmol !

18.2.2.1.b Aqueous Pu(lV) chlorides

The experimental equilibrium data available on the reactions
PU™ 4+ qClI~ = PucCf™ (18.13)

are listed in Tabld8.4 Early studies$1RAB/LEM, 55RAB/COW used emf meas-
urements to determine the influence of increasing chloride concentrations on the redox
potential of the Pu(IV)-Pu(lll) couple. These evaluations did not take chloride com-
plexation of Pd* into account, which is not negligible at the chloride concentrations
used. This review makes the corresponding corrections to the formation constants re-
ported by Rabideau and co-workeBsl RAB/LEM, 55RAB/COW (cf. AppendixA).

The values reported irbLRAB/LEM, 55RAB/COW both refer to the same experi-
mental determination, and only one of the two values is considered in the selection
procedure (see below). Three of the reported constants refectd M [60GRE/NOR
66DAN/ORL, 94GIH. The data reported in a recent sStu&2MAR/ESS and presen-

ted also in 2BIS/KRA] cannot be included in the selection of a standard state value
due to the very high ionic strength used in the experiment. Usind8.13g = 1) =

—0.29 kgmol~1 from the corresponding uranium(IV) equilibriunf([92GRE/FUG),

would lead to inconsistent lgg; values ranging from 0.68 to 1.64. On the other
hand, a linear extrapolation tb = 0 is questionable because of the small humber

of available data points in the ionic strength range for which the paranBetefn

the specific ion interaction equation was optimiséd « 3.5 m, cf. AppendixB).
However, among the few possibilities to select a standard formation constant for the
complex PuCl, the linear regression is the one that best represents the trend in the
experimental values. The uncertainties assigned to the single values take account of
this difficulty, cf. Table18.4 We include the values measuredlat= 4 M (i.e,

Im = 4.87 m) in the linear regression analysgO[GRE/NOR 66 DAN/ORL, 94GIH.
Figure18.1shows the result of this extrapolation, and the resulting selected constant is

l0g1045(18.13q = 1, 29815 K) = (1.8 + 0.3)

This value is in agreement with the one selected by the IAEA review
[92FUG/KHQ, log;( B; = (2.0 £ 0.5), and identical to the value obtained by Giffaut
[94GIH by extrapolationtd = 0. The resulting\¢ value is—(0.0940.07) kg-mol~1.

The formation value is calculated using the selected values for &ud CI.

AfGS,(PUCPT, ag 29815K) = —(6195+ 3.2) kdmol™?

Rabideau and CowabpRAB/COW] also reported an enthalpy of Reactidi8(13
g = 1) from redox potential measurements at different temperatures betW€emé



18.2 Aqueous plutonium group 17 (halogen) complexes 381

Table 18.4: Experimental equilibrium data for the plutonium(IV) chloride system.

Method lonic medium t(°C) logy g ,Béa) Reference
PU + CI- = PucP+
emf 1 M H(CI,CIOy) 25 0320 [51RAB/LEM]
emf 1 M H(CI,CIOy) 25 (0.31:£0.30 9  [55RAB/COW,
2 M H(CI,ClOg) 25 -0.23
cix 4 M H(CI,ClOy) 20 (0.15+0.300®  [60GRE/NOR
dis 4 M H(CI,CIOy) 25 (0.30+£0.200®  [66DAN/ORL]
dis 2 M H(CI,CICOy) 25 (0.15£0.20®  [76BAG/RAMZ]
pol 5.4 M (H,Na)(CI,CIQ) 25 (0.1340.02) [92MAR/ESZ@
sp 3 M H(CI,CIQy) 25 (0.20£0.20®  [94GIF
4 M H(CI,ClOy) 25 (0.25+0.20®
PuH +2CI- = Puckt
cix 4 M H(CI,CIOy) 20 (0.0840.07)  [60GRE/NOR
dis 4 M H(CI,CIOy) 25  —(0.80+£0.08  [66DAN/ORL]
dis 2 M H(CI,CIOy) 25  —(0.64+011)  [76BAG/RAMZ]
pol 54M(H,Na)(CI,CIQ) 25 —(1.5+0.2) [92MAR/ESS@
sp 3 M H(CI,CIOy) 25  —(0.36+£0.189©®  [94GIF
4 M H(CI,ClOy) 25  —(0.36+0.20)©
Pt 4+ 3CI- = PuCl}
cix 4 M H(CI,CIO,) 20  —(1.0+04) [60GRE/NOR
pol 54M(H,Na)(CI,CIQ) 25 —(1.7+0.3) [92MAR/ESZ®

(@ Refers to the value reported for the reactions indicated, the ionic strength and temperat-
ure given in the table.
® The uncertainties are estimated in this revielvAppendixA.

(© These values were reported a6.24 [51RAB/LEM] and —0.25 [55RAB/COW, re-
spectively, and are corrected in this review for the formation of BuCkf. the
[55RAB/COW entry in AppendixA.

@ The same values of the same study were published in the same year in a summary paper
by Bischoffet al. [92BIS/KRA].

© Reported as stepwise constants: (pf2(1 = 3 M) = —(0.56 + 0.16) and
log1g K2(I =4 M) = —(0.61+ 0.18) (cf. AppendixA).
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Figure 18.1: Extrapolation td = 0 of experimental data for the formation
of PuCPt using the specific ion interaction equation. The data refer to mixed
perchlorate/chloride media and are taken froBbRAB/COW, [60GRE/NOR,
[66DAN/ORL], [76BAG/RAMZ] and [94GIH. The dotted lines are the limits of the
uncertainty range obtained by propagating the resulting uncertainties & back to

Il =5m.

Equilibrium: Pdt + CI- = PucCP+

2.8

log, B° = 1.81 £ 0.27
Ae = -(0.09 + 0.07)

B [55RAB/COW]
A [76BAGIRAMZ]
O [94GIF]
A
[ )

log, B, +8D

[60GRE/NOR]
[66DAN/ORL]
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45°C in perchloric and hydrochloric acid solutions, respectively. In that paper, the
formation of PuCit was not taken into account, and a corresponding correction cannot
be performed due to the uncertainty in the enthalpy of PtuCsee the discussion
above. No enthalpy of formation value can thus be selected forfPuCl

The data for the 1:2 complexf( Table18.4), are obtained exclusively at high ionic
strengths and cannot be reliably extrapolated te- 0. In addition, there are large
variations among the values published. Giff@4G1H recently published, in addition
to the constant for the 1:1 complex, stepwise constants for the 1:2 complex &
and 4 M and extrapolated them to= 0 using the specific ion interaction model. He
obtained logy K5 = (0.80+ 0.16) with Ae = —(0.03£ 0.12) kg-mol~1. In view of
the dgifcrepant values from the different sources, we select no formation constant for
PuCE™.

Giffaut [94GIH has observed the formation of a 1:3 and a 1:4 complex by spec-
trophotometry ¢f. AppendixA). He quantified their stability limits by estimating the
stepwise constants for the formation of P§iGind PuCl(aq) at chloride concentra-
tions between 2 and 12 M and variable ionic strengt®.7 < log;q Kz < —1 and
log;gKa < —1. Grenthe and Norér6DGRE/NOR and Marxet al. [92MAR/ESS
have also reported formation constants for P3“u(bf. Table18.4 but an extrapolation
to | = 0 of the available data is not considered feasible.

18.2.2.1.c Aqueous Pu(V) chlorides

No experimental identification of any complexes of the form E@@’q is known to
us. The information given in the IAEA revie®RFUG/KHQ on an unpublished value
cited by Katz and Seabor§TKAT/SEA] is, in our view, due to a printing error. A com-
parison with Np(V)cf. Section9.2.2.3 suggests that actinide(V) chloride complexes,
if they exist, are extremely weak.

18.2.2.1.d Aqueous Pu(VI) chlorides

The chloride complexes of plutonium(VI) have been studied by spectrophotometry and
solvent extraction methods. A summary of published experimental results is presen-
ted in Table18.5 The IAEA [92FUG/KH(J have reviewed the then existing data
and proposed selected formation constants and reaction enthalpies fsCIPuhd
PuG:.Cla(aq) at an ionic strength of 2 M. Recently, Giffa@4|GIH investigated the
plutonium chloride system using a spectrophotometric technigueAppendixA),

and he suggested the formation of the complexesRIIQ PuG.Clz(aqg) and Pu@Cly
according to the equilibria

PuG* + qCl~ = PuQCI3 (18.14)

and he obtained spectroscopic evidence for the formation ob@ly@q) €f. Ap-
pendixA).

Giffaut [94GIH derived constants for the formation of Pe@* atl = 2 M and
I = 3 M, respectively, and extrapolated themnl te- 0 using the specific ion interaction
equation. Giffaut 94GIH then used the resulting constant to evaluate the formation
constant of PugCl,(ag) from experiments at variable ionic strength, again using the
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Table 18.5: Experimental equilibrium data for the plutonium(VI) chloride system.

18. Plutonium group 17 (halogen) compounds and complexes

Method lonic medium t(°C) logyo ﬂq“") Reference
PuGt +CI~ = PuQ,CI*
sp 2 M H(CI,CIQy) 25 010 [57NEW/BAK]
sp 2 M H(CI,CIQy) 2.4 —0.04 [61RAB/MAS]

2 M H(CI,ClOy) 10.2 Q00

2 M H(CI,ClOy) 15.0 Q03

2 M H(CI,CIOy) 20.2 Q06

2 M H(CI,ClOy) 29.6 Q11
dis 4MCI, Cloy RT? <-07 [76VOD/KOL]
prx ? RT? 002 [65MAZ/SIV]
dis 2 M H(CI,CIOy) 25 —(0.10£0.04)  [78BED/FID]
sp 5M NaCl 25 —(0.06+0.01) [88BUP/KIM]
sp 2 M H(CI,CIQy) 25 —(0.07+£0.09 [94GIA

3 M H(CI,ClOy) 25 —(0.06+0.07)
PUGT +2CI~ = PuQ,Cly(ag)
sp 2 M H(CI,CIQy) 25 —0.46 [57NEW/BAK]
sp 2 M H(CI,CIQy) 2.4 —0.68 [61RAB/MAS]

2 M H(CI,CIOy) 10.2 —0.60

2 M H(CI,ClOy) 15.0 —0.55

2 M H(CI,ClOy) 20.2 —0.48

2 M H(CI,ClOy) 29.6 -0.37
dis 4MCrI, Cloy RT? -0.77 [65MAZ/SIV]
dis 2 M H(CI,CIOy) 25 —(0.60-£0.09)  [78BED/FID]
sp 5M NaCl 25 —(0.82+0.06) [88BUP/KIM]
sp 0 (extrapolated 25 —(0.6+0.2) [94GIA

(@ Refers to the value reported for the reactions indicated, as well as for the ionic

strength and temperature given in the table.
® The uncertainties are estimated in this review.
(© Extrapolated by Giffaut§4GIF from experiments carried out atm < Im <

5.9 m, using the specific ion interaction approach.
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specific ion interaction approach which is the preferred approach in the present review
(cf. AppendixB). This study is a very careful and comprehensive one. This review
selects the values reported by Giffa@é{5IH, which are in good agreement with the
other published valuesf( Table18.5.

logyoB5(18.14 q = 1,29815K) = 0.70+ 0.13
l0g;085(18.14q = 2,29815K) = —(0.6 £ 0.2)

The corresponding ion interaction coefficients were evaluated by Giffaut
[94GIH for HCI media: Ae(18.14q = 1, HCl) = —(0.08 + 0.08) kg-mol~1 and
(18.14q = 2, HCl) = —(0.43+ 0.20) kg:-mol~1. The IAEA review P2FUG/KHQJ
selected the data from Newton and BakerflEW/BAK] and Rabideau and Masters
[61RAB/MAS]. For the reasons outlined in Appendlx we have doubts about the
reliability of these data.

Reaction enthalpies have been extracted in the IAEA rev@#G/KH(J from
the data of Rabideau and Maste8&4 RAB/MAS] measured between£ C and 296°C
and at[Cl™]; < 1.8 M (I = 2 M). The resulting value oArHf,(18.14 q = 1) differs
from the value extracted by Rabideau and MastéisRAB/MAS] for the 1:1 model,
although only a very small proportion of PaOl2(ag) is formed under these condi-
tions. We do not consider these enthalpy data of sufficient reliability to be selected in
the present review (see comments in Apperdixnder B1RAB/MAS)).

The Gibbs energy of formation values are derived from the above selected constant
using the selected Gy, values for PU@Jr and Cr.

AfGS (PUQCIT, ag 29815K) —(897.6 + 2.9) kJmol™*
AfGS(PUQClp, ag 29815K) = —(10214+ 3.1) kImol™t

18.2.2.2 Agueous plutonium hypochlorites

In concentrated aqueous NaCl solutions plutonium radiation was reported to produce
a steady state concentration of hypochlorite ion, C[B8BUP/KIM]. The oxidising
character of hypochlorite stabilised the Pu(VI) oxidation state, but at the same time
forms complexes with Pu@. Kim and PashalidisJ1KIM/PAS] and Pashalidist al.
[93PAS/KIM] reported the formation of PWQOH)CIO(aq) in 0.55 M NaClO solution
according to the reaction

PUG* + OH™ + CIO™ = PuQ,(OH)ClO(ag) (18.15)

From spectrophotometric measurements &C2they derived logy 81 = 14.0 at
pH = 6.7 and logy 81 = 14.5 at pH 8.4 P3PAS/KIM]. They also suggested a 1:2
complex, Pu@(ClO)2(ag), with a formation constant of lgg 82> = 10.3 under the
same conditions. These data cannot be selected, because they are based on questionable
assumptionsaf. AppendixA).
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18.2.3 Agqueous plutonium bromide complexes
18.2.3.1 Aqueous Pu(lll) bromides

Quantitative information on bromide complexation offPthas only been published

by Shiloh and Marcus4SHI/MAR] in concentrated LiBr solutions of varying
ionic strength up to nearly 12 M. The authors gave formation constants foPuBr
(logigf1 = —(3.45 £ 0.08)) and Puq (logigB2 = —(6.54 £ 0.06)). The

ionic strength effects are expected to be considerable under these conditions. An
extrapolationtd = 0 is not possible, and no standard formation value can be selected
here.

18.2.3.2 Aqueous Pu(lV) bromides
The experimental equilibrium data available on the reactions
PU™ 4 gBr~ = PuBig ™ (18.16)

are listed in Tablel8.6 The reported constants faq = 1 [66DAN/ORL,
75RAG/RAM] are corrected td = 0, after conversion to molality units, by using the
specific ion interaction equationf( AppendixB) and by adopting the ion interaction
coefficient used for the corresponding uranium(lV) syste92JRE/FUG after
increasing the uncertainty by 0.0%¢(18.16q = 1) = —(0.29 + 0.13) kg-mol~1.
The resulting formation constants, leg;, agree well (see Tablé8.9, and the
weighted average of these two values is selected:

10910 45(18.16 g = 1, 29815 K) = (1.6 + 0.3)

Table 18.6: Experimental equilibrium data for the plutonium(IV) bromide system.

Method lonic medium  t(°C) Iogloﬂq<a) Iogloﬁa(a) Reference

P + Br~ = PuBRt

dis 4 M H(Br,Cl) 25  (1.00£0.20)® (1.76+0.60) [66DAN/ORL]
dis 2 M H(Br,CIOy) 25  (0.33+0.200® (1.52+0.35) [75RAG/RAM]

PUH +2Br~ = PuBg"

dis 4 M H(Br,Cl) 25 (0.64+0.05) [66DAN/ORL]

(@ Refers to the reactions indicated, the ionic strength and temperature given in the table.
logyg ,68 is in molal units, al = 0 and 298.15 K.

® The uncertainties are estimated in this reviefv AppendixA).

This value is in line with the stability trends of the chloride and bromide complexes
in the agueous uranium and plutonium system.
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The Gibbs energy of formation is calculated using the selected values¥oriPd
Br—.
AfGS (PUBrPt ag 29815 K) = —(591.0+ 3.2) kJmol™!

The 1:2 complex, Pu@fﬁ seems to be more stable than its homologue in
the Pu(lV) chloride systemgf. Danesi, Orlandini and Scibon&§DAN/ORL]
(AppendixA). However B2 is small and there is no evidence for the existence of the
1.2 complex. We hence do not select any value for the formation constant of the 1:2
complex.

18.2.3.3 Aqueous Pu(V) and Pu(VI) bromides

No aqueous species of the form Pz.BDé’q or PuQBré’q, respectively, have been
identified.

18.2.4 Aqueous plutonium iodine complexes
18.2.4.1 Aqueous plutonium iodides

Studies with the purpose of investigating the stability of iodide complexes of plu-
tonium are not available. However, in an investigation of Pu(lll) thiocyanate com-
plexes f4KHO/MAT] (cf. AppendixA), iodide was used as a holding reductant for
plutonium, and the formation of Pu(lll) iodide complexes had to be taken into ac-
count quantitatively in the evaluation of the extraction data. Hence, Khopkar and Ma-
thur [74KHO/MAT] carried out a separate solvent extraction experiment € 2td

I = 1 M (NH4CIOy) to investigate the complexation behaviour of Pu(lll) with iodide.
They found evidence for the formation of only one complex up to an iodide concentra-
tion of 0.7 M:

PE +1- = Pubt (18.17)

They reported an equilibrium constant of {g@#1(18.171 = 1 M, 30315K) =
(0.04£0.03). As an attempt to extrapolate this constanit te 0, we can use the same
estimation for the ionic strength dependence as for the Pu(lll)-SCN system, namely
Ae(18.17% = —0.15 kgmol~1. In this way we obtain logy B7(18.17 30315K) =
1.09. This constant is of the expected order of magnitude. In spite of the paucity
of data, we feel that we can recommend this value as a guideline, assuming that the
temperature dependence of Jg@#1(18.17 is negligible:

log,B7(18.1729815K) = 11+04
We assign a large uncertainty to reflect that only a single determination is available
and that the ionic strength extrapolation is based on estimations only.
18.2.4.2 Aqueous plutonium iodates

No aqueous complexes of iodate with any oxidation state of plutonium have been iden-
tified.






Chapter 19

Plutonium group 16 compounds
and complexes

19.1 Plutonium sulphur compounds and complexes

19.1.1 Plutonium sulphates
19.1.1.1 Aqueous plutonium sulphates
19.1.1.1.a Pu(VI) sulphates

There are only two experimental studies concerning the%PtﬂiDﬁ‘ system ¢f.
Table19.7). One was performed at high total acid concentration and ionic strength
[76PAT/RAM], and the authors were only able to determine the association quotient
of the monosulphato-dioxoplutonium(VI) complex:

PuG" + HSO; = PuGSOy(ag) + H* (19.1)

Uliman and SchreineBBULL/SCH] determined the enthalpy and the association quo-
tient at lower total acid concentration and reported the association quotients for both
the mono- and disulphato-dioxoplutonium(VI) complexes:

PUGT + SO~ = PuQSOy(ag (19.2)
PUGT +2SCG~ = PuQ:(SO»3 (19.3)

Both studies were performed atZs

The value ofAe (19.]) is estimated from the reaction for the formation of the
analogous uranium sulphate complex but with the uncertainty expanded by 0.05
(Ae(19.1) = —(0.31+ 0.09) kg-mol~! [92GRE/FUQ). The result of F6PAT/RAM|
is extrapolated to give lqgs7(19.) = (1.33+ 0.17). On the basis of the aux-
iliary data for the protonation constant of $O l0g,pB7(19.) = (1.47+0.11)
was determined from logp7(19.2 [86ULL/SCH. The selected value of
(log,0B7(19.) = (1.40 £ 0.20)) is based on the mean value of these results. The
best estimate of log 87(19.2 was calculated from the mean value of the results of
[76PAT/RAM] and of B6ULL/SCH (corrected using the auxiliary values for the
protonation constant for Sfp) and this review selects

log055(19.2 = (3.38+ 0.20)

389
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Table 19.1: Experimentally determined equilibrium constants for the Pu(VfT—SO
complexes.

Reference logy 8@ Im t(°C) Method
PUGT + HSO, = PuG;SOs(ag) + H*

[76PAT/RAM]  (1.08+0.10) 2.2 H(CIQ,, HSGy) 25 [
This review (1.40+£0.200 O 25

PUGT + SO~ = Pu®;SOs(aq)

[BBULL/SCH  (345+0.1) 0™ H(CIOg4, HSO,) 25  cal
This review (3.38+0.200 O 25

PUGST +2SC; = PuOy(SOy)3~

[BBULL/SCH  (4.4+£02) 0P H(CIO,,HSO;) 25 cal
This review (44+£02) O 25
@ Here “B” refers to eithers or *8 as appropriate for each reaction as written.

() Calorimetric measurements made betwéer: 0.13 — 0.82 m but extrapolated to
| = 0 using PHREEQEJOPAR/TH( ion association model.
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The only determination of log 85(19.3 [86ULL/SCH is selected by this review.
l091985(19.3 = (4.4£0.2)

The enthalpies determined calorimetrically BB{JLL/SCH are accepted by this
review:

ArHS(19.2 29815K) = (16.14 0.6) kImol™!
ArHS(19.329815K) = (43+9) kdmol™?

On the basis ofA(Hy, (19.2 and the enthalpy for the ﬁo protonation reaction,
AHS(19.) = —(6.3 £ 1.3) kIJmol~t. The remaining thermodynamic parameters
at 25C may be calculated from these values of;|p6° and A Hp, .

19.1.1.1.b Pu(V) sulphates

We found no experimental evidence concerning the stability of Pu(\/}isaibm—
plexes. This is disappointing given the evidence that Pu(V) is the dominant oxidised
plutonium species in natural wate@BON/TRA 86CHO/ROB 860RL/PEN.

19.1.1.1.c Pu(lV) sulphates

There a number of independent evaluations of the stability of Pu(l\@TSIDmplexes
(Table 19.2. All of the measurements are made at high ionic strength and at high
acidity. Although there are reports of mixed H§(503( complexes$3NAS/CLE2
83NAS/CLH based on indirect experimental evidence, the results of the best experi-
ments (Tablel9.3 are most consistent with the formation of two momplexes:

PU +HSO, = PusG"+H" (19.4)
PUT +2HSO, = PuSu)z(ag + 2H" (19.5)

Table 19.2: Experimentally determined equilibrium constants as reported by the au-
thors for the Pu(lV)—S(ﬁT complexes. All temperatures 25 unless given.

Reference logy 8@ I (M) t (°C) Method
P 4+ HSO, = PusGt +H*

[54SUL/AME] 2.87 2.3 Medium sp
uncertain
[61IMAR/CHM] (1.40+0.11) 2.33 ix HCIOy
0.98 0.5 ix HCIQy
[64LAX/PAT] 3.19 1 HNG; 25 dis
3.32 2 (Na,H) 25 dis
(NO3,ClOy)

(Continued on next page)
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Table 19.2: (continued)

Reference logy 8@ I (M) t (°C) Method
3.20 2 (Na,H) 25 dis
(NOg3,ClOy)
274 2.2 (Na,H) 25 dis
(NOg3,ClOy)
[73PAT/RAM] 2.80 2 10 dis HCIQ
2.76 2 25 dis HCIQ
2.68 2 40 dis HCIQ
[73PAT/RAMZ] (2.74+£0.05) 2 HCIOy4 25 dis
2.69 2 HCIOy 25 dis
[76BAG/RAM] (2.82+0.02) 2 HCIOy4 25 dis
(2.68+£0.02) 2 HCIO4 25 dis
[76BAG/RAM2]  (2.80+0.07) 2 25 dis HCIQ,
(2.83£0.02) 2 25 dis HCIQ,
(2.82+0.01) 2 25 dis HCIQ,
2.84 2 25 dis HCIQ
[77BAG/RAM] (2.76+£0.01) 2 10 dis HCIQ,
(2.80£0.02) 2 10 dis HCIQ,
[83NAS/CLH (2.45£0.07) 2 (H,Na) ClQy 0 dis
(2.58+0.04) 2 (H,Na) ClQy 10 dis
(2.76+0.03 2 (H,Na) ClQy 25 dis
(2.85£0.05) 2 (H,Na) CIQy 35 dis
Pt + S0 = PusGh
[51RAB/LEM]  (3.66£0.09 1 (252+0.1) pot HCIO,
3.66 0.76 (252+01) potHCI
[69MOS 2.30 0.3 Medium ??
unknown
[74FAR/PEA 3.82 2 ix HCIOq
PUH 1250~ = PuSOy)2(ag)
[69MOS 5.54 0.3 ?7?
[74FAR/PEA 6.58 2 ix HCIOq

(Continued on next page)
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Table 19.2: (continued)

Reference logy 8@ I (M) t (°C) Method
PU + 2HSO, = PuSOy),(ag) + 2H"
[54SUL/AME] 4.65 2.3 Medium sp
uncertain
[6IMAR/CHM] 1.30 05 ix HCIQy
[64LAX/PAT] 471 1 HNG; 25 dis
476 2 (Na,H) 25 dis
(NO3,ClOy)
4.66 2 (Na,H) 25 dis
(NO3,ClOy)
4.37 2.2 (Na,H) 25 dis
(NO3,ClOy)
[73PAT/RAM] 4.36 2 10 dis
437 2 25 dis
4.41 2 40 dis
[73PAT/RAMZ]  (4.34+0.05) 2 HCIOy4 25 dis
450 2 HCIOy 25 dis
[76BAG/RAM]  (4.64+0.02) 2 HCIOy 25 dis
(453+£0.01) 2HCIO4 25 dis
PUH + 2HSO; = PuSOy)2(ag) + 2H*
[76BAG/RAM2]  (4.66+0.01) 2 25 dis HCIQy
(4.69+£0.01) 2 25 dis HCIQ
(451£0.01) 2 25 dis HCIQy
4.70 2 25 dis HCIQ
[77BAG/RAM]  (4.60+0.01) 2 10 dis HCIQy
(4.43+0.01) 2 10 dis HCIQ
PUSG" + HSO, = PuSOy)z(ag) + H+
[64LUC] (0.58+0.16) 1 (23+0.5)  dis (H,Na) HNQ

PU 4+ 3HSO, = PUSOp3~ +3HT

[54SUL/AME] 5.35 2.3 Medium
uncertain
[61IMAR/CHM] 2.10 0.5

sp

ix HCIQy

(Continued on next page)
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Table 19.2: (continued)

Reference logy 8@ I (M) t (°C) Method

PuH +2HSO; = PUSOy)(HSO) T +H*

[83NAS/CLE (4.10£0.09 2 0 dis (H,Na) CIQ
(4.06£0.07) 2 10 dis (H,Na) CIQ
(4.13+0.07) 2 25 dis (H,Na) CIQ
(4.114+0.08 2 35 dis (H,Na) CIQ

PU 4+ NO3 + HSO, = PuNQ;(SO»t + H

[76BAG/RAM2]  3.03 2 25 dis HCIQ

(@Here “g” refers to eithers or * 8 as appropriate for each reaction as written.

The most reliable value of IqgB1(1)(19.4 at | = 2.2 m is the weighted av-
erage of the results at 26 reported in Tablel9.3 (2.75 &+ 0.01). Based on the
ionic interaction parameters determined for the analogous U(IV) comple§d©.4 =
—(0.31+ 0.12) kg-mol~1 [92GRE/FUQ), this value can be extrapolated to standard
conditions: log87(19.4 = (4.91+0.22).
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Table 19.3: Best values for the stability constants of the Pu(lvimmplexes re-
evaluated by the reviewers.

Reference logy*B Im log10"B° t(°C)
PUH + HSO, = PusG' + H*

[73PAT/RAM] (2.8440.06)@ 2.2 (HCIOy) 10
(2.7240.05@ 2.2 (HCIOy) 40

[73PAT/RAMZ|  (2.76+£0.03) 2.2 (HCIQy) (4.894£0.27) 25
(2.68+£0.06) 2.2 (HCIOy) (4.8140.27) 25

[74AFAR/PEA (2.75+0.02) 2.2 (HCIOy) (4.88+0.26) 25

[76BAG/RAM] (2.73+0.18) 2.2 (HCIOy) (4.86+0.32) 25
(2.80£0.13) 2.2 (HCIOy) (4.93+£0.29) 25

[76BAG/RAM2]  (3.00£0.17) 2.2 (HCIQy) (5.13£0.31) 25
(295£0.14) 2.2 (HCIOy) (5.08+£0.30) 25

[77BAG/RAM]  (2.71+0.03®@ 2.2 (HCICQy) 10
(2.88+0.07@ 2.2 (HCIOy) 10

[83NAS/CLH (2.45+0.07@ 2.2 (H,Na)CIQ 0
(2.58+0.04@ 2.2 (H,Na)CIQ 10
(2.76+£0.03)  2.2(H,Na)CIQ  (4.89+0.27) 25
(2.85+0.05@ 2.2 (H,Na)CIQ 35

Best Value (2.75+0.01) 2.2 (4.91+0.22) 25

PUH + 2HSO; = PUSOy)z(ag) + 2H*

[73PAT/RAM] (4.33+0.05@ 2.2 (HCIOy) 10
(4.394+0.03)@ 2.2 (HCIO) 40

[73PAT/RAM2|  (4.35+0.02) 2.2 (HCIOy) (7.08£0.18) 25
(4514002 2.2 (HCIOy) (7.24+0.18) 25

[7AFAR/PEA  (4.43+0.03) 2.2 (HCIOy) (7.16£0.18) 25
[76BAG/RAM]  (4.66+0.07) 2.2 (HCIOy) (7.39+£0.19) 25

(4.47+0.08) 2.2 (HCIOy) (7.20+£0.19 25
(Continued on next page)
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Table 19.3: (continued)

Reference logy*B Im log10"B° t(°C)

[76BAG/RAM2]  (4.59+0.11) 2.2 (HCIOy) (7.32£0.21) 25
(4.45£0.11) 2.2 (HCIOy) (7.18+£0.21) 25

[77BAG/RAM]  (4.58+0.01)@ 2.2 (HCIOy) 10
(4.38£0.05@ 2.2 (HCIOy) 10

[83NAS/CLH (4.10+£0.09@ 2.2 (H,Na)CIQ 0
(4.06+0.07@ 2.2 (H,Na)CIQ 10
(413+£0.07)  2.2(H,Na)ClQ (6.86+0.19) 25
(4.11+0.08)®@ 2.2 (H,Na)CIQ 35

Best Value (4.43+0.01) 2.2 (7.18+0.32) 25

@Used to calculater Hg, only.

The most reliable value of lqg"8°(1)(19.9 at| = 2.2 m is the weighted av-
erage of the results at 26 reported in Tablel9.3 (4.43 + 0.01). Based on the
ionic interaction parameters determined for the analogous U(IV) comple§d©.5 =
—(0.46 + 0.08) kg-mol~1; [92GRE/FUQ), this value can be extrapolated to standard
state: loggB5(19.9 = (7.184 0.32). Caution is advised in the use of Ig5(19.9
outside of the range of Hconcentration (1-2 M) in which it was determined. There
are four independent sets of equilibrium constants determined in identical experiments
over a range of temperatures from which to estimaely, (19.4 and A(Hy, (19.9:
[73PAT/RAM] (including results of T6PAT/RAM)), two from [77BAG/RAM] (includ-
ing the results of [6BAG/RAM] and [7/6BAG/RAMZ]), and [B3NAS/CLH. The four
determinationsyield\H;,(19.4 = —(7.1£1.7), (2.4£3.5), (7.2+3.0), and(18.6+
1.2) kImol~tandAHS,(19.5 = (3.1+ 1.8), (8.6+1.4), (7.54+2.3), and(1.5+
3.4) kJmol1. The unweighted average of these results is indistinguishable from 0
(ArHS,(19.4 = (5.34+21.3) kImol~t andA(HS,(19.5 = (5.2+6.8) kImol™1). As
we have no basis to eliminate any of these experimental results, we recommend no best
value, and advise caution in the determination of fundamental thermodynamic proper-
ties from the temperature variation of lgg1(19.4 and log 82(19.9 in this system.

19.1.1.1.d Pu(lll) sulphates

There are four experimental data sets concerning the Pu(lll)-sulphate system
(Table 19.9. Although Pu(lll)-bisulphate complexes have been postulated
(Pu(HSO4)§L, and PUSQOy)(HSOy)(ag); [67NAI/RAQ], [83NAS/CLEZ), the results

are interpreted by this review as consistent with the equilibria:

PP" +HSO, = Pusq +H" (19.6)
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PUT +2HSGQ, = PuSQy, +2H" (19.7)

The results of T6FAR/BU(Q and [/8RAO/BAQG were independently extrapol-
ated to standard state conditions. The resultsT6FAR/BUQ yielded estimates of
Ae(19.6 = —(0.224 0.07) kg-mol~1 and log3p7(19.6 = (1.97+ 0.19). The res-
ults of [78RAO/BAG] yielded estimates aA¢(19.6 = —(0.17 + 0.06) kg-mol~1 and
log, 387 (19.6 = (2.26+0.10). The results of§7NAI/RAQ] and [B3NAS/CLEZ were
extrapolated td = 0 using the meam¢(19.6 = —(0.20+ 0.09) kg-mol~?! yielding
log,B87(19.6 = (2.17£ 0.12) ([67NAI/RAQ] using the mean ionic strength 1.20 m),
(1.69 4 0.29) and (155 + 0.24) [B3NAS/CLEZ. The results of §7NAI/RAQ] were
further extrapolated to 2& using the accepted value of

ArHS(19.6 = —(5.2+ 2.0) kImol™!

calculated from the temperature variation in|ggby [B3NAS/CLEZ. These calcula-
tions yield an estimate of Iqgs;(19.6 = (2.17+ 0.12). An equal weighting of these
five independent results yields the accepted value of

log; 365 (19.6 = (1.93+ 0.61)

Table 19.4: Experimentally determined equilibrium constants for the Pu(llﬁso
complexes.

Reference logy K Im t(°C)  Source of Data
PPt + HSO, = Pusq +H*

[67NAI/RAO] (0.72+0.020 1.05-1.30 28 lon exchange:
re-evaluated by
[76FAR/BUQ and
[78RAOQ/BAG] H(ClO4,HSOy)

[76FAR/BUC] (0.55+£0.05 1.05 25 ix H(CIQ,HSOy)
(0.57£0.05 2.2 25 ix H(CIQy,HSOy)
[78RAO/BAG] (0.81£0.01) 1.05 25 dis HCIQ
(0.81£0.02 2.2 25 dis HCIQ
[83NAS/CLEZ  (0.63£0.07) 2.2 2.7 ix (H,Na) HCIQ
(0.61£0.10) 2.2 10.0  ix (H,Na) HCIQ
(059+£012) 2.2 16.5  ix (H,Na) HCIQ
(0.55£0.07) 2.2 250  ix(H,Na) HCIQ
(0.34£0.10) 2.2 250  ix(H,Na) HCIQ
This Review (0.64£0.04 1.05-1.36 28 $7NAI/RAO]
(0.80+£0.05 1.05 25 8RAO/BAG]

(Continued on next page)
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Table 19.4: (continued)

Reference logy K Im t(°C)  Source of Data
(0.77+£0.03) 2.2 25 [78RAO/BAG]
(1.93+061) O 25 Recommended

PP + 2HSQ, = PUSOy)(HSOy)(ag) + H*

[83NAS/CLEZ  (0.60+£0.09) 2.2 2.7 ix
(051£0.18) 2.2 10.0  ix (H, Na) HCIQ
(0.4240.22) 2.2 165  ix (H, Na) HCIQ
(01140200 2.2 250  ix (H, Na) HCIQ
—(0.05£0.25 2.2 250  ix(H, Na) HCIQ

PBF +2HSQ, = PuSQy), +2H"

[67NAI/RAO] (0.82+0.06) 1.05-1.36 28 lon exchange:
re-evaluated by
[76FAR/BUQ and
[78RAO/BAG] H(ClO4, HSOy)

[76FAR/BUC] (1.03+0.05 1.05 25 ix H(CIQ,HSOy)
(1144004 2.2 25 ix H(CIQy,HSOy)

[78RAO/BAG] (0.68+0.05) 1.05 25 dis HCIQ
(0.74+£0.13) 2.2 25 dis HCIQ

This Review (0.82+0.04) 1.05-1.36 28 67NAI/RAQ]
(0.69+0.12) 1.05 25 ['8RAO/BAG]
(0.88£0.12) 2.2 25 [78RAO/BAG]
(01140200 2.2 25 B3NAS/CLE]
(0.25+0.26) 2.2 25 B3NAS/CLE]
(1.74+0.76) O 25 Recommended

The results of T6FAR/BUQ yielded estimates ofAe(19.9 = —(0.29 +

0.06) kg-mol~! and log3B85(19.79 = (2.36 £ 0.19). The results of JTSRAO/BAG
yielded estimates oA&(19.7 = —(0.36 + 0.15) kg-mol~1 and logp5(19.7) =
(1.95+ 0.65). The result of 7NAI/RAO] was extrapolated td = O using the
meanAe(19.7 = (0.32+ 0.20) kg-mol~1 to yield log,385(19.7) = (2.12+ 0.48)
[67NAI/RAQ]. On the basis of our reinterpretation of the results8#NJAS/CLEZ in

terms of the formation of R&Qy), (see AppendiXd), and subsequent extrapolation
tol = 0 as above, logy5(19.7 = (1.28 £ 0.30) and(1.42 £ 0.34). The results of
[67NAI/RAQ] was further corrected to the standard temperature using the accepted
enthalpy

ArH?(19.7) = —(33+ 16) kdmol™!

calculated from the results 0BBNAS/CLEZ] (see AppendixA). This calculation
yields a final estimate of Iqgs5 (19.7) = (2.02+0.48). The results of§3NAS/CLEZ
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represent a different population than the other results. The average of the means of the
two populations with errors expanded to cover the range of both populations is accepted
by this review:

l0g,385(19.7) = (1.74+ 0.76)

The value of loggB5(19.7 should be applied with caution outside of the range ofH
concentration (1-2 M) where it has been determined.






Chapter 20

Plutonium group 15 compounds
and complexes

20.1 Plutonium nitrogen compounds and complexes

20.1.1 Plutonium nitrides

The only solid phase reported in this system is plutonium mononitride, PuN (cr).

The constitutional behaviour and the thermodynamic properties of this system were
reviewed in 1968¢8SPE/LE] and the thermodynamic properties of PuN(cr) in 1987
[87MAT/OHY. A compilation of phase equilibria and thermodynamic properties of
the Pu-N system was published in 1989\VRI].

20.1.1.1 PuN(cr)

20.1.1.1.a Crystal structure

PuN(cr) has a face-centred cubic rock-salt structure (space group Fm3m). The lattice
parameter of a sample of PuN(cr) with very low impurity contentyis=a4.90476+
0.00008x 10~1°m [71TEN/BOM. The effects of small changes in stoichiometry and

of impurities is discussed in the section on the plutonium - nitrogen phase diagram.

20.1.1.1.b Low temperature heat capacity and standard entropy

The temperature dependence of the heat capacity of PuN(cr) has been determined using
an adiabatic calorimeter for the temperature range 10-30@BKAL/LEE]. The lowest
temperature achieved was a consequence of the radioactive self heating, and is too high
to allow an unambiguous determination of the value of the electronic specificheat,

An approximate value was, however, derived using the expression

Co=yT+pT?

over the temperature range (10-15) K.

The value obtained foy is (64 4+ 4) m3K~?mol~! and the Debye characteristic
temperature,@p) is (2454 5) K.

The thermodynamic data which are giv&@@HAL/LEE] are strictly applicable only
to self damaged PuN(cr). The reported values for the heat capacity and entropy at

401
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298.15 K indicate that the earlier estimaté8 $PE/LE] were sound. The experimental
values with estimated uncertainties are recommended,;

Cp.m (PuN cr, 29815 K) = (49.6 & 1.0) JK~'-mol™*

(PuN cr, 29815 K) = (64.8 + 1.5) JK 1.mol™1
Sh

20.1.1.1.c High temperature enthalpy increments

Measurements have been made of the enthalpy increments for PuN(cr) in the temper-
ature range 457-1562 K using a drop calorimeT@QET/LE]. The experimental data
are represented by:

(H} — HSgg15) = 45.002T + (7.710x 10°3) T2 — (1.410x 10%) Imol!

Cp = 45002+ (1.542x 1039T JK Lmol?t

With the values ofC; , at 298.15 K F8HAL/LEE], and the data for the enthalpy
increments T8OET] thermal functions for PuN(cr) were calculated up to 3000 K
[87MAT/OHS.

20.1.1.1.d Enthalpy of formation

The enthalpy of formationAtsHg, (PuN, cr, 298.15 K) has been determined by oxy-
gen bomb calorimetryd7LAP/BUN], [69JOH/DEV]. The samples used in the earlier
work contained small quantities of carbon and oxygen; the exact chemical form of
the impurities was unknown, and the value given for the enthalpy of formation is
AfH5, (PuN cr, 29815 K) = —(29372+ 6.28) kJmol~1 derived using the enthalpy
of formation of PuQ(cr) [58HOL/MUL], AtHg, (PuQ, cr, 29815 K) = —(105801+
1.59) kJmol1.

The later measurement84JOH/DEV on a well characterised sample of PuN(cr)
gave

AfHS, (PuN cr, 29815 K) = —(29920+ 2.5) kJmol~!

This value which is recommended here was derived with the enthalpy of formation
of PuG(cr) [69JOH/DEV which is the recommended value given in Sectlgn2.1.2

AtHp, (PuQ, cr, 29815 K) = —(10558+1.0) kJmol~t

If the recommended value fak{Hy, (PuQ, cr, 298.15 K) were used to recalcu-
late the earlier experimental dat/LAP/BUN] the derived value fontHp, (PuN, cr,
298.15 K) would be even more positive than the recommended value.

20.1.1.1.e The Gibbs energy of formation

The recommended two term equation for the Gibbs energy of formation of PuN(cr) in
the temperature range 298-2000 K is:

AtGp, (PuN cr) = —((302825+ 221) — (97.27+£ 0.15T) Jmol™t
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This equation is derived using the recommended values for the enthalpy of form-
ation [69JOH/DEV, the entropy Y8HAL/LEE] at 298.15 K, and the Gibbs energy
functions for PuN(cr) TBOET]. The Gibbs energy functions for elemental plutonium
[760ET/RAN and for Nx(g) [B9COX/WAG were also used in the assessment. The
recommended value for the Gibbs energy of formation at 298.15 K is,

AtGp, (PuN cr, 29815 K) = — (2737 + 2.6) kJmol~!

There are several determinations of the Gibbs energy of formation of PuN(cr) from
measurements of vapour pressure of congruently vaporizing PuN(cr). One set of data
[69KEN/LEA] gives values forAsGg,(PuN, cr) at 1000 K within 1 kdnol~* and at
2000 K within 3 kdmol~1 of the recommended values. The vaporisation behaviour of
PuN(cr) has been discussed in detaif[MAT/OHS 92SUZ/MAH.

The decomposition pressures of bas for the reaction,

PuN(cr) = Pu(l) + 0.5N2(g)
have been measure@4OLS/MUL] in the temperature range 2563-3043 K.
20.1.1.1.f The phase diagram

Detailed investigations of the range of composition of the Pu mononitride phase have
not been undertaken, but it is probably quite small. There is no detailed information
about the solubility of nitrogen in elemental plutonium, but in the temperature range
1544-1635 K the solubility is lowdOKEN/LEA]. PuN(cr) has been frequently pre-
pared by the reaction of nitrogen with Pu hydride or with elemental plutonium in the
presence of hydroge4OLS/MUL] at elevated temperatures; typically gt. 850

K. During the preparation at relatively high temperatures, PuN(cr) can easily become
contaminated with both oxygen and carbon. PuN(cr) can also be prepared by the car-
bothermic reduction of Pugfcr) in the presence of Ngas B3SUZ/ARA]. Because

of the possibility of incorporation of both carbon and oxygen in the mononitride lat-
tice, care must be taken in the interpretation of measurements of the variation of lattice
parameters.

The lattice parameters of so-called “pure” PuN(cr), that is material with low levels
of impurities, vary in the rangepa= (4.9025— 4.9075 x 1019 m [68SPE/LE).

The presence of the impurities carbon and oxygen increases the lattice parameter, for
example, up to #117x 10~1%m [64ANS/DEA.

Pu mononitride and Pu monocarbide form a complete range of solid solutions; these
compounds are isomorphous. The solubility of oxygen expressed in terms of the hypo-
thetical Pu monoxide i€13+ 3 mol %) [93JAI/GAN]. The relatively small variations
of the lattice parameter of PuN in the presence of oxygen would indicate this. The
lattice parameter and thermodynamic properties of “PuO” have been determined from
studies of the Pu-C-O system, and this enabled meagre thermodynamic information to
be obtained for the Pu-N-O system. An assessment of the thermodynamic properties
and phase equilibria of these systems has been publiSO&DT/SPE

Studies of the vaporisation of Pu mononitride in the temperature ranges, 1658-1976
K [69KEN/LEA] and 1400-2400 KT6ALE/CLA], indicated that Pu mononitride had
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vaporized congruently and that single phase material was left in the Knudsen effusion
cells with compositions of Pufbg and Pul g75 respectively; the level of impurities
was not given. This is evidence for the existence of some hypostoichiometry for this
phase.

The lattice parameter of PuN increases due to radiation damage; this increase is
ca. 101 m per week 2RAN/FOX; further studies up to saturation indicated that
the lattice expansion was higher by a factor of t@8QKA/MAE] due to different
isotopic compositions of the samples. When the data were referred to a dose, the two
sets of results are consistent. Radiation damage may be responsible for some variation
in the reported lattice parameters, but the effect is small and is readily annealed out by
heat treatment.

Under 1 bar of nitrogen gas, Pu mononitride decomposes on heating to give Pu(l) at
(28434 30) K [640LS/MUL], [64CAR. Even at 3043 K with a nitrogen gas pressure
of 2.42 bar the melting behaviour is still incongrue®4PLS/MUL]. The estimated
temperature for the congruent melting of PuUN3403+ 50) K at a nitrogen pressure
of (4.94+ 1.97) bar [E8SPE/LE].

20.1.1.2 PuN(g)

Evidence for the existence of the molecule PuN(g) has been obtaiB&RE/REE

from the infrared spectra of matrix isolated species sputtered from Pu metal in the
presence of argot*N2(g) and*®N(g). In addition to PuN evidence was also found
for PuN,. The spectra of the species which condensed in the solid argon matrix are
considered to be representative of the analogous gaseous moleculesis Ruldear
molecule.

UN(g) has been identified as a minor species during the vaporisation of UN(cr) at
temperatures above 2100 B{GIN], and by analogy, the existence of PUN(g) has been
assumed. Estimates have been made of the dissociation energy and vapour pressure
above PuN(cr) for PUN(g)/BALE/OGD, 87MAT/OHS.

More studies are required before thermodynamic quantities could be recommended
for PUN(Qg); it certainly would not be a major species in the vaporisation of PuN(cr) at
temperatures up to 2500 K.

20.1.2 Plutonium azide complexes

A formation constang; = 3 for an azide complex of Pu(lll), in 5 M perchlorate me-
dium, has been reported{CUI/MUS. In a later thesis by one of the autho84CUI|

a value ofg1 = 4 was reported. The authors indicated problems were encountered
with oxidation of plutonium to Pu(lV). There is some doubt as to the absence of higher
complexes83MUS/CUI, and the SIT equationsf, AppendixB) cannot be properly
used for extrapolation of the result to lower ionic strengths. No valug{fas selec-

ted in the present review. However, the value for the formation constant cﬁ*Ratw
would be expected to be similar to that of the corresponding americium(lll) complex
(B; = (47 + 11)) [95SIL/BID].



20.1 Plutonium nitrogen compounds and complexes 405

20.1.3 Plutonium nitrates
20.1.3.1 Aqueous plutonium nitrates

20.1.3.1.a Aqueous Pu(lll) nitrates

Only two distribution studies reporting quantitative information on nitrate complex-
ation of Pu(lll) according to the equilibria:

PP +gNO; = PuNOy); (20.1)

have been available to this review. Shevchenko, Timoshev and VolEOGHE/TIM
studied the system dt = 1 M and reported constants for nitrate complexes with

g = 1,2 and 3 (Table20.1). As in other TBP extraction studies, there seem to be
problems with the extraction mechanism and the treatment of data (see Appgndix
Lahr and Knoch TOLAH/KNO] worked in very high ionic strength (8 M) media, sub-
stituting all perchlorate by nitrate, and consequently causing substantial changes in the
ionic medium. These changes could not be accounted for in this review, since no ex-
perimental data are reported by these authors (AppefdiBesides these two works,
there is a study by Fuks and SiekiersBy FUK/SIH in which no constants are repor-

ted, but which gives a comparison of the constant of the Pu(lll) pentanitrato complex
with the value for the corresponding lanthanum complex.

Table 20.1: Experimental equilibrium data for the Pu(lll) nitrate system.

Method lonic t logyoBq(H®@ Reference
medium fC)

PP + NO3 = PuNGS*

dis, TBP 1MHCIQ 20 (0.77+ 0.04) [S9SHE/TIM
dis, TOA 8 M HCIOy 20 118 [7OLAH/KNO]

PUT 4+ 2NO; = PUNOg)}

dis, TBP 1MHCIQ, 20 (1154002  [59SHE/TIM
dis, TOA 8 M HCIOy 20 007 [7OLAH/KNO]

PU* +3NO; = PuNOg)3(ag)

dis, TBP 1 MHCIQ 20 (1.16+0.8) [59SHE/TIM
dis, TOA 8 M HCIOy 20 -072 [7OLAH/KNO]
dis, TAMAN 2MNH4NO3 25 (b) [87FUK/SIH

(@ Refers to the value reported for the reactions indicated, for the ionic medium
and at the temperature given in the table.

® logyg f2 = logyo p2(La) + 0.44
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Thus, based on information in the available references, it was not possible to select
any formation constants for Pu(lll) nitrate complexes. The corresponding values for
Am(III) [ 95SIL/BID] could be used as a guideline.

20.1.3.1.b Aqueous Pu(IV) nitrates

Due to the importance of Pu(lV) nitrate complexes in industrial separation processes,
several investigators have studied the Pu(lV) nitrate system using spectrophotometry,
distribution measurements and potentiometry. The data for the reactions

PUt +gNO; = PuNOgz)g (20.2)

are collected in Tablg0.2
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